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CONNECTEDNESS OF THE HILBERT SCHEME
by Roein HARTSHORNE
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INTRODUCTION

In this paper we study the Hilbert scheme of subschemes of projective space,
as defined by Grothendieck [FGA, p. 221-01 ff] (}). Let S be a noetherian prescheme,
let » be an integer, and let peQ[z] be a polynomial. Then the Hilbert scheme

H?=Hilb?(Pg/S)
parametrizes subschemes of projective n-space over S, which are flat over every point
of S.  Our main theorem states that if S is connected (e.g. S=Spec £, £ a field), then H?
is connected. Furthermore, we determine for which polynomials p, H? is non-empty.

It develops in the course of the proof that all the deformations performed are
linear; that is, they can be carried out over the affine line. Thus we have proved more:
H? is linearly connected.

It also appears that the Hilbert scheme is never actually needed in the proof.
Therefore we define the notion of a connected functor, and prove that the functor Hilb?
is connected. (A representable functor is connected<-the prescheme representing it is
connected.)

Chapter 1 contains preliminary material. Chapters 2, 3, and 4 study some special
subschemes of projective space called fans, their deformations, and some numerical
characters of subschemes. Chapter 5 contains the main theorem and its proof.

It gives me great pleasure at this point to thank all those people whose continued
encouragement and assistance made the writing of this paper possible, especially
Alexander Grothendieck, Oscar Zariski, John Tate, David Mumford, Michael Artin
and Stephen Lichtenbaum.

(*) This paper is the essential contents of the author’s doctoral thesis, Princeton, May 1963. The author
was supported by a National Science Foundation Fellowship while working on this paper.
(2) Numbers or letters in brackets refer to the bibliography.
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CHAPTER 1

PRELIMINARIES

Projective space.

If A is a ring, and a a homogeneous ideal in R=A[xg, &y, ..., %,], then @
[EGA, ch. II, 2.5] is a quasi-coherent sheaf of ideals on X=Pj, and so defines a
closed subscheme which we will call V(a). Conversely, if YcX is a closed subscheme
defined by a sheaf of ideals fy, then I' (Ay) [EGA, ch. II, 2.6] is a homogeneous
ideal of R, which we will call I(Y). Thus we have a correspondence between homo-
geneous ideals in R and closed subschemes of X which, however, is not one-to-one.
What one can say is this: for any closed subscheme Y of X, V(I(Y))=Y; for any
homogeneous ideal a in R, acI(V(a)), and there is equality if and only if no associated
prime ideal of a contains the * irrelevant ” prime ideal R, =(xg, %y, ..., %,). If Y
is a closed subscheme of X, we will speak of I(Y) as the ideal of Y.

Hilbert polynomials.

We recall the definition and elementary properties from [EGA, ch. III, § 2.5].
Let £ be a field, let X be a projective scheme over £, and let F be a coherent sheaf on X.
For each neZ, define

1a(F) = 3 (1) dim H(X, F(n).

Then there is a polynomial p(2)eQ[z], called the Hilbert polynomial of F, such that
p(n)=y,(F) for all neZ. Itisa polynomial with positive leading coefficient. Its degree
is equal to the dimension of the support of F. It is zero if and only if F is zero.

If o—-F —-F—-F'—o

is an exact sequence of coherent sheaves on X, the Hilbert polynomials add:
p(F)=p(F)4+p(F"”). Thus the Hilbert polynomial is actually a function on the
Grothendieck group K(X) of coherent sheaves on X (see [2, § 4]).

If F is a coherent sheaf on X, and £ct’ is a base field extension, then the Hilbert
polynomial of the extended sheaf F,, on X, is equal to the Hilbert polynomial of F.

If F is a coherent sheaf on X with Hilbert polynomial #(z), then for all large
enough neZ,

pln)=dim,HO(X, F(n)),
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8 ROBIN HARTSHORNE

by Serre’s theorem [EGA, ch. III, thm. 2.2.1]. If M is any graded module over
R=k[xg, %1, ..., x,] such that 1\~'1=F, then for all large enough neZ,

p(n)=dimM,,.

Defimition. — If p1(2), pa(z) are polynomials in Q [2], we say p:(2) <ps(z) if for all
large enough neZ, p,(n) > py(n).

Lemma (x.x). — Let f:X—>Y be a projective morphism, with Y locally noetherian,
let ¥ be a coherent sheaf on X, and let y be a point of Y. Then there is an nyeZ, such that
Jor n>n,,

S(E(@)®K(y)) =/, (F(n)) ®k(y).

Proof. — If F is flat over Y, the result follows from [EGA, III, 7.9.9] and Serre’s
theorem [EGA, III, 2.2.1]. For the general case, we may assume Y affine. By
embedding X in a projective space Pg, we reduce to the case X=P%. Then there are
coherent sheaves Lj, L;, on X, flat over Y, and an exact sequence

L,—-L,>F—o.

Applying Serre’s theorem to this sequence and to the exact sequence

L, ®k(y) - Ly®k(y) > F®kK(y) - o,

we find that for large enough n, the sequences
S Ly (r)) —1,(Lo(n)) —f,(F(n)) -0
and S Ly (0) ® k() = f,(Lo(n)) ®k(y)) —f,(F(n) ®k(y)) -0
are exact. Now applying the result to L, and L, (which are flat over Y), and using
the five-lemma, we complete the proof.

Theorem (x1.2). — Let f:X—>Y be a projective morphism, with Y locally noetherian,
and let F be a coherent sheaf on X. If F is flat over Y, then the function

>~ p(F)

which associates to each point yeY the Hilbert polynomial of the restriction of ¥ to the fibre of X
at y, is a locally constant function on Y. The converse is true if Y is integral.

Proof. — The first statement is [EGA, III, 7.9.11]. For the converse, we reduce
to the case where Y is the spectrum of a local noetherian domain A, with residue field &
and quotient field K. We wish to show that F is flat over A<-for all large enough n€Z,

dimy HO(X, Fy(n)) = dimgH*(Xg, Fi(n))-
By the Lemma, this condition is equivalent to the condition that for all large enough neZ,
dimM, ®£ = dimy M, ®K,
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CONNECTEDNESS OF THE HILBERT SCHEME 9

where M,=H(X, F(n)).

But since A is a local noetherian domain and M, is of finite type, this is equivalent to
saying that M, is free over A for all large enough ne€Z [3, ch. II, § 3, no. 2, Prop. 7].
This is equivalent to saying F is flat over Y, by [EGA, III, 7.9.14].

Flatness over a non-singular curve.

Proposition (x.3). — Let f:X—>Y be a morphism of locally noetherian preschemes,
where Y is a non-singular curve (i.e. a non-singular noetherian scheme of dimension one). Let F
be a quasi-coherent sheaf on X. Then F is flat over Y if and only if no associated prime cycle
of F on X lies over a closed point of Y.

Proof. — Since the question is local on X and Y, we reduce immediately to the case
where Y is the spectrum of a discrete valuation ring A, X is the spectrum of a ring B,

and F=1\~/I, where M is a B-module. Since A is a discrete valuation ring, M is
flat<-it is torsion-free [g, ch. I, Prop. g, p. 29], and for that it is sufficient to check that
a generator ¢ of the maximal ideal of A is not a zero-divisor in M. For that, it is
necessary and sufficient that the image of ¢ in B be contained in no associated prime
of M [3, ch. IV, Cor. 2, p. 132]. But for a prime ideal p of B to contain the image of ¢
is the same as for its restriction to A to be the maximal ideal, i.e. for p to lie over the
closed point.

Proposition (x1.4). — Let f:X—>Y be a morphism of locally noetherian preschemes, .
where Y is a non-singular curve. Let U be a dense open subset of Y, and let Z be a closed
subprescheme of f~(U), flat over U. Then there exists a unique closed subprescheme Z of X,
flat over Y, whose intersection with f~'(U) is Z. Moreover, Z depends functorially on X, Y,
£ U, Z (meaning that if X', Y', f', U’, Z’ is another such quintuple, and there are compatible
maps X—>X', Y=Y, etc., then there is a unique map Z—Z' compatible with the other maps).

Proof (compare [FGA, Lemma 3.7, p. 221-16]). — Let .#; be the sheaf of ideals
of Z on f~}U). Let J be the largest subsheaf of @y whose restriction to f~(U)
is £, [EGA, ch. I, g.4.2]. Then # defines a closed subprescheme Z of X. Reducing
to the case where Y is the spectrum of a discrete valuation ring, one sees easily that Z
is unique, and has the desired properties. Its construction is clearly functorial.

Linear Connectedness.

Definition. — Let X be a prescheme over a field k, and let x, x' be points of X. We say x
specializes linearly to x' (written x~>x'), if there exists an extension field ki of k, and a
morphism  f : Spec k,[t],—>X, which sends the generic point to x and the special point to x'.
We say that two points x, x' of X can be connected by a sequence of linear specializations if there
15 a sequence of points

’

x=x1, xz, ee ey xn:x

of X such that for each i, either xq~>x,, , or x,_,—~>x; is a linear specialization.

265
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10 ROBIN HARTSHORNE

Definition. — A prescheme X over k is linearly connected if any two points can be connected
by a sequence of linear specializations.

Remark. — If f:X—Y is a surjective morphism of preschemes over £, and if X
is linearly connected, then so is Y. More generally, a necessary and sufficient condition
that Y be linearly connected is that whenever y, »' are points of Y, then there exist
linearly connected preschemes X, ..., X, over £, and A-morphisms f; : X;—Y such

that yefi(X;), y'ef,(X,), and for each i, f(X;)nfi 1(X; 1) Fo.

Definition. — A rational curve over a field k is a one-dimensional integral scheme of finite
type over k, whose function field is a pure transcendental extension of k.

Definition. — Let X be a prescheme over k. Two points x, and x, of X are said to be
connected by a rational curve if there exists an extension field ky of k, a rational curve Y over k;,
amorphism f:Y —X, and points y,, y,€Y, rational over ky, such that f(y,)=x, and f(9,)=x,.
We say that points x and x' of X can be connected by a sequence of rational curves if there is a
sequence

X==Hqy Koy ooy Xy =X

of points of X such that for each i, x; and x;,, can be connected by a rational curve.

Lemma (1.5). — A rational curve X over a field k is linearly connected.

Proof. — It will be sufficient to show that if x is the generic point of X, and x’ is
any closed point, then x~>x' is a linear specialization. In the first place, by making
a finite base field extension and taking an irreducible component of the lifted curve,
we reduce to the case where x’ is rational over £. Passing to the normalization of X,
we reduce to the case where X is non-singular [EGA, ch. II, 7.4.5]. But a non-singular
rational curve over £ is locally isomorphic to P; [EGA, ch. II, 7.5.16], and so the local
ring of any rational point is isomorphic to k[t],, and we are done.

Proposition (1.6). — Let X be a prescheme over k. If any two points of X can be connected
by a sequence of rational curves, then X is linearly connected. The converse is true if X is of finite
type over k.

Proof. — The first statement follows from the Lemma and the remark above.
For the converse, suppose X is of finite type over k. It is sufficient to prove that
if x~>x" is a linear specialization in X, then x and x’ can be connected by a rational
curve. Moreover, for that, we can assume that X is affine, say X =Spec B, where
B=k[uy, ..., u,] is an algebra of finite type over £.

Since x~>x' is a linear specialization, there is an extension field %; of %, and a
morphism

S : Spec k[t] ) >X

which sends the generic point to x and the special point to x'. Let A=#k[t],,
and denote also by f the corresponding homomorphism of rings f:B—>A. Let
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CONNECTEDNESS OF THE HILBERT SCHEME I

Ay=k [t f(u), ..., f(4,)]. Then Spec A, is a rational curve over k;, and there is a
morphism Spec Aj—X which sends the generic point to » and a closed point, rational
over k;, to x'.

Thus, replacing X by Spec A, we reduce to the case where X is a rational curve
over £, x is the generic point, and «’ is a closed point, rational over £. Let k&, =k(¢),
where ¢ is an indeterminate, and let Y=X, . Then Y is a rational curve over £,
since £, is a regular field extension of £ [g, ch. III], and there are closed points », »" of Y,
rational over £;, which map to x, &/, respectively [EGA, ch. I, §.4.9]. Thus x and #’
can be joined by a rational curve.

Proposition (x.7). — Let k be a field. Then any open subset of Py, is linearly connected.
The scheme Spec k[xy, ..., x| 15 linearly connected (where xy, ..., x
and m is the maximal ideal (xq, ..., x,)).

