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Abstract. Let D be a smooth divisor on a non singular surface S. We
compute the Betti numbers of the Hilbert scheme of points of S relative to
D. In the case of P2 and a line in it, we give an explicit set of generators and
relations for the corresponding cohomology groups.

1. Introduction.

1.1. Hilbert scheme.
Let X be a projective scheme over complex numbers, £ be an ample line bundle on
it and P be a polynomial. Consider the contravariant functor

HilbY, - Sch — Sets

from the category of schemes to sets, which is given by:

PR i X xT Z is a closed subscheme of X x T

P (T — m is flat
ilbx (T') = \7\ % Z; has Hilbert polynomial
T

equal to P, for allt € T

Since 7 is flat all Z;’s have the same Hilbert polynomial and the definition makes
sense.

THEOREM ([12]).  The functor Hilb% is representable by a scheme.

The proof is due to Grothendieck [12] with simplifications by Mumford [21]. The
idea is that a subscheme Z C P" is given by its equations, which gives an injection of
sets:

{subschemes of P"} — {linear subspaces of C[zy,...,x,]}.

The main technical point is to show that the infinite dimensional Grassmannian can
be replaced by a finite dimensional one, and the image of the left hand side will be an
algebraic subvariety of it. More details on the construction of Hilbert schemes and their
infinitesimal properties can be found in [18].
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For the constant polynomial n the associated Hilbert scheme parametrizes the set
of all subschemes of X with zero dimensional support and length n, which is called the
Hilbert scheme of n points on X and is denoted by X[

Let S be a quasi-projective non-singular surface, and D be a smooth Cartier divisor.
The Hilbert scheme of points of S\ D, which is not proper, may be compactified relative
to D. This space has been constructed in [20]. We have an informal description of the
relative Hilbert scheme of points in Subsection 2.1 followed by a more precise definition
in Section 2.

The relative Hilbert scheme and more generally the moduli spaces of stable ideal
sheaves play an important role in the study of degenerations of the moduli space of ideal
sheaves in Donaldson—Thomas theory. The moduli stack of stable ideal sheaves shows
up naturally in the study of degenerations of moduli spaces.

Consider a degeneration of a smooth variety X*®” into a union of two smooth irre-
ducible varieties Xg = X3 U X, intersecting transversally along a smooth divisor. One
can consider the moduli space of stable sheaves on X;. Unfortunately the standard
tangent-obstruction theory of this problem is not perfect in general, and the existence
of virtual cycle is not known. To overcome this problem we replace X, by the stack of
expanded degenerations X introduced by Jun Li [19], and construct the moduli stack of
stable ideal sheaves on X. It is described in more details in Section 2.

1.2. Gottsche’s formula.
For a smooth scheme Y with dim¢(Y) = n the Poincaré polynomial Py (¢) and the
normalized Poincaré polynomial Py (t) are defined by

Py(t) =) bi(Y)t' and Py(t)=> bi(Y)t™"

=0

respectively, where b;(Y) is the i*" Betti number of Y. For singular varieties we use the
virtual Poincaré polynomial given by the Hodge filtration as follows (for more details see
Section 3).

Px =Y (=1)" dim (gr}, Hi(X))t.

,J

The Poincaré polynomial of the Hilbert scheme of points was first studied by
Ellingsrud and Strgmme in [7], where they calculated the Poincaré polynomial of (C2)["].
They used the Bialynicki-Birula decomposition associated with the natural torus action
on (C?)[" to obtain an algebraic cell decomposition. Extending the result of Gottsche
[13] for the projective surfaces, Gottsche and Soregel [14] proved the following theo-
rem for quasi-projective non-singular surfaces. Their method uses Borho-MacPherson’s
formula for the direct image of the intersection cohomology.

THEOREM ([14]). Let X be a quasi-projective nonsingular surface. Then the gen-
erating function for the Poincaré polynomial of the Hilbert scheme of n points on X is
given by:
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) ., 0o 1+t2fm 1q7n)b1( )(1+t27n+1qm)b3(X)
Zq Py (t) = H (1 — 2m—2gm)bo(X) (1 — 2mgm)ba(X) (1 — ¢2mt2gm)ba(X)”
= o (1= m)PolX) (1 — g2mgm) b2 (X (1 — t2m+2gm)

In this paper we prove:

THEOREM 1. The generating function for the normalized Poincaré polynomial of
the relative Hilbert scheme of points is given by:

" . (t2 — 1)ﬁ5(qat)
Zq Py (1) = t2Cp(q,t) — Cp(g,t71)’

where Hs(q,t) := 3. q" Py (t) is the normalized Poincaré polynomial of the Hilbert
scheme of points on S and

= (14 t~1gm)h @™
p(g,t) = H (1—1t- 2 bo(D)( —q )bz(D)'

m:l

1.3. Nakajima’s basis.
Let X be a quasi-projective non-singular surface. There is a natural map from the
Hilbert scheme of n points in X to the n'"-symmetric product X (™ of X given by:

pr XMl x 7 ZK(OZ,p)p
For i > 0 we define the cycles P[i] € ][, X"~ x X" x X to be:

Pli] == [[{(Z1,Z2.p) € X" x X1 x X | T, 5 T, p(Zs) - pl(T1) = nlpl}.

For i < 0 we define P[i] by interchanging the role of Z; and Zs in the above two
conditions.

Let HY (X) be the Borel-Moore homology of X. For a € HY (X) and 8 € H,(X)
and 7 > 0 we define the operators P,[i] and Pg[—i] by

v = pre((p37) N (71,24 (738 N P[=i])))

respectively, where m; and p; are projections of XM= » X" X and X1 x X"
(respectively) to their j*" product factor. In other words, these operators are given by
the correspondences defined by 7 2. (750 N P[i]) and 71 2. (756 N P[—i]).
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THEOREM ([22], [15]).

(i) We have the following relations:

[Pa[i], Pslj]] = (—=1)" Yibiy (o, B) 1A if (—1)deale) dea(®) — 1
{P,[i], Pslj]} = (1) tid;y;(a, B)1d  otherwise.

(ii) P2, Ho(XM) is an irreducible representation of the Heisenberg superalgebra as-
sociated to X, with the highest weight vector being the generator of H (X[O]) =Q.

We give an explicit set of generators for the Hilbert scheme of points on the projective
plane relative to a line, which will be the analogue of Nakajima’s basis for the relative
case. In the relative setting we will show that there are some new relations among these
generators.

THEOREM 2. The cohomology groups of ]Pg]gﬁ] are generated by the product cycles.
The following four types of relations (which are discussed in Section 6) give a complete
set of relations:

e Point-Bubble relations.
e Point-Point relations.
e Point-Line relations.
e Line-Line relations.

We use the following theorem which connects the Chow groups and the cohomology
groups of the relative Hilbert scheme of points.

THEOREM 3.  The natural map from the Chow group to the Borel-Moore homology
of ]P2]Eﬁ] s an isomorphism.

1.4. Outline.

In Section 2 we recall the definition of moduli stack of stable ideal sheaves. In the
case of ideals with zero dimensional support this moduli stack is the relative Hilbert
scheme of points.

In Section 3 we compute the Betti numbers of the Hilbert scheme of points for a
surface relative to a smooth divisor on it.

We then consider the natural torus action on the projective plane. In Section 4 we
give a combinatorial description of the fixed point loci. Using this description we prove
that the natural map from the Chow groups to the cohomology groups of these spaces are
surjective (Theorem 3). The main tool is the machinery of higher Chow groups, which
we will discuss in Section 5. In Section 6 we will give a complete geometric description
of the relations for the Hilbert scheme of points on the projective plane relative to a line.
In Section 7 we show that all the relations arise in this way (Theorem 2).
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2. Background materials.

2.1. Informal description.

Let S be a quasi-projective non-singular surface, and D be a smooth Cartier divisor.
We consider the Hilbert scheme of points in S relative to D. This space is constructed
n [20]. Since some of the ideas will be used later in our paper we will briefly describe
the construction of this space. A more technical overview of the subject is given in the
next subsection.

Consider the Hilbert scheme of points of S\ D, which is not a proper scheme. We
construct a compactification relative to D. Consider the expanded degenerations of S
relative to D. More precisely take B to be the P'-bundle over D corresponding to
Np;s@®Op,ie. B=Pp(Np/s®Op). Since B is the projectivization of a direct sum it
comes equipped with two natural sections which we call the zero section and the infinity
section. Take N copies of B and glue the zero section of the (i + 1) copy to the infinity
section of the ith copy, for 1 <i < N — 1. Also glue the zero section of the first bubble
to the divisor D in S. We denote the resulting scheme by S/D[N] and call it the length
N expanded degeneration of S relative to D. Note that the normal bundle to the zero
section in each copy of B is N} s+ and the normal bundle to the infinity section is Nbp/s-

From this picture it is not hard to see that for any N there is an action of (C*)¥
on the space S/D[N]. The it" copy of C* acts on the i*" copy of B by fiber-wise
multiplication. This action can be lifted to an action on the Hilbert scheme of points of
S/D[N] (with finite stabilizers).