.y Ay

., are indeterminates,

Proof. — Using the remark above, it is sufficient to prove the latter assertion.
So let B=k[x, ..., x,];,- It will be sufficient to show that any point in Spec B can
be connected by a sequence of linear specializations to the closed point m.

Let pcB be any prime ideal. Let k; =%(p), and let f: B—£; be the canonical
homomorphism. Let ¢ be an indeterminate, and define a homomorphism

g tk[xy, oo %] > Ky[1]
by g(x;)=tf(x;). This homomorphism extends by localization to homomorphisms

& :B— kl[t](t)
and & B =k [t]_y-

Now if we let q be the ideal generated by the homogeneous rational functions in p,
then q is prime, and g,, g; describe linear specializations gq->m and g~>p, respectively.
Thus p can be connected to m by a sequence of two linear specializations.

Definition. — A prescheme X over a field k is geometrically connected if for every extension
Sield k' of k, X, is connected.

Definition. — A morphism f: X—Y of preschemes is connected if

a) the fibres of f are geometrically connected, and

b) f is universally submersive. (A morphism is said to be submersive if it is surjective,
and the image space has the quotient topology. It is universally submersive if it is submersive,
and remains so after any base extension.)

Remarks. — 1. This definition is stronger than the one given in [EGA, IV, 4.5.5].

2. For a morphism f:X—Y of preschemes to be universally submersive, it is
sufficient that any one of the three following conditions hold:

1) f has a section;

2) f is surjective and proper;

3) f is surjective, flat, and quasi-compact.
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12 ROBIN HARTSHORNE

Proposition (x.8). — Let f: X—Y be a connected morphism of preschemes, and let Y’ —Y
be a base extension. If Y' ts connected (resp. geometrically connected), then so is X'=XxXyY'.

Progf. — Since the conditions a) and 5) are stable under base extension, we are
reduced to proving that if Y is connected and the fibers are connected then X is connected.
This follows immediately from 5).

We leave the reader the definition of a geometrically linearly connected prescheme,
the definition of a linearly connected morphism of preschemes, and the statement and proof
of a proposition about linearly connected morphisms, analogous to Proposition 1.8.

Connected Functors.

This section is a variation on the theme ¢ anything you can do with preschemes,
you can do with the functors they represent ”’. Here is the situation: If X is a prescheme,
we define (see [EGA, ch. oy, § 8] and [FGA, p. 195-01 ff]) a contravariant functor /Ay
from the category of preschemes, (Prsch), to the category of sets, (Sets), by setting

hx(Y)=Hom(Y, X)
for each prescheme Y. Then X~ hy

is a covariant functor from (Prsch) to the category (Fum) of contravariant functors
from (Prsch) to (Sets). £k is a fully faithful functor, that is, it gives en equivalence
of (Prsch) with a full subcategory of (Fun). A functor FeOb(Fun) is called representable
if it lies in this full subcategory, i.e. if there exists a prescheme X and an isomorphism
of functors & : hyxF. In that case the pair (X, £), or simply X, is said to represent F.

The general philosophy is that definitions, theorems, and their proofs can be
extended from (Prsch) to the larger category (Funm). In this case, we take four ways
of defining a connected prescheme, and show how each can be extended to functors.
The four definitions are: X is connected if

1. X is not the union of two disjoint non-empty open subsets.

2. Any morphism of X into a disjoint sum of two preschemes has its image in
one or the other.

3. Any two points in X can be connected by a sequence of images in X of connected
preschemes.

4. Any two points in X can be joined by a sequence of generizations and specia-
lizations in X.

The usual proof shows that the four definitions, applied to functors, are equivalent
(at least for the category of locally noetherian preschemes). The details are mostly
a matter of notation, so we will give only indications of proof.

If F is a representable functor, we may denote by |F| the prescheme which
represents it. If F is a functor, a prescheme over F is a pair (X, £) (sometimes written
simply X), where X is a prescheme, and £eF(X). A morphism (X,&)—(Y,n) of
preschemes over F is a morphism X —Y such that the map F(Y)—F(X) sends 7 to &.
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CONNECTEDNESS OF THE HILBERT SCHEME 13

We recall [8] that a morphism « : F—G of functors is called relatively representable
(resp. relatively representable by open immersions) if for every prescheme X over G, the fibred
product X X F is representable (resp. representable by an open subprescheme of X).
(Note: Since the sets F(X) and Hom(kg, F) are canonically identified, to give a
prescheme X over F is the same as to give a morphism of functors Ax—F. Soif Xisa
prescheme over G, what we really mean by XX F is hyx F.) If G is representable,
then the morphism u : F—G is relatively representable if and only if F is representable.

Definition. — A family { f;: F;—F} of morphisms of functors in (Fum) is collectively
surjective if for every field K over F (meaning of course, < prescheme Spec K over F °) at least
one of the fibred products F¥;x K s non-empty. (We say that a functor F is empty if F(Y)=0
Sor every Y.)

If the functors F;, F are all representable, then a family {f; : F;—~F} of morphisms
is collectively surjective if and only if |F|=UFf(|F;]).

Definition. — Let ¥,, ¥y be functors in Ob(Fun). We define their disjoint sum,
F,1IF, to be the functor

Y~>{(a, ny, o) | s a representation Y=Y,1IY, of Y

as a disjoint sum of subpreschemes, and m,€F,(Y,), neFy(Y,)}.

Z Note that F,IIF, is in general not the direct sum in the categoric sense of F,
and F,.

If F=F,lIF,, then F is representable if and only if F, and F, are both repre-
sentable, and in that case |F|=|F,|LI|F,|.

Proposition (1.9). — Let FeOb(Fun) be a functor restricted to the category of locally
noetherian preschemes.  Then the following conditions are equivalent.

(1) Whenever u, : U;—F and u, : Uy—F are morphisms of functors, relatively repre-
sentable by open immersions, such that U,xzU,=eo, and u,, u, are collectively surjective, then
either Uy=0 or U,=s.

(i) Whenever f:¥—>G,11G, is a morphism of F into a disjoint sum of functors G, Gy,
then f factors through one of the canonical inclusions G,—~G,I11G, or G,—G,lIG,.

(ii1) Whenever X, X' are non-empty connected preschemes over ¥, there exists a sequence
X:XI, X2, “ ey Xn:X/

of non-empty connected preschemes over ¥, such that for each i, there is a morphism either X,—~X, . ,
or X, =X, of preschemes over F.
(iv) Whenever X, X' are spectra of fields over ¥, there exists a sequence
X=X;, X,, ..., X, =X

of preschemes X; over ¥ and morphisms X;—X,,, or X, ,—>X,; over ¥ for each i, such that
a) each X, is the spectrum of a local domain and
b) each morphism X, —X,. , or X, ,—>X; comes from either a field extension, or the
map of a local domain onto its residue field, or the map of a local domain into its quotient field.
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14 ROBIN HARTSHORNE

Proof (in outline). — (i) =(ii) Given f:F — G,lIG, as in (ii), define a functor U,
as the fibred product Fxg 116,G;. Define U, similarly, and apply (i).

(ii) =(iii)) Given (X, £) a non-empty connected prescheme over F, define a
functor G; as follows. If Y is connected,

G, (Y)={(Y, n)|n1eF(Y), and (Y, ) can be joined to (X, &) as in condition (iii)}.

Otherwise, G,(Y)=IIG,(Y;), where Y=IIY, is the decomposition of Y into its
connected components. (Note that the connected components of a locally noetherian
prescheme are open, and hence the prescheme is the sum of its connected components.)
Define G, similarly, by taking those (Y, %) which cannot be joined to (X, &). Apply (ii)
and deduce that any (Y, %), whose Y is connected, can be joined to (X, ).

(i) =(iv) Use the fact that any two points in a locally noetherian connected
prescheme can be joined by a sequence of generizations and specializations.

(iv) =(iil) obvious.

(iii) = (i) Given U, and U, as in condition (i), suppose that for some connected
prescheme Y over F, U;(Y)#o. Then use (iii) to show that for every connected
prescheme Z over F, U,(Z)=9, and hence U,=@.

Definition. — A functor FeODb(Fun) satisfying the conditions (1), (ii), (iii) of Propo-
sition 1.9 is said to be connected.

Note that if F is representable, then F is connected if and only if the prescheme
representing it is connected.

Proposition (x.10). — Let FeOb(Fun) be a functor defined on preschemes over a field k.
Then the following conditions are equivaleit:
(iii lin) Whenever X, X' are linearly connected preschemes over ¥, there exists a sequence

X=X, X,, ..., X, =X’

of non-empty linearly connected preschemes over ¥, such that for each i, there is a morphism either
X=X, 1 or X, =X, of preschemes over F.
(iv lin) Whenever X, X' are spectra of fields over F, there exists a sequence

X=X, X ..., X, =X
of preschemes X, over ¥, and morphisms X,—~X,., or X, =X, over F for each i, such that
a) each X; is the spectrum of a field or of a discrete valuation ring of the form ki[t],,
where ky is an extension field of k, and
b) each morphism X,—X,, ;, or X;, —>X; comes from a field extension, or the map

of a discrete valuation ring to its residue field or its quotient field.
Proof. — The proof is similar to the proof of Proposition 1.9, and is left to the reader.

Definition. — A functor FeOb(Fun) satisfying the equivalent conditions of Proposition 1. 10
is said to be linearly connected.
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CONNECTEDNESS OF THE HILBERT SCHEME 15

Note that a linearly connected functor is connected. Note also that if F is a
representable functor, then F is linearly connected if and only if the prescheme repre-
senting it is linearly connected.

We leave to the reader the definition of a geometrically connected functor (resp.
geometrically linearly connected functor) on (Prsch/k) ; the definition of a connected morphism
of functors (resp. linearly connected morphism of functors); and the statement and proof of a
proposition analogous to Proposition 1.8 for these types of morphisms of functors.

Hilbert Schemes.

Let f:X—S be a morphism of preschemes. For each prescheme S’ over S we
define (see [FGA, p. 221-17])
Hilby (S')

to be the set of closed subpreschemes of X'=Xx¢S’, flat over S’. If S” is another
prescheme over S, and S””—S’ is a morphism over S, then we define a map

Hilb, 4(S") — Hilby4(S")
by Z~>7 xS

Note that flatness is preserved under base entension. Thus Hilbyg appears as a contra-
variant functor from the category (Prsch/S) of preschemes over S to (Sets).

Now suppose that X is projective over S locally noetherian, and let p=p(z) be
a polynomial in Q[z]. We define

Hilb% (S)

to be the subset of Hilbyg(S’) consisting of those subpreschemes Z of X', flat over S,
such that for every s'eS’, the fibre Z, of Z over s’ has Hilbert polynomial p. Since the
Hilbert polynomial is stable under base field extension, this defines a subfunctor Hilb%
of Hilbys. By virtue of Theorem 1.2, we see that
Hile/s = elﬁ[[zlmlb§/s >

using the notation of the previous section, and so the functor Hilbyg is representable
if and only if the functors Hilb% g are all representable, and in that case the prescheme
representing the former is the disjoint sum of the preschemes representing the latter.

The larger part of the séminaire Bourbaki, exposé 221 [FGA, p. 221-1 to p. 221-28]
is devoted to the proof of the following theorem.

* Theorem (x1.11) (Grothendieck) [FGA, thm. 3.2, p. 221-12]. — Let f:X—>S
be a projective morphism of preschemes, with S noetherian. Then for each polynomial peQ[z],
the functor Hilb% g is representable by a prescheme Hilb?(X|[S), projective over S. Hence the
Sunctor Hilby g is also representable, and is represented by the disjoint sum of the preschemes
Hilb? (X [X).
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16 ROBIN HARTSHORNE

We call the prescheme Hilb?(X/S) the Hilbert scheme of X over S with Hilbert poly-
nomial p.

Note that since H = Hilb?(X[S) represents a functor, it comes equipped with a
canonical element 6eHilb} (H), i.e. a canonical subprescheme Z of Xy=X x H, flat
over H. Restating the definition of the Hilbert scheme, we see that the pair (H, Z)
is characterized by the following universal property: Whenever S’ is a prescheme over S,
and Y is a closed subprescheme of Xy =Xx¢S, flat over S’, and with the Hilbert
polynomials of all the fibres Y, equal to p, then there exists a unique S-morphism
g :S'—H, such that Y=ZxyzS".,

Remark. — Since all our proofs are independent of the existence of the Hilbert
scheme, we will surround by asterisks *..., every passage which dependes on their
existence.