We give a moduli description for points that we add in order to compactify (S\ D)M.
As a point in S\ D moves toward D, we obtain a family of subschemes of S\ D over
A1\ 0. We call the total space of this family . The support of a given point on the
fiber above t is moving toward D as t goes to zero.

Take B to be the blow up of S x Al along D x 0. Note that the fiber of B over zero
is the length 1 expanded degeneration of S relative to D. If we take the closure of F
in B then we arrive at a flat (over A!) subscheme of B and the fiber above zero is the
candidate for the limit of the family F'.

There is a point that one should consider. The embedding of F' in B is not canonical.
Take any automorphism of A\ 0 i.e. multiplication by an element of C*. This automor-
phism induces an automorphism of F. We fix an embedding A*\ 0 C A! (for example the
canonical embedding). Hence any automorphism gives a possibly different subscheme of
B. Note that all these families over A!\ 0 are isomorphic, so their limit as a point in the
moduli space should be the same. The limiting points of different embeddings of F' in B
differ by the natural action of C* on the bubble. Hence, in order to get a well-defined
limit we have to identify the points in the orbit of the C* action.

Therefor we should take the quotient of the Hilbert scheme of points in the bubble
by the C* action and glue it to the Hilbert scheme of points on S\ D. If a point in the
bubble moves toward the infinity section we may repeat the above procedure and add
another bubble. Note that if all the points in a bubble go to the next bubble then that
bubble would be empty. In this case the stability condition (i.e. having finite order of
automorphism) forces that we have to delete the empty bubble. Fix n to be the length of
the subschemes. Hence any point in the relative Hilbert scheme of n points on S relative
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to D can have at most n bubbles glued to (S\ D).

2.2. The stack of expanded degenerations.

Let C be a nonsingular affine curve with a distinguished point 0 € C. Let 7 : X — C
be a flat projective family of schemes of relative dimension d > 0, which is smooth away
from the fiber over 0, and X is a union of two smooth schemes intersecting transversally
along a smooth divisor D.

There is a (C*)™ action on A" given by:

(t17 cee 7t’n,)~(a17 cee 7an+1) = (t1a17t1_1a2t27 s 7tn—1antnat;1an+l)

where (t1,...,t,) € (C*)" and (ay,...,an41) € A" Let p: A"t — Al be the product
morphism:

plai,...,an41) = @102 - Gpo1.

By replacing C with an open neighborhood of O € C we may assume that there is an
étale morphism C' — A so that 0¢ € C is mapped to 041 € A' and O¢ is the only point
that lies over 0y1. We fix such a map C' — A! once and for all. Let C[n] = C x 1 A",
For the family 7 : X — C, X|[n] is defined as a desingularization of X x 1 A"™! and is
constructed in [19, Section 1.1]. There is an induced (C*)™ action on X [n] which comes
from the action of (C*)™ on C[n]. The fiber X [n]o of this family over Ocf,; is a semistable
model of Xy with n + 2 components.

DEFINITION 4. Let S be a C-scheme. An effective degeneration over S is a C-
morphism from S to C[n]. A pair (X, p) consisting of a family X" of schemes over S, and a
surjective S-morphism p : X — X xS is called an expanded degeneration over S, if there
is an open covering {S, } of S, such that over each S, the restriction of X is isomorphic to
an effective degeneration. Let (X, p), (X’,p’) be two expanded degenerations over S, S’
respectively. An arrow X — X’ consists of a C-morphism S — S’ and an S-isomorphism
X — X' x g S compatible with their projections to X x¢ S. Let X be the category whose
objects are expanded degenerations (X, p) and its morphisms are such arrows.

There is a functor F : X — Sch/C that sends an expanded degeneration (X,p) to
the base scheme S of the family X. Then X together with the functor F is a groupoid
over C.

PROPOSITION 5 ([19, Proposition 1.10]).  The groupoid X is a stack over C.

2.3. Admissible ideal sheaves.
DEFINITION 6. Let W be a scheme and D C W a divisor. An ideal sheaf Z C Oy,
is called normal to D if the canonical homomorphism Z ® Op — Op is injective.

Normality is a local property. We say that Z is normal to D at a closed point p € D
if the canonical homomorphism of stalks 7, Op , — Op ,, is injective. Then 7 is normal
to D if and only if it is normal at every closed point p € D.

Since completion is an exact functor on the category of finitely generated modules
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over a Noetherian ring, we have:

LEMMA 7. Let Z be an ideal sheaf on'Y. T is normal at p € D if and only if the
canonical homomorphism I, ® Op , — Op ), is injective.

COROLLARY 8. LetY be a smooth variety, D a smooth divisor in'Y and Z; C Oy

the ideal sheaf of a closed zero dimensional subscheme. I is normal to D if and only if
ZNnD=4.

PROOF. Let Z be normal to D and p € ZND. Since Z is zero dimensional, we can
pick an analytic open neighborhood U of p such that ZNU = p. Take f to be a regular
function on U such that D = (f = 0). Then f®1 is a nonzero element of fp ® @D,p that
is sent to zero by jp ® @D,p — @D,pv which contradicts the result of Lemma 7. Hence
ZNnD=0.

For the converse, we assume that Z N D = (. Then for any p € D there is an
open analytic neighborhood that does not intersect Z. Hence we have jp = @p and the
converse follows. O

LEMMA 9 (][20, Proposition 3.7]). Let W = Wy U Wy be the union of two smooth
subschemes that intersect transversely along D. I is normal to D if and only if for
i=1,2, Z|w, is normal to D.

Let X[n]o = BoUBj U---U B,41 be a semistable model of Xy. The singular locus
of X|n]p is the disjoint union of n+ 1 copies of D which we denote by D, fori =0,...,n.

DEFINITION 10.  An ideal sheaf 7 on X|[n]y is admissible if it is normal to D; for
1=0,...,n.

LEMMA 11.  Let T be an ideal sheaf on X[n]o.

1. IfT is admissible then T® Op, is an ideal sheaf on By, and it is normal to the special
divisors Dy_1 and Dy, of By for all k.

2. Conversely, for every k let Iy, be an ideal sheaf on By which is normal to Dy_1, Dy
and I, ® Op,, = T4+1 @ Op, . Then there is an admissible ideal sheaf T on X[n]y such
that Z ® Op, = 1y.

PrOOF. The result follows from Lemma 9 by induction on n. (]

Since we study the case where the dimension of the support is zero, by Corollary 8
we know that the support of these ideals have no intersection with the special divisors
in the bubbles. So the data of an ideal sheaf normal to all the D;’s over a semistable
model X[n]y would consist of ideal sheaves on each bubble and the base, such that their
supports are disjoint from the special divisors.

2.4. Stack of stable ideal sheaves.

DEFINITION 12 ([20, Definition 4.2]). An automorphism of an ideal sheaf 7 over
X|[nlp is an isomorphism of X[n]o that fixes Z. Z is called stable if it is admissible and
has finitely many automorphisms.
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DEFINITION 13 ([20, Definitions 3.9, 4.2]). Let X/S be an expanded degeneration,
and P be a fixed polynomial. Let ¢ : Z — Oy be an ideal sheaf on X such that coker ¢
is § flat. 7 is called admissible if Z, = 7|, is admissible for every closed point s € S. It
is called stable if 7, is stable for every closed point s € S. It is called a family of stable
ideal sheaves of type P on X/S if it is stable and the Hilbert polynomial of each fiber is
P.

We are now ready to define the stack of stable ideal sheaves of type P. The objects of
X)Ig/c are the pairs (X'/S,Z) of a family of stable ideal sheaves of type P on X /S. A map
between two objects (X1/S51,Z1) and (X2/S2,Z2), is given by a map between expanded
degeneration (X;/S51) and (X2/S2) such that the induced map on the ideal sheaves is an
isomorphism.

THEOREM 14 ([20, Proposition 4.14]). X;;/C is a proper Deligne—-Mumford stack
of finite type over C.

3. Betti numbers of the relative Hilbert scheme of points.

In order to compute the analogue of Gottsche’s formula for the relative case we need
the following theorem (see for example [5]):

THEOREM 15. To any complex algebraic variety X one can assign a virtual
Poincaré polynomial Px (t) with the following properties:

1. Px(t) = > rank(H (X))t if X is non-singular and projective.

2. Px(t) = Py(t)+ Pu(t) if Y is a closed algebraic subset of X and U = X \Y.

3. If X is a disjoint union of a finite number of locally closed subvarieties X;, then
Px(t) =>_ Px,(t).

4. If X — Y is a bundle with fiber F', which is locally trivial in the Zarisky topology,
then Px(t) = Py(t) . PF(t)

EXAMPLE 16. For P! the virtual Poincaré polynomial and the Poincaré polynomial
coincide. Hence we have Ppi(t) = 2 +1, and C* can be obtained by removing two points
from P'. Thus by the second property we have Pc-(t) = t? — 1.