Specialization of Subpreschemes.

The consideration of connected preschemes over the functor Hilbyg leads us to
make the following definitions.

If X is a prescheme over S, £ a field, and Spec £—S a morphism, we call the
product X, =X XgSpec k a generalized fibre of X over S.

Definition. — Let X be a prescheme over S, and let Z,CX, and Z,cX, be closed
subpreschemes of generalized fibres of X over S.  We say Z, specializes to Z, (written Z,~>Z,)
if either

a) Z, is obtained from Z, by a base field extension kyCky, or

b) there exists a local domain A, with quotient field k, and residue field k,, a morphism
Spec A—S, and a closed subprescheme Z of X, =X XgSpec A, flat over A, whose fibre over
the generic point of Spec A is Z,, and whose fibre over the closed point of Spec A is Z,.

If moreover S is a prescheme over a field k, we say Z, specializes linearly to Z, if either

a) as above, or

b) as above but with the additional requirement that Spec A be linearly connected.

Definition. — Let X be a prescheme over S. A connected sequence of specializations in X
is a sequence

Zy,Zg, ..., 2

n

where for each i, Z; is a closed subprescheme of a generalized fibre X,. of X over S, and where
Jor each 1, either Z, specializes to Z,_ , or vice versa. Similarly, if S is a prescheme over a field k,
one defines a connected sequence of linear specializations in X.

Examples. — 1. Let X be a prescheme over S, let Y be a connected prescheme over S,
and let Z be a closed subprescheme of XY, flat over Y. If}y’, " are any two points
of Y, and Z’, Z" are the projections on X of the fibres of Z over ), »", respectively,
then Z’' and Z” can be joined by a connected sequence of specializations

2=2,,24, ...,2,=7"
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CONNECTEDNESS OF THE HILBERT SCHEME 17

in X. Indeed, one need only join »' to »'’ by a sequence of generizations and specia-
lizations in Y, and take for the Z; the projections on X of the fibres of Z over the
intervening points of Y.

Similarly, if Y is linearly connected, Z’ can be joined to Z'’ by a connected sequence
of linear specializations in X.

2. Let X be a prescheme over a field £, and let G be a connected group prescheme
over k, acting on X. Let Z be a closed subprescheme of X, let ¢ be a point of G with
values in a field &' over £, and let Z'=Z¢ be the image in X;, of Z,, under the action
of g¢. Then Z and Z’ can be joined by a connected sequence of specializations in X.

Similarly, if G is linearly connected (as for example G,, G,,, GL(n)), then Z can be
joined to Z’ by a connected sequence of linear specializations in X. ’

Proposition (x.12). — Let X be projective over S locally noetherian, and let peQ[z] be
a polynomial. Then the functor Hilbg g is connected (vesp. linearly connected) if and only if
whenever Z'CX,, and Z''CX,. are closed subpreschemes of generalized fibres of X, with Hilbert
polynomial p, then there exists a connected sequence of specializations (resp. linear specializations)

Z'=72,,2y,...,2,=7"
in X.
- Progf. — This follows immediately from the definition of the functor Hilb, and
from the criteria (iii), (iv), of Proposition 1.9 (resp. criteria (iii lin), (iv lin) of
Proposition 1.10).
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CHAPTER 2
THE INTEGERS g,

In this chapter we associate with every coherent sheaf F on P integers
n,(F),n,_(F), ..., ny(F). The integer n(F) measures the sections of F whose support
is of dimension ¢. (Recall that the support of a section s of an abelian sheaf F on a
topological space X is the set of xeX such that the image s, of s in the stalk F, of F
at x is non-zero. The support is always a closed subset of X.) If F=0,, where ZCP;
is an integral subscheme of dimension ¢, then #(F)=o0 for i%¢, and n,(F) is the
degree of Z.

The Operations Fi, F,.

Definition. — Let X be a locally noetherian prescheme, and ¥ a coherent sheaf on X.
Define R¥(F) to be the subsheaf of ¥ whose sections over an open set U are those sections of F
over U whose support has codimension >i. Define F' to be F|R'(F).

Remarks. — 1. Recall that for Y a closed subset of X, the codimension of Y in X is
the minimum, taken over pairs Y;, X; where Y, is an irreducible component of Y, X, is
an irreducible component of X, and Y,CX; of codim(Y;, X;). To see that Ri(F)
is a subsheaf of F, one has only to remark:

a) when a section s of F is multiplied by a section f of 0k, then Supp fs CSupp s,
and

b) if U'CU are open sets, and Y is a closed subset of U, then

codim(YnU’, U’)> codim(Y, U).
2. Riis a left exact functor.

3. The associated prime cycles of F' are just those associated prime cycles of F
whose codimension is <i, and Rf(F) is the smallest subsheaf of F such that every
associated prime cycle of the quotient has codimension <: [see EGA, IV, § 3.1 for
associated prime cycles].

4. We say that F'is obtained by ¢ throwing away components of codimension >7 .
In fact, if F=0,, where ZCX is a subscheme of X without embedded components,
this is literally the case.

5. If j<i, then (F¥)i= (Fi)i=F.,

Definition. — If X=P}, is a projective space over a field k, and ¥ is a coherent sheaf on X,
we define R;(F) to be R™™/(F) and F; to be F|R,(F)=F""" Similarly if Z is a closed
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CONNECTEDNESS OF THE HILBERT SCHEME ig

subscheme of X, then for any i, Oy, is the structure sheaf of a closed subscheme of Z which we denote
byZiorZ,_,.

Proposition (2.x). — The operation F~>F' is a functor from coherent sheaves on X to
coherent sheaves on X. It takes injections into injections, and surjections into surjections, but is
not semi-exact.

Progof. — The statements are mostly obvious. Observe that if f:F—->G is a
homomorphism of sheaves, then f maps R¥(F) into R¥G), since the codimension of a
section can at most increase. Furthermore, if FCG, then R(F)=FnR¥%G). Thus
the functor F->F* takes injections into injections.

To see that the functor is not semi-exact, take any exact sequence of the form

0—)jzr %@z%@zl — 0

where Z is an irreducible subscheme of X and Z’'CZ is a subscheme of Z of lower
dimension.

Proposition (2.2). — Let X be a projective space P}, and let F be a coherent sheaf on X.
Let K be an extension field of k, and let Xy, Fy be obtained by base extension. Then for each 1,

Ri(Fg)=R{F)®K and (Fy)'=F®K.

In other words, formation of R¥F) and F* commutes with base field extension.
Progf. — In the first place, it is sufficient to prove the first of these relations, since
the second follows. In the second place, we can assume that X is affine, since the
statement is local on X. Thus we may assume that X =Spec k[xq, ..., x,]-
Now base field extension is an exact functor, so the inclusion R¥(F)CF gives
an inclusion RYF)®K CFg. In fact, it is clear that

Ri(F)®K CRi(Fy).

To show that they are equal, by the third remark above it will be sufficient to show that
all associated primes of the quotient Fg¢/R¥(F)®K= (F/);y have codimension <i.
By [3, ch. IV, thm. 2, p. 154], we have

ASS(Fi)K= U )ASS(K[xls RS} xn] /p,)J

PE Ass(F?,

where, if pCk[x, ..., x,] is a prime ideal, p’ is its extension to K[x;, ..., x,]. But
by [ZS, vol. II, thm. 36, p. 244], each associated prime of p’ has the same dimension
as p and hence the same codimension. Thus every associated prime of (F¥)y has
codimension <. q.e.d.

Proposition (2.3). — Let f: X—Y be a morphism of finite type, where X is irreducible,
Y s noetherian and integral, and Y is universally catenary. (Recall [EGA, IV, 5.6] that a
prescheme Y is said to be universally catenary if for every yeY and every r>o, the
polynomial ring Oy[T,, ..., T,] satisfies the chain condition for prime ideals. In
particular, if Y is regular, or of finite type over a field, then Y is universally catenary.)
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20 ROBIN HARTSHORNE

Let ¥ be a coherent sheaf on X. Then there is a non-empty open subset V CY such that for all
Y€V, and for all i,

RY(F,) =R‘(F) ®k(y)
and (F)'=F'®k(y),

where ¥, =F®k(y) is the fibre of F at y. In other words, formation of R'(F) and ¥' commutes
with passage to the fibres of a morphism of finite type, almost always.

Proof. — I claim there is a non-empty open subset V of Y with the following
properties:

(i) Ox is flat over V; for each j, F' is flat over V, and for each associated prime
cycle Z of Fy=F|f V), 0Oy is flat over V. (We give Z the reduced subscheme
structure.) '

(i) If ZeAssFy or if Z=X, then f:Z-—V is surjective.

(iii) If ZeAss Fy orif Z=X, then for each yeV, all the irreducible components
of the fibre Z, have the same dimension.

(iv) If ZeAss Fy, then for each yeV, the fibre Z, has no embedded components.

(v) For each sheaf E=F or R/(F), and for each yeV, we have

Ass(E)= ZEH(EV)ASS(ZV).

Indeed, since Y is irreducible, any finite intersection of non-empty open sets is
non-empty. Hence it is sufficient to consider each property and each j (resp. Z, E)
separately, and find a V which works in that case. Condition (i) is possible to satisfy
by the Theorem of Generic Flatness [EGA, IV, 6.9.1]. It implies [EGA, IV, 3.3.2]
that each ZeAssFy or Z=X dominates Y. Hence to satisfy condition (ii) it is
sufficient to replace V by a non-empty open subset V' contained in the image f(Z).
Condition (iii) follows from (ii) and [EGA, IV, 9.5.6]. Conditions (iv) and (v) follow
from [EGA, IV, 9.8.3].

Now any V satisfying the conditions (i)-(v) will do for the Proposition. First
we establish

(vi) If ZeAss Fy is of codimension i, then for every yeV, every associated prime
cycle of the fibre Z, is of codimension ¢ in X,.

Indeed, using (i), (ii) [EGA, IV, 6.1.4], and the fact that X is catenary, we deduce
that Z, has codimension ¢ in X,. But by (iv), Z, has no embedded components, and
by (iii) all the irreducible components of Z, have the same dimension. For the same
reason, all the irreducible components of X, have the same dimension, and hence,
since X, is catenary, all the irreducible components of Z, have the same codimension 1.

Now we proceed as in the proof of Proposition 2.2, restricting our attention to V.
In the first place, since F* is flat over V, we have, for any »eV, an inclusion

R¥(F) ® k() CF,.
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CONNECTEDNESS OF THE HILBERT SCHEME 21

Furthermore by (v) and (vi), every associated prime cycle of R,(F)®k(y) is of
codimension >1i, so

RY(F) @ k(y) CRY(F,).

To show they are equal, it will be sufficient, by Remark 3 above, to show that all the
associated prime cycles of the quotient Fy/R‘(F)®k( )=(F*), have codimension <i.
This again follows from (v) and (vi), and the fact that Ass F'cAss F. This gives the
first statement of the proposition, and the second follows immediately.

Remark. — For the rest of this chapter we will be concerned mostly with sheaves
on projective space X =DP; over a field £. Since for any closed subscheme Z of X,

dim Z 4 codim. Z =7,

we will permit ourselves to use interchangeably the notations R;(F)=R"~%(F), F,=F"~,
and to use the preceeding results translated into the language of R,(F), F;

The integers n,(F).

Definition. — Let X be a projective space P}, over a field k, and let ¥ be a coherent sheaf
on X. For each i we define :

n;(FY=(i!) (coefficient of 2' in the Hilbert polynomial of R.(F)=R""F)).
(F)=@E"h ( poly i (

Remarks. — 1. The integers n;(F) are all non-negative. They are zero for <o
and >dim Supp(F).
2. We refer to the (r+ 1)-tuple of integers (n,(F), n,_;(F), ..., ny(F)) as n(F).

Ifn,, m, aretwo (r4-1)-tuples of integers, we say n >m_ in the pointwise ordering if n,2>m,
for each i. We say n >m_ in the lexicographic ordering if n,>m,, or if n,=m, and
n,_y>m,_y, etc. Unless otherwise specified, n, >m_  will always mean in the pointwise
ordering.

3. If X is a subscheme of P}, we set n;(X)=mn;(0x) for each i.

Example (2.5). — Let X be a reduced subscheme of P, all of whose irreducible
components are linear subspaces of P;. Then for each i, n,(X) is the number of
components of X of dimension .

Progf. — One reduces easily to the case where X is irreducible of dimension :.
Then X=~Pi, whose Hilbert polynomial [see FAC, Prop. 3, p. 275] is

(1/iY(z+1)...(z47).

Thus n,(X)=1, as required.
Proposition (2.6). — Let o—>F' —>F—>F"—>o0 be an exact sequence of coherent sheaves
on X=DP;. Then for each 1,

ng(F') < mg(F) <my(F') + g (F").
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22 ROBIN HARTSHORNE

Proof. — This follows immediately from the exact sequence
o — R(F’) — R;(F) - R (F"),

and the properties of Hilbert polynomials.

Lemma (2.7). — Let F—~G—o0 be a surjection of coherent sheaves on X, where F s
a sheaf whose associated primes are all of dimension i. Then n,(F)>n,(G), and there is equality
if and only if F—G s an isomorphism.

Progf. — Let K be the kernel. Then we have an exact sequence

0-K—-F->G-—o,

and so, letting p denote the Hilbert polynomial,

P(F)=p(K)+5(G).
It follows immediately that #,(F)>n;(G), since these are all polynomials of degree <.
Furthermore, if n;(F)=mn;(G), then p(K) is a polynomial of degree <i. But
Ass K cAss F, so all the associated primes of K are of dimension ¢, and so K must be o,
showing F—G is an isomorphism.

Proposition (2.8). — Let F—>G—o0 be a surjection of coherent sheaves on X. Then
n(F)>n (G) in the lexicographic ordering and there is equality if and only if ¥—G s an
isomorphism.

Proof. — It will suffice to prove that the following statement is true for each i:
If nj(F)=n(G) for all j>i, then n;(F)>n,(G), and there is equality if and only
if F,_;—G;_; is an isomorphism. We proceed by descending induction on i, the
case i=r-+1 being trivial (r=dim X).

Suppose then that n;(F)=n;(G) for all j>i. We can assume by the induction
hypothesis that F;—G; isanisomorphism. Thuswe have an exact commutative diagram

o - R(F)/R,_4(F) - F,_, - F —o

o - Ri(G)/R;_;(G) - G;_y - G; — o.

(o}

A diagram chase shows that « is surjective. Moreover, all the associated primes of
R,;(F)/R;_,(F) are of dimension ¢, so we can apply the Lemma to «. Thus #z,(F)>n,(G),
and we have equality if and only if « is an isomorphism. But by the 5-Lemma, « is an
isomorphism if and only if § is. q.e.d.
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Behavior under Base Change.

Proposition (2.9). — Let X be a projective space P}, and let F be a coherent sheaf on X.
Let K be an extension field of k, and let Xy, Fy be obtained by base extension.  Then n (Fg)=n (F).

Proof. — This is an immediate consequence of Proposition 2.2 and the fact the
Hilbert polynomial is preserved under base field extension.

Theorem (2.10). — Let X=P%, and let f:X—>Y be the projection, where Y is an
integral noetherian universally catenary prescheme. Let ¥ be a coherent sheaf on X. Let v be
the generic point of Y, and let y be any other point of Y. Then each of the following conditions
implies the next:

i) n/(F,)=n(F,).

(1) F s flat over Y at all points xef~'(y).

(iii) n (F,)>n (¥,) in the pointwise ordering.
(iv) n(¥,)>n(F,) in the lexicographic ordering.

Furthermore, (iv) is satisfied for all veY, and (i), (ii), (iil) are satisfied for all y in a
non-empty open subset V of Y.

Proof. — If Y'=Spec A is the spectrum of a discrete valuation ring, and g : Y'—Y
is a morphism sending the closed point »' onto y, and the generic point %’ onto 7, then,
by Proposition 2.9, the conditions (i), (iii), (iv) are equivalent to the corresponding
conditions (i)', (iii)’, (iv)’ for the extended situation X', F’, 3, " over Y’'. Furthermore,
by the Valuative Criterion of Flatness [EGA, IV, 11.8.1] condition (ii) is equivalent to
saying that for all such base extensions g : Y'—Y, (ii’) holds. Such base extensions exist
by [EGA, ch. II, 7.1.9, p. 141]. Thus to prove the implications (i) = (ii) = (iii) = (iv)
and the truth of (iv), we are reduced to the case where Y=Spec A is the spectrum of
a discrete valuation ring, with closed point » and generic point .

(iii) = (iv) is obvious.

To prove (ii) = (iii), let F be flat over Y. Then R"™%¥) and F'~* are also flat
over Y, since over a discrete valuation ring, flatness depends only on the set of associated
primes (see Proposition 1.3). Thus by Theorem 1.2, R"™¥F)®k(n) and R"F)®k(y)
have the same Hilbert polynomial. The first of these is equal to R(F,) (follows e.g. from
Proposition 2.3). The second is a subsheaf of F,, since F*~* is flat over Y. Moreover,
since its Hilbert polynomial, being equal to that of Ry(F,), is of degree <1, it has support
of dimension <i. Hence

R"~(F)®k(y) CRy(F,).

and so n(F,) >n(F,).
To prove (i)=(ii) and the truth of (iv), let F be arbitrary. Let TcF be the
torsion subsheaf of F, and let F'=F/T. Then F’ is flat over Y, F;=F,, and there is

an exact sequence
’
0 —>Ty—>Fy—>Fy—>O.

279



24 ROBIN HARTSHORNE

Applying Proposition 2.8, we find that n (F,)>n (F,) in the lexicographic ordering.
On the other hand, by the implication (ii) = (iii) above, = (F,)>n (F;)=n(F,) in
the pointwise ordering. Thus = (F,)>n(F,) in the lexicographic ordering, which
establishes (iv). If there is equality, then by Proposition 2.8, F,—F, is an isomorphism,
i.e. T,=o. But then by Nakayama’s Lemma T=o0 and F=F" is flat over Y. Thus
(i) = (ii).

For the last statement of the theorem, choose a non-empty open subset VCY such
that _

1) each Ri(F) is flat over V, and

2) for all yeV, Ri(F)®k(y)=RI(F,).

This is possible by the Theorem of Generic Flatness [EGA, IV, 6.9.1] and by
Proposition 2.83. Now if yeV, condition (i), hence also conditions (ii) and (iii) are
satisfied.

Remark. — One can show by easy examples that the implications (i) = (ii) = (iii) = (iv)
of the theorem are all strict.

Corollary (2.11). — Let f:X—>Y, F be as in the theorem, and assume that F is flat
over Y. Then, for any (r-1)-tuple of integers m , the set

E—{yeY|n(F,) <m)
is open, and the set G={yeY|n(F)>m}

is closed. The function y~>n (F,) is upper semi-continuous on Y.

Proof. — It is sufficient to prove the first statement. Using the criterion for
openness given in [EGA, oy, 9.2.6, p. 16], we must show that whenever ZcY
is a closed irreducible subset meeting E, then E contains a non-empty open subset of Z.
Give Z the reduced induced structure, and make the base change Z—>Y. Then the
.result follows from the theorem applied to f; : X;—~Z and the sheaf F,.
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CHAPTER 3§
FANS IN PROJECTIVE SPACE

In this chapter we study subschemes of projective space of a special type, called
fans. We will deal mostly with a fixed projective space P}, and a fixed homogeneous
coordinate system Xg, Xy, ..., X,.

Definition. — A fan X in P}, is a subscheme whose ideal a can be written as an intersection
of prime ideals p of the form

P = (X1——a3 X9, Xg=—agXg, - . ., X;=ayXo)

Jor various q, and various a,, ..., a.ck. A tight fan X is a fan whose ideal a can be written
as an intersection of prime ideals of the form

p=(xq, Xas o5 Xg_1s X, a,%)
Jor various q and various a k.

Remarks. — 1. A fan is a reduced subscheme of P}, all of whose irreducible compo-
nents are linear subspaces. Moreover, for each ¢, all of the g-dimensional components
of the fan contain a common (g— 1)-dimensional linear subspace (hence the name ¢ fan ).
A tight fan has the additional property that, for each g, all of its g-dimensional components
are contained in a common (g + 1)-dimensional linear subspace (which is not a component
of the fan, of course).

2. If Xis a fan, then for each 7, n,(X) is the number of ¢-dimensional linear subspaces
which are components of X. (See Example 2.5.)

Lemma (3.1). — Let X be a tight fan in P, and let its ideal a be written as an irredundant
intersection of prime ideals a= npﬁ, 1=1, ..., 7;J=1, ..., t,, where

Pij= (X1, Xy ooy Xy, xi—aijxo)s
with ayek. Let s be the largest index i for which t,+o0. Then

1) a0 for i=1,...,5—1 and j=1, ..., t, and

1)

2) @ Fay for i=1,...,5; Ji,J2=1, -, t;; j1<Js. Furthermore, a can be

written = (X T0y, XoT0yTg, + ooy Xg_1Toq** * Tg_q, Ty Tp " * * TT,)
ti
where for each 1, niz.Hl(xi—aﬁxo).
i
Proof. — The first statement is obvious, and the second follows from the first,

together with some easy calculations in polynomial rings.
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Proposition (3.2). — Let X, X, be two tight fans in P]. Then the following conditions
are equivalent:

(1) n(X)=n(Xy).
(i) X, and X, have the same Hilbert polynomial.
(iii) There exists a subscheme X, of Pk, for suitable K, and linear specializations

X,
SN
X, X,

Proof. — (i)=(ii)) We will show that the Hilbert polynomial of a tight fan X is
determined by » (X). Let X be given, and let its ideal a be written as an irredundant
intersection of prime ideals a = np,.i, i=1,...,7;j=1,...,t, asin the Lemma. Note
that for each 1=1, ..., r, ;=n,_;(X), so we need only show that the Hilbert polynomial
of X is determined by the integers ¢.

Case 1. — Suppose there is an integer 1 <s<r such that ;=0 for i#s. Then,
using the notation of the Lemma,

a=<x1: Xgy oo xs-—l: Tts).

Now =, is a homogeneous polynomial of degree ¢,, so X is a hypersurface of degree ¢,
in the projective (r—s+ 1)-space defined by x, =...=x,_; =0, and as such its Hilbert
polynomial is determined. In fact, one can write down its Hilbert polynomial expli-
citly (see Corollary below).
Case 2. — In general, let s be the largest index ¢ for which #+0. Write a=bn¢,
where
b :igspﬁ and ¢= np,,,--

Proceeding by induction on s, and using Case 1, we can assume that the Hilbert poly-
nomials of the subschemes defined by b and ¢ have already been determined, and depend
only on the #. Because of the exact sequence

o—~R/a—>R/b®R/¢c>R/b+c—>o0

(where R=4k[xy, ..., %,]) and the additivity of Hilbert polynomials, to show that the
Hilbert polynomial of X depends only on the ¢, it will be sufficient to show that the
Hilbert polynomial of the subscheme defined by the ideal b+ ¢ depends only on the ¢.
By the Lemma,

b= (%71, KoMy Togy « ooy Xy _oToq®+ Ty g, Tq** *Ts_q)
and C=(Xy, ooy X1, o).

Thus D e=(X, Xgy -+ oy X1, Ty * "Tog_q, Ty)e
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But m---m,_, can be replaced by Axi*-Tl-1 where A=‘l;[ a; is a non-zero
element of £ (by the Lemma, part 1). Thus

— Y .
bde=(xy, %9, ..oy Xy, Xg =1 ).

The subscheme defined by b+c¢ is therefore a complete intersection of hypersurfaces
of degrees t#+---+t,_; and f, in the projective (r—s+1)-space defined by
x¥y=-+-+=2%,_,;=o0, and as such its Hilbert polynomial is determined by the #. In
general, if Y is a complete intersection of hypersurfaces of degrees m, n in projective
space X =P}, then the Hilbert polynomial of Y can be calculated from the exact
sequence

0 — Ox(—m—n) - Ox(—m)®0Ox(—n) - Ox - Oy — o,

and the fact that the Hilbert polynomial of Ox(n) is (**%2%7).

(ii) =(1) We show that the Hilbert polynomial f{z) of a tight fan X of dimension s
determines n (X). In the first place, 7,(X) is determined as s! times the leading coefficient
of f(z). Suppose inductively that n,, n,_;, ..., n;,, have been determined. Then (using
the notation of Chapter 2), X, is a tight fan with » (X;)=(n, n,_,, ..., 7%,;,0, ...,0).
By the implication (i) =-(ii) above, its Hilbert polynomial g(z) is determined. Therefore
the Hilbert polynomial f(z)—g(z) of R;(0x) is also determined, and so also 7;(X).
By induction we see that n (X) is determined.