If D is a curve with Betti numbers ag, a1 and as, then the Betti numbers of D x C*
can be computed to give: Ppyc«(t) = (ast? + ait + ag)(t? — 1).

REMARK 17. The virtual Poincaré polynomial can be defined for singular varieties
as well. Deligne in [4] and Gillet and Soulé in [10] show that for any complex algebraic
variety one can define virtual Betti numbers that satisfy property 1-4 of Theorem 15.
They show that

Px =Y (=1)"" dim (gr}), H(X))t/

(]

satisfies these properties. In [17, Section 4] Joyce proved that this machinery can be
extended to work in the category of Artin stacks.
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THEOREM 18. Let S be a smooth quasi-projective surface, and D be a smooth
Cartier divisor. The generating function for the normalized Poincaré polynomial of the
relative Hilbert scheme of points is given by:

" . (t2 — 1)ﬁ5(qat)
Zq PS%L] (t) = t2Cp(q,t) — Cplg, t~1)’

where fIs(q,t) s the normalized Poincaré polynomial of the Hilbert scheme of points on
S and

B 0o (1 +t—1qm)b1(D)
Cp(gt) = H (1 — t=2¢m)bo(D) (1 — gm)b=(D)

m=1

PROOF. A point p of the relative Hilbert scheme corresponds to a subscheme of
an expanded degeneration. Such a subscheme is the disjoint union of:

e Point with support in S\ D.
e Point with support in the i** bubble for some 1 < i < n (which is isomorphic to
the total space of the normal bundle of D in S minus the zero section).

We call these the components of p.

The stability condition translates as follows. If the j** bubble of the corresponding
expanded degeneration is empty (i.e. has no point supported on it), then all the bubbles
with index greater than j are also empty.

Therefore for such p the components of p can be considered as:

e A point in the Hilbert scheme of points of S\ D.
e A point in the Hilbert scheme of points of the i*" copy of the total space of the
normal bundle of D in S minus the zero section (for some 1 < i < n).

The discussion in the beginning of Section 2 imposes a condition. The point in the
Hilbert scheme of points on the i copy of the total space of the normal bundle is defined
up to the C* action i.e. if two such point can be obtained from each other by acting C*,
then as components of p they are the same.

Hence we obtain a stratification of the relative Hilbert scheme of points. Each strata
is the product of the Hilbert scheme of points on S\ D and a number of copies of the
quotient of the Hilbert scheme of points of the total space of the normal bundle of D in
S minus the zero section by the action of C*.

For a given surface Y we use Hy (gq,t) to denote > ¢" Py (t). The virtual Poincaré
polynomial of the Hilbert scheme of the projectivized normal bundle without zero
and infinity section is H NB/s(q’t)‘ Since we consider the non-empty bubbles we get
HNB/S (¢,t) — 1. Each bubble is obtained by taking quotient with the C*. By Theorem
5.4 from [9] the virtual Poincaré polynomial of the quotient space is the quotient of
HNB/s(q’t) — 1 by t?> — 1 (the virtual Poincaré polynomial of C*). Hence the virtual
Poincaré polynomial of a given bubble is
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HNB/S(Q7t) -1
2-1

We have a stratification of the relative Hilbert scheme according to the number of bubbles.
The virtual Poincaré polynomial of the part with ¢ bubbles is

Hy, D/s(q’t) 1>i

HS\D(Qat)< 2 -1

By the above discussion the relative Hilbert scheme is stratified by such parts, therefor:

HNB (qvt) —1\?
anpsg] (t) = HS\D(Qa t) Z (;;_1> '

=0

Note that for the Hilbert scheme of n points (the coefficient of ¢™) there is no
contribution from terms with exponent larger than n in the sum, which reflects the fact
that we can not have more than n bubbles for a subscheme of length n.

If we define Cp(gq,t) = [[oo_, (1+t"1g™) () /((1 —t72gm)%(D)(1 — gm)b2(D)),
then by Gottsche’s formula and Example 16 we find:

o H (1+t2m—1qm)b1(S)—b1(D)(1+t2m+1qm)b3(S)
S\D Q7
\ m:1 (1 — 2m—=2gm)bo(S)=bo(D) (1 — {2mqm)b2(S)=b2(D) (1 — 2m+2gm)ba(S)
_ HS(Qﬂ t)
C’D qt27t)’
o (1+t2m—1qm)—b1(D)(1_|_t2m+lqm,)b1(D)
Hpye-(q,t) = AL a2y b D) (1 — f2mgm)n(D)=0:(D) (1 — 2m+2qm)ba(D)
1
=_——_ _Cpl(qt?,t71).
OD(qt27t) D(q ) )

Note that the change of variable from ¢ to gt? corresponds to writing the Poincaré
polynomial in the normalized form. Hence Hy (q,t) = Hy (qt?,t) and we can summarize
all this computation as follows:

HNo

) > (g;1) —1\?
ZCI"PS%LJ( = Hs\p(g t (Z Dﬁl))

=0

(S ()

_ ﬁS(qat) 1
" Cplg,t) \ 1 — Colet=)/Cola,)—1

t2—1
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(- D)
t2OD(Q7t) - CD(Qa til) .

EXAMPLE 19. For S = P? and D a line by Equation (3.1) we have:

2 - 1
§ ‘”U ) |
HIP’2]£H] (q7t) = o = 3
: ml_:Il (1 —t—2q 7r1;[1

)(1—q™) (1—qm) 1—75297)
2 -1

t2 Hf::1(1 - t2qm) - anoz1(1 - t_2qm).

4. Torus action on the relative Hilbert scheme of points and the fixed
point loci.

From now on we consider the case of projective plane and a line on it. We start
by taking the natural (C*)3 action on the relative Hilbert scheme of points, and give a
description of the fixed point loci. If the relative divisor is given by {xg = 0}, we consider
the following action on the projective plane:

(to, t1,t2).[x0; T1; T2] > [tozo; t1x1; taxa).

This action fixes the relative divisor, and induces an action on the normal bundle
of this divisor. Hence it induces an action on each bubble, which gives us an induced
action on the whole relative Hilbert scheme.

Pick a fixed point p € }P’Q]Eﬁ]. Then p has a part supported on the projective plane,
and a part that is supported on the bubbles. The part with support on the plane is
supported on [1; 0; 0] since this is the only fixed point on the plane. Since p is fixed under
the action, its support is also fixed. Locally this part is a subscheme of C? that is fixed
under the natural (C*)? action, i.e. a homogenous ideal supported at the origin. If we
fix k to be the length of this part, any such homogenous ideal can be parameterized by
a Young tableau of length k.

With the same argument the part supported on the bubbles can have its support
(on each bubble) only on the fibers above the zero and infinity. So if we look at one of
the bubbles and restrict our attention to the fiber above zero then the local picture is C2
with only one C* action on one of the coordinates, i.e. t.(z,y) — (tz,y). If I is a fixed
ideal we can pick a set of generators which is fixed under the action (up to scalar). This
means that each generator is homogenous with respect to x.

If {z'fi(y)} is such a set then f; | f; for each j < i. This means if we fix a root
of fo, and denote by a; the multiplicity of this root in f;, then we have --- < agy <
a1 < ag. To each root of fy we can associate a Young tableau with ay boxes in the
first column and a; boxes in the second column and so on. For example if we consider
T = (2y°(y — 1)*, 2%y%(y — 1), 23y') the corresponding diagrams for the roots 0 and 1
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are:

l and I

The Young tableau associated with a deformation of this ideal, where two of these
roots come together will be the sum of the Young tableaux associated with these roots.

el [ 1= |

For a given fixed point in each bubble we get two such ideals, one above zero and
one above infinity. Fix the combinatorial data of the Young tableaux of all the roots of
both of these ideals. If they have k and ! distinct roots (respectively), then the closure
of the locus of such ideals in the relative Hilbert scheme is isomorphic to the quotient of
the moduli space of k unordered red and ! unordered blue points in C* by the C* action
(the C* acts by dilation). Note that these points can come together. The moduli space
of k unordered points in C* is C* x (C)*~! since these points can be thought of as the
roots of a monic polynomial of degree k with non zero constant term. So the closure of
this locus is isomorphic to (C*)? x (C)¥*!=2 modulo C* (if k and [ are both nonzero),
and if one of them, say [, is zero it is isomorphic to (C*) x (C)*~! modulo C*. Using the
C* action we can set the constant term of one of these polynomials equal to 1, say the
one with k roots, and since C* acts on the constant term by t.by — t*by the ambiguity
is a k' root of unity.

In sum, for any fixed point we can consider the combinatorial data associated to it,
and this gives us a stratification of the fixed point loci into parts which are isomorphic
to the product of quotients of (C*)® x (C)® by a finite group action.

REMARK 20. Note that the above description of the fixed locus shows that it is a
smooth DM-stack which allows us to use the localization theorem in the next section.

5. Chow-cohomology correspondence.

The main theorem of this section is the following:

THEOREM 21. The natural map between the Chow group and the Borel-Moore
homology of IP’Q]EQ] is an isomorphism.