(i) 4 (ii) = (iii) Let X;, X, be tight fans in Py with 7 (X;)==7 (X,) and with the
same Hilbert polynomials. Let their ideals a® and a® be given as in the Lemma
as intersections of prime ideals determined by constants & (resp. af), i=1,...,7;
j=1,...,t. (Note that the # are the same for X; and X,.) Let s be the largest
index ¢ for which ##o.

Take indeterminates w;over k£, i=1, ...,5;j=1, ..., 4, andlet Y==Spec £[u].

Let piiz(xla KXoy ooy Xi_1, xi_uijxo)a
and let a= npﬁ. Let X be the closed subscheme of P} defined by a. Then

Q=(X 70y, XgT0y Mg, v 0oy X170y " Ty 1, Tp* * * TCg)
i3
where for each i, my= I (%;—u;x,).
=1

Thus the fibre of X at the point »,€Y given by uiizag-) is X;, and the fibre at the
point y,eY given by u;=a is X,. Let X, be the fibre of X at the generic point of Y.
Then X, X,, X; are all tight fans with the same 7, hence the same Hilbert polynomials,
by (i)=(ii) above. Therefore Xisflatover Y at the points above »,, y,, by Theorem 1.2,
and so there are linear specializations as required.

(iii) = (i) is obvious. q.e.d.

Remarks. — 1. The proof (i) =(ii) above gives at the same time a slightly stronger
result, namely that if X,;, X, are tight fans with 2 (X;)=n(X,), then they have the
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28 ROBIN HARTSHORNE

same Hilbert function. (The Hilbert function of a subscheme X of Pj is the function
f(n)=dim HY(X, Ox(n).)

2. The implications (i) =-(ii) and (ii)=-(i) above are both false for loose fans,
as can be seen from the following examples (a loose fan is a fan which is not tight):

o n Hilb. poly.

a) Three lines in a plane, meeting at a point....... 0 3 32
b) Three lines in three-space, meeting at a point but
not lying in a plane........................... 0 3 3241
¢) Same as a), plus apoint....................... I 3 32+ 1.
Corollary (3.3). — The Hilbert polynomial of a tight fan X in P}, with

n(X)=(1,_1, .. N) IS
f(Z): tzog(nl + e +nr—1> t):

where for any n,teZ,t>o,
gln, )= 1) —CHT".
Proof. — For any n, r, define h(n, r) to be the Hilbert polynomial of a hypersurface
of degree n in projective r-space. For integers m, n, 7, define ¢(m, n, r) be to the Hilbert

polynomial of a complete intersection of hypersurfaces of degrees m and » in projective
r-space. In other words (by an easy calculation)

/l(ﬂ, r)=(2+- r)___(2+ r—n)

r r

and elm, my 1) = () —(F LT — (T (T,

Using the proof (i) =-(ii) of the proposition as a guide, one can show that the Hilbert

polynomial of X is
r—2

r—1
f(z)=t§0k(”ts t+ I)_té:oc(n“ Nyt g, t1).

Now a little juggling of the binomial coefficients gives the result of the Corollary.

Remark. — Following Nagata [10], let us define a numerical polynomial to be a
polynomial f(z)eQ[z] which takes integer values for all large enough integers. (For
example, binomial coefficients and Hilbert polynomials are numerical polynomials.)
Then, as in the proof of (20.8) (loc. cit., p. 69), one can show that any numerical poly-
nomial f(z) of degree s can be written uniquely in the form

fR)= Z g(m, k),

with mgeZ. Thus the Corollary states that a necessary and sufficient condition for
a numerical polynomial to be the Hilbert polynomial of a tight fan is that when expressed

284



CONNECTEDNESS OF THE HILBERT SCHEME 29

in this form, my>m;>--->m,>o0. (For there exist tight fans with arbitrary z > o).
We will see later that this is also a necessary and sufficient condition that f(z) be the
Hilbert polynomial of some subscheme of projective space.

*Corollary (3.4). — The points of Hilb(P}) corresponding to tight fans with given n,
(resp. given Hilbert polynomial) form a constructible subset, irreducible in the induced topology,
and linearly connected.

Proof. — This follows from the proposition, the definition of the Hilbert scheme,
and Chevalley’s theorem (see [4], exposé 7, theorem 3, p. 7-09).4

Now we study the relationship between loose fans and tight fans.

Definition. — Let X be a fan in Py, defined by an ideal a which is represented as an irredun-
dant intersection of prime ideals a=\p, where each prime p is of the form

P =(x1—0ay%y, X3=—0yXg, - - ., X,y %,)

Jor various q and various ay, ..., a,€k. Define p(X) to be the largest integer p<r such that
Sor every prime p of the above form occurring in a,

1) if ¢<p, then ay=ay,=---=a,_;=o0, and

2) U[ q>ﬁ, t}lﬂﬂ Ay =Qy="++ = P—IZO'
Notice that p(X)>1, and p(X)=r if and only if X is a tight fan.

Lemma (3.5). — Let X be a fan in P}, and let p be an integer < p(X). Then the Hilbert
polynomial of X s determined by n(X) and the Hilbert polynomial of the union X' of those compo-
nents of X of codimension > p.

Progf. — By induction on p. If p=1, then the ideal a of X can be written as an
intersection

a=(f)n---n(f)nq

where each f; is of the form f,=x,—a;x, with a;,ck, and where g is the ideal of X'
By induction on s, it is sufficient to show that if b is any ideal in R =#k[x,, ..., x,],
and f is a linear form not contained in any associated prime ideal of b, then the
Hilbert polynomial of R/(bn(f)) is determined by that of R/b. As in the proof of
Proposition g.2 ist is sufficient to show that the Hilbert polynomial of R/(b+(f)) is
determined by that of R/b, since the Hilbert polynomial of R/(f) is independent of f.
Now we consider the exact sequence

0> R/b5R/b = R/(b4(f)) =0

where the first map, multiplication by f, is a map of graded modules of degree 1.
Therefore the Hilbert polynomial of R/(b+(f)) is the first difference function of that
of R/b, and so is determined by it.

In case p>1, we write the ideal a of X as an irredundant intersection of prime

ideals a=MNpNqNy, where each p is of the form
p :(xb Koy ooy Xg_ 1 xq_dqxo)a q<p
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each q is of the form
q=(X1, Xg, - ., Xp—15 xp_apx0)>

and each r is of the form
U= (X1, Xgy oo oy Xy 1y Xp=—GpXg, - - +y Xg=—0y%), q>p.

Applying the induction hypothesis to the same X, but with p—1 for the integer p,
we find that the Hilbert polynomial of X is determined by 7 (X) and the Hilbert
polynomial of X", the fan defined by the ideal MgN<t. To calculate this latter poly-
nomial, we can pass to the quotient ring R=R/(x,, ..., %,_1), and apply the case p=1
above to see that the Hilbert polynomial of X' is determined by the number of q's
and the Hilbert polynomial of X', which is the fan defined by the ideal Mrt.
Proposition (3.6). — Let X, be a fan in Pj. Then there are subschemes X,, X,, X,

of P7 (over suitable fields) and linear specializations
X,
X, Xs

X,

such that either

a) Xy is a tight fan, or

b) X5 is a fan with p(X3)>p(X,), or

¢) Xy is a subscheme with n (X3)>n.(X,).

Proof. — If X, is a tight fan, there is nothing to prove, so let us assume that X,
is not a tight fan, i.e. p=p(X,)<r. Write the ideal a of X as an irredundant intersection
of prime ideals a=MpMg, where each p is of the form

p :(xl) KXoy oo oy Xg_1s xq—aqxo): qg[)a
and each q is of the form
q :(x1> Koy v ooy xp—l’ xp-dpxlh xp+ l—ap+1x05 DR xq—aqx0)>

¢>p, and the g;ek.
For the first step, let A, p. be indeterminates over £, and perform the automorphism

of projective space given by

X, == x,——MXg

Xp 1= Xpp 17— %

X, =X, for t%p, p+1.
Let k,=£k(A, 1), and let X, cP;, be the result of applying this automorphism to X.
Then X;~X, is a linear specialization. Moreover, one sees easily that X, is a fan
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with p(X;)=p(Xo); n,(X;)=n(X,). Writing theideal aof X; as MpMq asabove (with

*

the a;ek; now), and defining for each q a new ideal
’
Q= (%15 « o5 Xp—15 Xy Xpy 1~y 1%05 - - -5 Xg——0y%o),

we see also by an easy calculation that the intersection a’=MpMgq’ is irredundant.
(It was for this purpose that the indeterminates A, u were introduced: without them
the intersection a’ might fail to be irredundant.) So we define the fan X’ to be the one
given by the ideal a’, and observe that p(X')>p(X,), and =z (X')=n(X;). We will
now attempt to deform X, into X'

Let ¢ be an indeterminate over k;, let A=#,[¢t], and define a subscheme XCP;
by the ideal a”=MNpMNq"”, where for each q above,

n__
Q= (%1, Xay ooy X1y X0y X, Xy 1=y 1Xgy -+« 5 Xg—8yXg)-

Then X is flat over A since each associated prime lies over the generic point (Propo-
sition 1.3). I claim that the fibre of X at the point ¢=r1 is X; (and let the reader
beware of setting ¢=1 in each ideal and then taking the intersection: specialization
does not commute with intersection of ideals!). Indeed, letting X, be the fibre of X
at the generic point of A, X; and X, have the same Hilbert polynomial. Indeed, by
the Lemma, it is sufficient to show that the fans defined by Mg and Mg have the
same Hilbert polynomial, and this is true because they differ by an automorphism of the
projective space. But X, is a closed subscheme of the fibre (X),_;, and X is flat over A,
so by Theorem 1.2, X, and (X),_, have the same Hilbert polynomial, and therefore
X;=(X),_;- (In general, if Y is a closed subscheme of X, and has the same Hilbert
polynomial as X, then Y=X. Forin the exact sequence 0—>Sy—>0x—0y—0, Fy will
have Hilbert polynomial o, hence is o by Serre’s theorem.) Thus X,~>X, is a linear
specialization.

Finally, let X3 be the fibre of X at the point ¢=o0. Then X’ is a closed
subscheme of Xj, by construction. By Theorem 2.10, 7 (X;3)>n(X,). So either
n (Xs)>n (X,)=n(X,), in which case condition ¢) is satisfied, or n (X;)=n(X,).
In the latter case, 7 (X3) =n(X’) andso by Proposition 2.8, X;=X’, and condition b)
is satisfied.

Corollary (3.7). — Let X, be a fan in P,. Then there is a connected sequence of linear
specializations Xg, Xy, ..., X, in P, such that either

a) X, is a tight fan, or

b) X, is a subscheme with n.(X,)>n.(X,).

Definition. — Let Z, and Z, be closed subpreschemes of a prescheme X, given by sheaves
of ideals I, and F,, respectively. We define closed subpreschemes Z,nZ, and Z,VZ, by
the sheaves of ideals F,+.F, and FinF,, respectively.

Note that taking intersections of closed subpreschemes is compatible with base
extension, but that taking unions is not in general.
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Lemma (3.8). — Let f: X—>Y be a morphism of finite type with Y locally noetherian
and integral, and let Z,, Z, be closed subpreschemes of X.  Then there is a dense open subset VcY
such that if Y'Y is a morphism which factors through V then

(Z,VZ,)'=Z{UZ,

where ' denotes base extension to Y'.

Proof. — Whenever Z, and Z, are closed subpreschemes of a prescheme X, there
is an exact sequence

0 — wz‘uz‘ g 0zl®mz. —> mz‘nz’ —> 0.

Since intersection of subpreschemes is compatible with base extension, we need only
take V such that @y g |f~'(V) is flat over V (by the Theorem of Generic Flatness),
and apply the exact sequence on X and on X'.

Proposition (3.9). — Let integers r>0 and m,_,, ...,my>0 be given, and let
m = (m,_y, ...,mg). Then the set of polynomials peQ [z] such that there exists a field k
and a fan X CP; with Hilbert polynomial p and with n (X)=m_, is finite.

Progf. — We will construct a noetherian scheme T over Z and a closed subscheme W
of Pf, flat over T, such that whenever £ is a field and XCP; a fan with 7 (X)=m,
then X arises from W by a base extension Spec £—T. This will prove the proposition,
for it shows there can be no more different Hilbert polynomials than there are connected
components of T.

Given m =(m,_,, ..., mp). Take indeterminates } over Q for ¢=1,...,7;
i=1,...,¢; and j=1,...,m,_, Let
A=Z[],
let Pig=(x1—H;%05 - - -, x,—14:%,)
for each j, ¢, and let a=npiq.

Then a defines a closed subscheme Z of P} which is the union of the closed subschemes Z,,
defined by the prime ideals p;,. Now clearly whenever £ is a field and XcP} a fan
with 7z (X)=m_ there is a morphism Spec k—>Spec A such that

X=U(Z,8,4).

Thus in the pair (Spec A, Z) we have what we want except for two things: Z may not
be flat over Spec A, and the expression Z=U Z,, may not survive base extension.

However, by using the Theorem of Generic Flatness [EGA, IV, 6.9.1] and the
above lemma repeatedly we can find a noetherian scheme T, which is the disjoint union
of a finite number of locally closed subschemes of Spec A such that the morphism
T —Spec A is bijective and such that if

W’-q = ZM XAT
and w=Uw,,
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then W is flat over T, and for any morphism T'—T,
WxpT'=U (W, x, T).
This pair T, W is the one we want.

Corollary (3.10). — Let an integer r>0 and a polynomial peQ[z] be given. Then
the set of r-tuples m = (m,_,, ..., my) of integers such that there exists a field k and a fan X cP;
with Hilbert polynomial p and with n (X)=m,_, is finite.

Proof. — We may assume degree p<r. Then for any such m, m,_, is already
determined by the coefficient of z"~! in p. Suppose inductively we have shown that
Mm,_y, ..., M,y can have only finitely many values. Then we will show that m; can
have only finitely many values.

Now m; is determined by the coefficient of z* in the Hilbert polynomial of R;(0%)
(using the notation of Chapter 2). But from the exact sequence

o - R;(0x) - Ox - Ox, >0

it follows that p(Ry(Ox)) =p(Ox) —p(0x,),
where p denotes the Hilbert polynomial. We are supposing that p(X)=p. Moreover,

since X is a fan with z(X)=m_, X;is a fan with
n,(Xt) = (mr—la R mi+1> 0, ..., 0)'

Now there are only finitely many values of m,_,, ..., m; ., by our induction hypothesis,
and by Proposition 3.9 there are only finitely many possible polynomials p(X;) corres-
ponding to each choice of m,_;, ..., m;, ;. Hence there are only finitely many
possibilities for m;. q.e.d.
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CHAPTER 4

DISTRACTIONS

Remarks on Monomial Ideals.

Let B be a ring, and S=B[x,, ..., #,] a polynomial ring over B. An ideal bcS
will be called a monomial ideal if, whenever a polynomial

F=3b, b

r
is in b, then each monomial

_ 91 ir
712-_17,-“.“’1.ch1 R

of fis also in b.

We can introduce an r-fold grading in the ring S by setting the r-degree of a monomial m
as above equal to the r-tuple (7, ...,7,). Then S is the direct sum of the subgroups
S, ...i, of elements of r-degree (i, ...,7,). A monomial ideal if then an ideal which
is -homogeneous for this r-fold grading of S. The definition and theorems of [ZS, vol. II,
ch. VII, § 2] extend immediately to the case of multiply graded rings, so we have the
following results for monomial ideals in S:

1) An ideal bCS is a monomial ideal if and only if it has a basis consisting of
monomials in the x; with coefficients in B [loc. ¢it., thm. 7, p. 151].

2) If b, ¢ are monomial ideals in S, then b--¢, bne, be, b : ¢ and 4/b are monomial
ideals [loc. cit., thm. 8, p. 152].

3) If bcS is a monomial ideal, admitting a representation as an intersection
of (not necessarily monomial) primary ideals, then the isolated components of b and the
associated primes of b are monomial ideals [loc. cit., Corollary to thm. g, p. 154].

4) Let b be an ideal in S. If b is a monomial ideal, then for every poly-
nomial f(x,, ..., x,)eb, and for every r-tuple ¢, ...,f, of elements of B, we have
(t4%45 ..., t,x,)€b. The converse is true if B is an infinite field [loc. cit., thm. 10, p. 155].

Finally note that the prime monomial ideals are just the ideals of the form

p+(xi,9 RS xi;)
where p is a prime ideal of B.
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CONNECTEDNESS OF THE HILBERT SCHEME 35

Remarks on Change of Polynomial Ring.

In this chapter we will be dealing with polynomial rings, and localizations of
polynomial rings, in which the number of indeterminates is variable. To avoid semantic
difficulties, we make some preliminary definitions.

Let k be a field, and let {z},i=1,2,... be infinitely many independent
indeterminates over £. For any finite set «= (¢, ..., ,) of indices, let

Ra=k{zi,3 ey zi;]'

If «, 8 are two finite sets of indices, and if a gf_{“ and b gﬁﬁ are ideals, we say that

the pairs («, a) and (B, b) are equivalent if the extensions a’, b’ of a and b to the ring Euua
are the same. This is clearly an equivalence relation. We define a *-ideal (with respect
to the field £ and the indeterminates {z;}) to be an equivalence class of pairs («, q)
as above.

The justification for this terminology lies in the fact that all the usual operations
on ideals pass to these equivalence classes. In particular, we can talk about the sum,
intersection, product, and quotient of two *-ideals, and about the inclusion of one
*.ideal in another. We can talk about prime *-ideals, primary *-ideals, and primary
representations of *-ideals, with the usual uniqueness theorems. Finally we can speak
of a sequence of elements being prime to a *-ideal.

Indeed, all of these concepts are invariant under the operation of passing to a
polynomial ring over a ring (e.g. if («, ;) is equivalent to (8, b;) and («, a,) is equivalent
to (B, by), then («, a;4a,) is equivalent to (B, b;+b,)). The statements about
operations on ideals are obvious. For the primary representation, see [3, ch. IV,
Prop. 11 and ex. 3, pp. 157, 158]. The statement about prime sequences comes
from [EGA, oy, 15.1.14], and the fact that a polynomial ring over a ring is a faithfully
flat extension [3, ch. I, Prop. 9, p. 51]. See also [10, (6.13), ..., (6.17), pp. 17, 18].

Having made these remarks, we will abuse language and write simply ¢ ideal ”
instead of « *-ideal ”. We will let R denote indifferently any one of the rings R,, and
we will confuse a *-ideal {(«, a)} with its representative a in R,.

We make similar conventions in another situation. Let £ be a field, let #,, ..., x, be
indeterminates, and let {£},i=1, 2, ... be infinitely many independent indeterminates
over k(xo, ...,x,). For any finite set a=(s;, ...,%,) ofindices, let A,=k[t, ..., {]n
where m is the maximal ideal (¢, ...,%). Let Ri=A,[x,, ..., ,]. Then we define
equivalence of pairs («, a), where a is an ideal in R}, as above, and define *-ideals in
this context. Again all the ideal operations listed above make sense. (Compare
[3, ch. IV, Prop. 11 and ex. 1, pp. 157, 158] ; [ZS, vol. I, ch. IV, § 10, p. 223 ff.], and
note that if «aCB, Rg is faithfully flat over R}.)

Again by abuse of language we will drop *'s and «'s.
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Canonical Distractions.

For the rest of this chapter we will use the following notation (with the conventions
listed above).

k is a field.

R =k[x,, ..., x,] is a polynomial ring.

{t;},i=1,...,7r; j=1,2,... are infinitely many independent indeterminates
over k(xg, ..., %,).

A=k[t;],, where m is the maximal ideal (Z;).

We will also denote by m the maximal ideal of A.

R'=A[xy, ..., x,].

Let acR be an ideal generated by monomials in x,, ..., x,. Note that a has
a unique minimal basis of monomials. It consists of those monomials

S:

xg Xy

in a for which the r-tuple (s;, ...,s,) is minimal in the partial ordering given by
(515 < v ey $) (815 o v vy 80) =5, < 5, for each k.

Definition. — Let aCR  be an ideal generated by monomials in %y, ..., x,. lIts canonical

distraction is the ideal o' CR’' generated by the expressions
T (e —tig20) - T (ra—taya) - -+ TT (x,—t0)
j=1 j=1 i=1

as x...xy ranges over the unique minimal monomial basis of a.

The rest of this chapter will be devoted to discussing various properties of the
canonical distraction of an ideal.

Proposition (4.1). — Let b be an ideal in R’ generated by monomials in expressions of the
Jorm (x,—t;x0), k=1, ..., r. Then the following conditions are equivalent:

(i) R'[b is flat over A.

(ii) {#;} is a prime sequence in R'[b.

(iii) x4 is prime to b.

Proof. — (i) = (ii). This is a special case of [EGA, oy, 15.1.14]. For clearly {#;}
is a prime sequence in A.

(i) = (ili). Note that R’/(b+ (;))=R/b, where b, is an ideal generated by
monomials in x,, ..., x,. Thus x, is prime to (b+(f;)) and so {4, %} is a prime
sequence in R’/b. Now R’/b is a graded ring with (R’/b)y=A, which is a local
ring; the ¢; are in m, and x, is homogeneous of positive degree. Hence the property
of being a prime sequence in R’/b is independent of the order [1, Cor. 2.9, p. 633],
and so x, is prime to b.

(iii) = (i). Since x, is prime to b, we have an exact sequence

0-R//b 32 R'/b—>R'[(b+ (%)) > 0.
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CONNECTEDNESS OF THE HILBERT SCHEME 37

Now the ideal b4(x,) can be generated by monic monomials in x4, ..., %,, SO
R’/(b+4(x,)) 1is free, hence flat over A. Hence, for any A-module N we have an exact
sequence

0 — TorA(R’/b, N) 3 TorA(R’/b, N) — o.

Since the Tor is an R’-module graded in positive degrees, and since x, is homogeneous
of degree +1, we have Torf(R’/b, N)=o0. Thus R’/b is flat over A.

Theorem (4.2). — Let acR be an ideal generated by monomials in x,, ..., x,, and
let o' be its canonical distraction. Then R’[a’ is flat over A, and R’[a’4+m=R/a.
Proof. — The second statement is obvious from the definition of a’. For the

first, we use criterion (ii) of the previous proposition. We may assume that only as
many #; occur in R’ as we need to express a’. Write them in lexicographic order.
It will be sufficient to show that for each k=1, ...,7, if R"=R’/(f;);<;, and
a’=(a"+ (t;)i<r) | (ti)i<k> then #,, ..., 4, is a prime sequence in R’ /a"" (where s,
is the number of £; with i=#k). From the definition of a’, it follows that a” can be
written as

0" = Do+ (K1 %0) byt - - + (Be—tp1%o) - - - (X ey By

where the b, are ideals generated by the x; for ¢#k, and the t;for :>k. Let B be the
ring A,[%, ..., %, ..., %], where a={(;,j)]i>k and j=1,...,5}. Then R” is
a localization of the polynomial ring B[xy, &, ..., 4,]- Since prime sequences are
preserved under localization, we have only to prove the following technical Lemma.

Lemma (4.3). — Let B be a ring. Let by, ..., b, be ideals in B, and let u be an element
of B. Let x,t,...,¢t be indeterminates, and let C=B[x,t,, ..., t]. Let a be the ideal

a=Dby+ (x—ut))b;+-- -+ (x—uty) ... (x—ut,)b,

in CG. Then (4, ...,t) is a prime sequence in C|a.

Progf. — We must show for each ¢=1, ...,s that ¢ is prime to the ideal

a,=Dbo+xby+ - 207 b, a0 (x—ut) byt - T (x—uty) - - - (x—ut,)b,,
in C,=B[x,¢t,...,t]. To simplify notation, write ¢ for {,, and let
= b0+ xb1+ ce +xq_1bq
D=x0"1b, +xI T (x—ut, 1)by 1+ AT (x—uty ) - (x—ut,)b,,

so that a,= ¢+ (x—ut)d.