The strategy of the proof is to relate the cohomology (Chow) groups of the relative
Hilbert scheme to the cohomology (Chow) groups of the fixed point locus. This is done
by the localization formula of Atiyah and Bott. The localization formula for cohomology
ring of compact spaces is proven in [1], [3]. The case of Chow groups is done in [6]. The
case of Deligne-Mumford stacks is covered in [11].
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Let X be a space with a G = (C*)" action. We have H(pt) = Q[t1,...,tn].
Let U be set of homogeneous elements in the ideal (¢1,...,¢,) C Qt1,...,¢,]. The
localization theorem for the equivariant cohomology says that the equivariant inclusion
map i, : H*(X€) @ U™t — HA(X) ® U~! is an isomorphism.

We show that for the fixed point locus the natural map between Chow and co-
homology is an isomorphism. This theorem with the localization theorem show that
the natural map between the equivariant Chow group and the equivariant Borel-Moore
homology of the relative Hilbert scheme of points of the projective plane and a line on
it is an isomorphism. Hence by taking the non-equivariant elements of both sides we
obtain the proof of Theorem 21.

So far we reduced the proof of Theorem 21 to the proof of the following theorem.

THEOREM 22. The natural map between the Chow group and the Borel-Moore
homology of the C* fized point locus of IP’QI[;] is an isomorphism.

In order to prove this theorem we prove that this map is an isomorphism for a class
of stacks containing the fixed point locus as an element. More precisely:

DEFINITION 23. The class of linear stacks is the smallest class of stacks that
contains quotient stacks of affine spaces of any dimension by the action of a finite group,
with the property that:

e The complement of any linear stack embedded in the quotient stack of affine space
(by a finite group) is a linear stack.

e Any space that can be stratified as a finite disjoint union of linear stacks is a linear
stack.

For the definition and basic properties of the morphism between Chow group and
the Borel-Moore homology for DM-stacks see [23].

THEOREM 24. For any linear stack X over the complex numbers, the natural map:
CH;X ®Q — W_y, HIM (X, Q)

from the Chow groups into he smallest space of Borel-Moore homology with respect to
the weight filtration, is an isomorphism.

We will follow the argument of Totaro in [24] in which he proved the same theorem
holds for linear varieties. The argument uses the machinery of higher Chow groups. For
definitions and basic properties of higher Chow groups of schemes see [2]. For example
the CH(X,0) is the Chow groups of X as defined by Fulton [8]. In [16] Joshua proved
that the similar machinery works for the stacks.

DEFINITION 25. A stack X satisfies:

o The weak property if CHY™X~{(X 0)®Q — W_o; HEM (X, Q) is an isomorphism.
e The strong property if it satisfies the weak property and also the map
CHIMX=1(X 1)@ Q — gr'%,, HEM (X, Q) is surjective.
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Since we only work with Chow groups with coefficients in @Q, by abuse of notation
we denote the Chow groups of X with coefficients in Q by CH*(X, 7).

LEMMA 26. Let X be a given stack and S be substack of X that satisfies the weak
property, and let U = X — S.

a) If X satisfies the strong property then U also satisfies the strong property.
b) If U satisfies the strong property then X satisfies the weak property.

ProOOF. a) We have the following exact sequences:

CHdimX—i(X,l) N CHdimU_i(U,l) 5 CHdimS_i(S, 0) N

| | |

gri%H3 (X, Q) —— gr, H3 3 (U, Q) ——= W HEM(S,Q) —

CHdimX*i(X, 0) 5 CHdimei(U, 0) >0
W72iH2BiM(X7 Q) — W72iHQBiM(U7 @) —0

In this diagram the first column is surjective, and the third and forth column are
isomorphisms, so by diagram chasing we see that the second column is surjective and the
fifth column is an isomorphism. Hence U satisfies the strong property.

b) By the same argument in this case by assumption the second column is surjective,
and the third and fifth are isomorphism so the fourth column is surjective. Thus X
satisfies the weak property. O

PrROOF OF THEOREM 24. Consider the quotient map from the affine space to the
quotient stack. By the functoriality of the morphism between Chow group and the
Borel-Moore homology (see [23]) we obtain a commutative diagram which shows that
the stack quotient of the affine space satisfies the weak and strong properties. Hence by
the previous lemma we see that every linear stack satisfies the weak property. Thus the
natural map CHW™ X=X 0) ® Q — W_y; HEM (X, Q) is an isomorphism. O