1) Note that for any aeC,, if x"aec, for some n, then x?~'aec. This follows
from the fact that the ideal ¢ is homogeneous for the grading in C, defined by x, and is

generated by things in degrees <g—1.
2) Note that dc(x?7%).
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3) Now we show by a direct argument that ¢ is prime to the ideal a,. Let aeC,,
and suppose that faca,. Then we can write

ta=c+ (x—ut)d

where cec¢ and ded. Furthermore,since C,=C,, [¢], and ¢, b are extensions of ideals
in C,,,, we can write

¢ =¢q+ ¢ t, d=dy+ d;t,
where ¢ec, died, and ¢, dyeC, ;. Thus
ta = cy+ ¢yt + (x—ut) (dy+dy £) (*)-

Reducing mod ¢, we find that ¢y+ xdy,=o0, which implies that xdyec. By 2) above,
dy=1x""1d,, so we have x?djec. By 1) above it follows that x*~!djec, or dyec. Now,
cancelling ¢,+xd, from (*), and dividing by ¢, we have

a=="(¢c,—udy) + (x—ut)d,
which is in ¢4 (x—ut)db=q,. q.e.d.

An Auxiliary construction.

We introduce some further notation.

{z;},i=1,...,r;j=1,2, ... will be infinitely many independent indeterminates.

R =k[z;] will be a polynomial ring in finitely many of the z; (using the conven-
tions listed above).

If a is an ideal in R generated by monomials in xq, ..., x,, we will denote by a

Y

the ideal in R generated by the expressions

as x;---x ranges over the unique minimal monomial basis of a. Note that if
a, Ca, are two such ideals, then a;Ca,.

Proposition (4.4). — Let acR be an ideal generated by monomials in x, ..., x
Then & is the trrendundant intersection of those prime ideals

re

p= <zi1f1’ te 'Zi:is)
such that
1) iy, ...,1, are all distinct.
i1 Js
2) AC(xi, .oy X))

3) a is not contained in any ideal generated by a proper subset of the x;’:

Progf. — Since a is generated by monomials in which each variable occurs at most
to the first power, a is a radical ideal. Hence it can be written as an irredundant inter-
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section of prime ideals. Each such prime ideal is generated by some of the z; (see
remarks on monomial ideals above), so can be written

p =(Zm',s ce Zi;i;)'

Whenever z; occurs in a monomial generator of @, so does z; for any j'<j. Thus
i1, - -+, i, are all distinct, for otherwise p would not be minimal: if two z; have the
same ¢, one could throw away the one with the larger j. Condition 2) is equivalent to
saying acp, and condition 3) follows from the minimality of p. Thus every prime
ideal in the irredundant representation of a satisfies 1), 2) and g). Conversely, any
prime ideal satisfying 1), 2) and g) must occur, because by 2) it contains a, and by 3)
is minimal with that property.

Lemma (4.5). — Let acR be an ideal generated by monomials in x, ..., x,. Let it
define the subscheme X CP, and let a be the ideal of X;=X""* (see definition in chapter 2).
Let t=r—1, and order the t-tuples of distinct indices 1<Fky, ..., k,<r in any order, and let n.
be the number of them. Set ap=a, and define inductively for v=1, ..., p,

a,={reR| (%, ..., x,)"»Ca, , for some n},

using the v® t-tuple. Then
(IO_C_ (11 C--- Cau_,

and a,= ay.

Proof.( )— Indeed, let X(v) be the subscheme of P defined by a,. Then X(v) is
the closed subscheme of X(v—1) defined by the sheaf of ideals N, whose sections are
those sections of COx(_ with support in the variety V, of the ideal (x, ..., x,)-
Now since a is generated by monomials in x;, ..., x,, every associated prime of a of
dimension <i contains one of the ideals (%, ..., %), for {=r—i. Thus in passing
from X to X(u) we kill all sections of 0k with support of dimension <i, and only those,
so X(p)=X,.

Lemma (4.6). — Let acR be an ideal generated by monomials in x,, ..., x,. Let
1<ky, ..., 5,1 be a set of indices and lets

a,={reR| (%, ..., 5,)"»Ca for some n}.
Then a 1s the intersection of those primes p= (2, ..., Z;,) of a for which the set (ky, ..., k)
is not contained in the set (i, ..., 1,).

Proof. — We use the criteria 1), 2), 3) of Proposition 4.4.
a) Let p=(zy, ..., 2,) be a prime of a, and suppose that

(k1> ] kt)i(il, RS ] Zs)

Then we show that p is a prime of a,. Condition 1) is satisfied trivially. By our hypo-
thesis, there is one of the £’s, say k;, which is different from all the i's. To verify
condition 2), let yea,. Then for some n, 1} yea. But since p is a prime of a,
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a_c_(xz::, e, x:: . Thus x,’;ye (xz::, e, x:::), and so ye (xi::, e, x:::) which proves 2).
Condition g) is satisfied trivially, since acCaq;. '

b) Let p= (2, ---,2;) be an ideal satisfying condition 3) for a; (which will
be the case if p is a prime of @, since aCa,), and suppose that (k, ..., k) C(i;, .., 7).

Then we show that p is not a prime of @,, by showing that condition 2) fails. By our

hypothesis, a; is not contained in any ideal generated by a proper subset of the xk
Hence, for each /=1, ...,s, there is a monomial yeq, such that y is not divisible

by any x with k#[. Write
)’z=x.‘,l /]
where y; is not divisible by x;. Let y'=l.c.m. {»]}. Then y” is not divisible by

% /] i . .
any x;, so DIE, ). But for each |, x,l -»"" is a multiple of y,, hence is in q,.

Now since (kq, ..., k)C(4y, ..., %,), for nlarge enough,

(%5 -+ -5 %)"Y" ' Ca,

so 9”’ea,. This shows that 2) fails for a;, so p is not a prime of a,.

¢) It follows from a) and &) that if p is a prime of a, then p is a prime of @, if
and only if (ky, ..., k) (4, .-, ). Conversely, let p;=(z;, - - -, Z;) be a prime
of a;. Then by &) we know that (&, ..., k)4 (4, ...,%,). On the other hand,
since 4Cd,, p; contains a prime p of @, for which it will also be true that
(kyy -5 k)& (4, - - -, 2,), since its ¢'s are contained among those of p;. Hence by a),
p is a prime of a,, and p=p,. q.e.d.

Proposition (4.7). — Let aCR be an ideal generated by monomials in x,, ..., x,.
Let X CP; be the scheme it defines in projective space, and let ayy be the ideal of X;. Then ay
is the intersection of those prime ideals of @ having strictly fewer than r—i generators.

Progf. — The conclusion follows from Lemmas 4.5 and 4.6, because a prime
P=(Zij> - - > %) of a has strictly fewer than r—: generators if and only if for
every t-tuple 1<k, ..., k£, <r of distinct indices, with t=r—z, (ky, ..., k) E(¢, ..., ).

) 7s

Definition. — An ideal aCR generated by monomials in x, ..., x, s balanced if
whenever f is a polynomial in a, and 1<j are indices, the polynomial f, obtained by replacing x;
by x;, is also in a.

Proposition (4.8). — Let aCR be an ideal generated by monomials in x,, ..., x,. If a
is balanced, then the primes of @ are all of the form

p =(Z1,-1, cees Zg,)e

Proof. — If p=(z;,, - -5 2j,) is a prime of @ and a is balanced, then it follows
immediately from the conditions of Proposition 4.4 that (i, ...,%,)=(1,2,...,5),
possibly in a different order.
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Application to Canonical Distractions.

Theorem (4.9). — Let aCR be an ideal generated by monomials in xy, ..., x,, and
let a'cR’ be its canonical distraction. Then

1) a’ is an intersection of prime ideals of the form

P =X, — i Xo> - -+ Xi;—tii5. %), with 1,.<...<i,

2) If XCP; is the scheme in projective space defined by a, and if ay is the ideal of X;
(see chapter 2) then (ay)’ is the intersection of those prime ideals of a' having strictly fewer
than r—1 generators.

3) If a is balanced, the prime ideals in 1) all have iy, ...,i,=1,...,5.

Proof. — Consider the map ¢ : R—>R’ defined by ®(2;5) =x;—t;;x,. Note that
the fields £(x;, #;) and k(x;, x;—%;%,) are the same, and are generated by the same
number of elements. Since the x;, #; are all independent indeterminates, it follows that
the x;,—%;%, are algebraically independent [ZS, vol. I, ch. II, § 12, p. 95 ff]. Hence ¢
is an injection.

If acR is anideal generated by monomials in x,, ..., x,, then ¢(@) generates a’,
and for each p=(z;;, ..., %), @(p) generates the prime ideal

(X, =i i Xos + v v Xig—1; 5. %)
Thus, using the results of Propositions 4.4, 4.7 and 4.8, we need only show that if
@=0MNp is the prime representation of @, then aR’=pR’.
Let T=k[x;, x;—t;x,], and factor ¢ as follows:

R->T-—R".
Now T=R[x,, ...,#,], and passing to a polynomial ring preserves primary represen-
tations [g, ch. IV, Prop. 11, p. 157]. Hence
aT=NpT.
Let S be the multiplicative system in T generated by x, and all expressions x§f(¢;),
where f(t;;) is a polynomial in the ¢; of degree <g, such that f(o)#o0. Then Tg=R;,
and we consider the ring inclusions
T—)R’—)R;o.
Since R; is a localization of T, we have
aR;, =NpR,,
whence, by contraction to R/,
aR; nR'= N (PR, nR").
But now observe that x, is prime to pR’ (obvious since 7;<...<i,), and ¥, is prime
to aR’ (by Proposition 4.1 (iii) and Theorem 4.2)! Therefore
aR; nR’=aR’
and PR, nR’'=pR’,
which completes the proof.
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Geometrical Interpretation.

Theorem (4.10). — Let X CP; be a subscheme whose ideal a CR is generated by mono-
mials in %y, ..., %,, and is balanced. Then there is a fan X' CPg, for suitable K, and a
linear specialization X''~>X.

Proof. — Let A=k[t;],, and let X’'CP} be the scheme defined by the canonical
distraction a’ of a. Then by Theorem 4.2, X’ is flat over A, and has closed fibre equal
to X. By Theorem 4.9, parts 1) and 3), the general fibre X' cPg is a fan, where K
is the quotient field of A.

Let aj be the ideal of X;, and let (X;)’CP] be the subscheme defined by the
canonical distraction (ap)’ of ay. Then (X;)" is flat over A and has closed fibre X;.
Furthermore, by Theorem 4.9 part 2), the general fibre of (X;)" is (X");,! Thus for
any 7, X; and (X"); have the same Hilbert polynomial, and so 7 (X)=n(X").
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CHAPTER 5

THE CONNECTEDNESS THEOREM

We will need the following simple Lemma from group theory.

Lemma (5.x). — Let G be a (set-theoretic) group and let Gy, H be subgroups of G.
Then the following conditions are equivalent:

(1) Gy s a normal subgroup of G, and the canonical homomorphism = : G—G|G, induces
an isomorphism of H onto G|G,.

(i1) There is a group homomorphism 0 : G—>H such that

a) O restricted to H is the identity on H.

b) 0 maps G, to the unit element ecH.

c) Fot all geG, 0(g) 'geG,.

Definition. — If G is a group and Gy, H are subgroups satisfying the equivalent conditions
of the Lemma, we say that G is the semi-direct product of G, and H.

Let G be a group prescheme and let G,, H be sub-group preschemes. We say
that G is the semi-direct product of G, and H if for every prescheme S, the group G(S) is
the semi-direct product of the subgroups G;(S) and H(S).

Remark. — This is to justify the process of defining maps involving group
preschemes by  choosing elements . For example, we define the inverse map of a
group prescheme G into itself by saying “ for any geG, send ginto g~!”. What this
means is that for any prescheme S, we map the group G(S) into itself by g~>g~ The
map thus defined depends functorially on S, so defines a morphism of the functor kg
into itself, and therefore also a morphism of G into itself, which is the one we want.

More generally, this justifies talking as if the points of a group prescheme formed
a group, as if a sub-group prescheme were a subgroup, and so on. For example, with
this convention the fact that a group prescheme G is the semi-direct product of sub-group
preschemes G; and H can be expressed by saying that there is a homomorphism of
group preschemes 6 : G—>H with properties a), ) and ¢) of the Lemma.

Similarly, one can define subpreschemes by giving elements.

Definition. — Let o : GXX—>X be an action of a group prescheme G on a prescheme X,
and let Y be a subprescheme of X. We say that Y is stable under the action of G if for every
prescheme S, the subset Hom(S, Y) of Hom(S, X) is stable under the action of the (set-theoretic)
group Hom(S, G).
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Proposition (5.2). — Let G be a group prescheme over a field k, acting on a prescheme X
over k. Let G be the semi-direct product of sub-group preschemes G, and H, where H is isomorphic
to the additive group G, or the multiplicative group G,, over k. Let Y, be a closed subprescheme
of X, stable under the action of G,. Then there are closed subpreschemes Y, of Xy and Y,
of X (where K is a suitable extension field of k) and linear specializations

Y,
Y, Y,
in X, such that Y, is stable the action of G (the possibility Y, =10 1is not excluded).

Proof. — (This proof is an adaptation of the proof of the Borel fixed-point theorem
[6, thm. 2, p. 206-05], and [5, thm. 3, p. 5-14].)

Since H is isomorphic to G, or G, we can embed H as an open subscheme
of P'=P} and extend the group action of H on itself to an action of H on P! under
which the point coeP! is stable. Since G is the semi-direct product of G, and H, there
is a homomorphism of group preschemes 6 : G—-H having the properties ), #) and ¢)

of the Lemma above. G acts via 6 on P!; it also acts on X by hypothesis, so we can
define the product action of G on P'xX by

g(u, x)=(0(g)u, gx)

for all geG, ueP!, and xeX.
Let Z be the closed subprescheme of HXX defined by
Z ={(h, by)|heH, yeY,}.
Then Z is flat over H (since it is isomorphic, over H, to HXxY,) and its fibre over the
unit element ecH is Y,. I claim that Z, as a locally closed subprescheme of P!'x X,

is stable under the action of G defined above. Indeed, let geG and (4, Ay)eZ (using
the conventions of the Remark above). Then

&(h, k)= (6(g)%, ghy).

But using the properties a), ) and ¢) of 6 and the hypothesis that Y, is stable under the
action of G;, one finds that

0(g)h=06(gh)
and that there is a )€Y, such that

ghy =0(gh)y'.
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Thercfore g(h, )= (0(gh), 8(gh)y)

is in Z and so Z is stable under the action of G.

We now apply Proposition 1.4 and let Z be the unique extension of Z to a closed
subprescheme of P!'xX, flat over PL. Then clearly GxZ is the unique extension
of GXZ to a closed subprescheme of G xP'x X, flat over P!, and so by the functorial
property of such extensions, GXZ maps to Z, i.e. Z is stable under the action of G.

Let Y, be the fibre of Z over the generic point of P! and let Y, be the fibre of Z
over the point WeP!. Then by results of Chapter 1, there are linear specializations

Y,
Y, Y,.
Furthermore, Y, is stable under the action of G since it is the fibred product over P
of the stable subpreschemes Z and co.

Corollary (5.8). — Let k be a field and let Y, be a closed subscheme of P},.  Then there is
a connected sequence of linear specializations

Y,, Yy, ..., Y,

in P, such that Y,CP} s stable under the action of the triangular group scheme T(r+1) of
matrices (a;), 0<t, j<r, with a;=o0 for 1<j. Furthermore, n(Y)>n(Y,).

Progf. — It is well known that T(r+ 1) is solvable, and has a composition series
whose quotients are isomorphic to copies of G, or G,,. Moreover, one can find a compo-
sition series which is a semi-direct product at each step, so we need only apply the propo-
sition .to each step, starting at the bottom.

For the last statement, note that in the proposition if X is projective, then
n(Yz)>n(Y,). For Y, isobtained from Y, by an automorphismof X, so n (Y;)=n(Y,),
and n(Y,)>n(Y;) by Theorem 2.r10.

Proposition (5.4). — Let Y be a closed subscheme of P} and let aCk[xgy, %y, ..., x,]
be the ideal of Y. If Y is stable under the action of T(r—+1) (where T(r+1) acts on the
coordinates of P’ in the order x,, ..., x,, %), then a is generated by monomials in xq, ..., %,
and is balanced (see definition in Chapter 4).

Progf. — Making a base field extension, one reduces to the case where £ is an infinite
field. If Y is stable under the action of T(r+41), then a must be stable under the
action of T(r+1) on k[x,, %y, ..., %,]. This action is defined by

r+1
xl.-».Zlai’-x?- =1, ...,r—}—l,
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where (a;;)€T(r4 1) and where we have relabeled x; as x,, ;. We consider in particular
matrices of the forms

t; o I . o

and

o tr+1 Y . ' 'I/

where #ek, Ilt;+0, and where the second is an identity matrix with an extra 1 in
the i™ column and the j® row. Acting on k[x, ..., x,,,] with these matrices, we
see that if f(x;, ..., %,,,) is a polynomial in a, then a contains also

a) the polynomial obtained by replacing each x; by ¢x; in f, and

b) the polynomial obtained by replacing x; by x4 in f,
for any (<j.

From a) and the fact that £ is infinite it follows that a is generated by monomials
in x,,...,%,, (see the remarks on monomial ideals in Chapter 4). From &) and
the fact that a is generated by monomials it follows that a also contains the polynomial
obtained by replacing x; by x; in f, for any :<;. Therefore one sees easily that the

associated prime ideals of a are all of the form (x;,...,x) for various ¢. But
(%3, - ., %,,1) cannot occur, since a is the ideal of Y. Thus ais generated by monomials
in %, ..., and is balanced.

Recall from Chapter g the definition of a numerical polynomial, the notation

gm, ) =(I)—C%5"

for any r,neZ,r>o0, and the fact that any numerical polynomial p(z) can be written
uniquely in the form

* P = glm, )

with m,eZ.
Proposition (5.5). — Let peQ[z] be a numerical polynomial of degree <r, whose
expression in the form (*) above has

Mg=>Mmy> -+ >m, 12> 0.

Then there exists a proper subscheme X of Py flat over Z whose fibre at every point of Z has Hilbert
polynomial p.
Proof. — Let k be an infinite field. Then we can find a tight fan X" cP; with

n*(X”):(mr—lﬁ My oMy _15 -+ mo_ml)

since k is infinite and all the prescribed n; are >o. Then by Corollary 3.3, X'’ has
Hilbert polynomial p. Applying Corollary 5.3, we can find a subscheme X' of P, also

302



CONNECTEDNESS OF THE HILBERT SCHEME 47

with Hilbert polynomial p (since specialization preserves Hilbert polynomials), and whose
ideal in k[x,, .., x,] is generated by (monic) monomials in x,, ..., x, (Proposition 5.4).
Let acZ[x,, ..., x,] be the ideal generated by the same monomials in x,, ..., x, as
the ideal of X’. Then a defines a closed subscheme of Py, clearly flat over Z, whose
Hilbert polynomial at every point of Z is p, since the Hilbert polynomial of the quotient
of a polynomial ring by an ideal generated by monomials is independent of the base field.

Theorem (5.6). — Let k be a field and let X be a closed subscheme of Pj. Then there
is a connected sequence of linear specializations

X=X,X,, ..., X,=X

in E7, where X'CP}, (k' a field containing k) is a tight fan.

Proof. — Let X be given. Then by Corollary 5.3 there is a connected sequence
of linear specializations joining X to a subscheme X; of P}, stable under the action
of T(r+1) (where we take T(r+41) to act on the coordinates of P’ in the order
Xyy ooy X,y X%p).  Furthermore 7 (X;)>n (X). By Proposition 5.4, the ideal of X, is
generated by monomials in #,, ..., x, and is balanced. Therefore by Theorem 4.10
there is a fan X, and a linear specialization X,~>X,, such that » (X,)=n(X,;). Then
by Corollary 3.7 there is a connected sequence of linear specializations joining X, to
a subscheme X; of P such that either Xj is a tight fan (in which case we have finished)
or X, is a subscheme with 7 (X;3)>n (X,), and hence = (Xj)>n (X).

In the latter case we start over with X,. Proceeding in this manner we must
reach a tight fan after a finite number of steps, because by Corollary 3. 10 the possible n’s
of fans with a given Hilbert polynomial form a finite set.

Corollary (5.7). — Let k be a field, r>0 aninteger and peQ [z] a numerical polynomial.
Then a necessary and sufficient condition that p be the Hilbert polynomial of a proper closed
subscheme of P;, is that when p is written in the form (*) above,

Mg =>my>--->m, 120
and my=m, ,=---=0 ().

Progf. — The necessity follows from the theorem and Corollary 3.3, and the
sufficiency from Proposition 5.5 (make the base extension Z-—k).

Theorem (5.8). — Let S be an arbitrary prescheme, r>o0 an integer, and peQ[z] a
numerical polynomial satisfying the condition of Corollary 5.%7. Then

S Hilby e —> S
is a linearly connected morphism of functors.

Proof. — Using Theorem 5.6, Proposition 3.2, and the criterion of Proposition 1. 12,
we see that for any field %, the functor

*11.7°
Hilby; ,
(*) Professor J.-P. Serre has called my attention to the fact that this result was already known to Macaulay [15].
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is linearly connected over £. Thus the fibres of f are geometrically linearly connected
functors. Using Proposition 5.5 and making the base extension S—>SpecZ, we see

that f has a section. (Note that to say m,=m, ,=---=o0 is equivalent to saying
degree p<r.)

*Corollary (5.9) (Connectedness of the Hilbert Scheme). — Let S be a connected
(resp. geometrically connected; vesp. linearly conmected; resp. geometrically linearly connected)
noetherian prescheme, let >0 be an integer, and peQ [z] a numerical polynomial. Then

Hilb?(Pg/S)
s a connected (resp. geometrically connected, etc.) prescheme, which is non-empty<>S+o and p

satisfies the condition of Corollary 5.7 (or p=t§ g(1,t) s the Hilbert polynomial of projective
r-space itself). -

Proof. — Follows from the theorem and Proposition 1.8 and its analogues.,

BIBLIOGRAPHY

[1] M. AusLanDErR and D. BucusBauMm, Codimension and multiplicity, Ann. of Math., 68 (1958), 625-657.
[2] A. BoreL and J.-P. SERRE, Le théoréme de Riemann-Roch, Bull. Soc. Math. France, 86 (1958), 97-136.
[31 N. BourBaxi, Eléments de mathématique : Algébre commutative, Act. Sci. et Ind., 1290, 1293, Hermann, Paris (1961).
[4] H. CarTaN and C. CHEVALLEY, Géoméirie algébrique, mimeo. notes, Secr. Math., Paris (1955-56).
[5] G. CHEVALLEY, Classification des groupes de Lie algébriques, mimeo. notes, Secr. Math., Paris (1956-58).
[6] R. GopeEMENT, Groupes linéaires algébriques sur un corps parfait, Sém. Bourbaki, 13 (1960-61), exposé 206.
SGA : A. GROTHENDIECK, Séminaire de géométrie algébrique, mimeo. notes, I.H.E.S., Paris (1960).
EGA : A. GroTHENDIECK and J. DIEUDONNE, Eléments de géométrie algébrique, Publ. Math. de 'ILH.E.S., 4, 8, 11,
Paris (1960, 1961).
[7] A. GROTHENDIECK, Local properties of morphisms, course given at Harvard University, fall term 1961-62.
[8] A. GroOTHENDIECK, Construction techniques in algebraic geometry, seminar given at Harvard University, fall
term 1961-62 (notes by LICHTENBAUM, to appear).
FGA : A. GROTHENDIECK, Fondements de la géoméirie algébrique, extraits du Sém. Bourbaki, 1957-62, mimeo. notes,
Secr. Math., Paris (1962).
[9] S. Lane, Introduction to algebraic geometry, Interscience tracts in pure and applied math, 5, Interscience, N.Y.
(1958).
[10] M. NacaTa, Local Rings, Interscience tracts in pure and applied math, 13, Wiley, N.Y. (1962).
FAC : J.-P. SErrE, Faisceaux algébriques cohérents, Ann. of Math., 61 (1955), 197-278.
[11] B. L. VAN DER WAERDEN, Modern algebra, Ungar, N.Y. (1953).
ZS : O. Zarskt and P. SamueL, Commutative algebra, in two volumes, Van Nostrand, Princeton (1958, 1960).
[12] W.-L. Caow and B. L. VAN DER WAERDEN, Uber zugeordnete Formen und algebraische Systeme von
algebraischen Mannigfaltigkeiten, Math. Annalen, 113 (1937), 692-704.
[13] D. Mumrorp, Further pathologies in algebraic geometry, Amer. . Math., 84 (1962), 642-648.
[14] M. NoOETHER, Zur Grundlegung der Theorie der algebraischen Raumcurven, Steinersche Preisschrift, Verlag
d. kdnig. Akad. d. Wiss., Berlin (1883).
[15] F. S. MacauLAY, Some properties of enumeration in the theory of modular systems, Proc. Lond. Math. Soc. (2),
26 (1926), 531-555.

Manuscrit regu le 15 décembre 1964.

304