6. Projective plane and one line.

6.1. Generators and relations.

In this section we work with P2 and a line as the special divisor. We extend Naka-
jima’s notation for the cohomology classes to the relative Hilbert scheme of points. The
homology group of the P? has three generators and we denote them by «a; for i = 0,1, 2,
where «; is the cycle with dimension i. We denote the classes with support in the k"
bubble by 8F for i = 0,1. More precisely, consider the locus in the Hilbert scheme of
points of N7, /s The Nakajima cycle associated to §; for i = 0,1 gives a subscheme B;
of the Hilb(N?, / s)- Take 3F to be the closure of the image of B; in the Hilbert scheme
of the k*" bubble.
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We represent a cohomology class as a product of a’s and 3’s, in order to show the
support of the points in that cohomology class. If a point with support in a given cycle
has multiplicity, we show that by putting that number in the bracket. It means that

[T owlpdsyim]

i€A,jeB

represents the Chow class such that for i € A there is a point supported on a represen-
tative of o, with multiplicity p;. Similarly for each j € B there is a point supported on
a representative of (3, in the n?—h-bubble, with multiplicity m;. We call these classes the
product classes.

In the construction of the relative Hilbert scheme we started by gluing certain Hilbert
schemes and we took the quotient by the C* actions. For those Hilbert schemes by the
Nakajima theorem we have a set of generators for the cohomology and by the construction
they were all Chow classes as well. One can see that the product classes give us a set of
generators for the invariant part of the Chow group, i.e. the Chow group of the quotient.
By the result of Theorem 3, we know that these cycles will also give us a set of generators
for the cohomology of the relative Hilbert scheme of points in the projective plane.

ExAMPLE 27. If n =1 then the relative Hilbert scheme is just the Hilbert scheme
of P2, and we have: 3} = o; for i =0, 1.

If n = 2 the situation is not as simple as in the previous case. For example we have
ao[2] = B[2]. Fix a line in the P? and move the fat point of multiplicity 2 along this
line. We get a family over P* with ag[2] and $3[2] as the fibers above 0 and co. But
there are more complicated relations among these generators. Consider agaq, the locus
of points in the Hilbert scheme of 2-points, where one point is supported in a given line
and the other is supported in a given point. If we move the point defining g along a
line towards the special divisor, then we will get a family over P! with fiber over zero
equal to the class that we started with, and the fiber over infinity will be a1 3} + 3353-
Since when the fixed point goes to the special divisor, the point with support in the line
either is still in the P? \ D, or is supported at the intersection point of the line and the
special divisor.

6.1.1. Point-Bubble relations.

The first type of relations is obtained by moving the points with support in P2\ D
to the first bubble. Given a cohomology class with a point supported on a zero-cycle p
or a line £ # D. In the first case we pick a line in P? that passes through p and move this
point along it. This family has a natural projection to P! which is given by the locus of
support of this point. This gives us a family over P! with fiber over zero being the class
that we started with, and as we go toward infinity the point moves toward the special
divisor.

More precisely if we start with a cycle of the form

a= J] ealiloalilaolk].8
i€ As
JjEAL,kEA]
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where 3 = [];cp BiiIm4] is the part with support in the bubbles, and Ao, A1, Ay are
multisets, and B is an index set. We move one of the points with support at a zero-cycle,
which is represented by «agla], to the special divisor.

In other words consider a cycle C' in the class

I ezlialilaolkleslal.5.
keAo\{a}
JEALIEAL

Let v be the representative of oy that the point with multiplicity a is supported over it.
By considering the location of the point with multiplicity a along v one gets a map from
C to P!. The fiber over zero of the family is the cycle a that we started with. The fiber
over infinity C, is obtained as the point with multiplicity a goes to D. By the moduli
description of the points of the relative Hilbert scheme the limit of the family is given as
follows:

Let T be the expanded degeneration of P? which contains C. We blow up 7' x P!
along the subscheme D x {oo}. The exceptional divisor is the projectivization of the
normal bundle of D C P2. Hence we get a configuration with an extra bubble. The new
bubble is attached to the base P2. Hence the index of all the bubbles in 3 is shifted by
one. For the points supported on the first bubble of C,, we have:

e The point with multiplicity a is moved to the special divisor. Hence we have a
point supported over the intersection of D and - in the first bubble.

e Each point in P2 \ D which was supported on a line or on the whole plane might
go to the intersection of that cycle and D. If this point is supported on a line, it
will be supported over the intersection of that line and the special divisor. If the
point is supported on the whole plane (i.e. as[i]) it will be supported on the whole
special divisor.

By looking at fibers over zero and infinity, in this case we get the following relation:

[[ aldalilackaclal8 =[] = (axlil + A1) (uli] + Bolil) cwlk] G5 [al- 57

keAo\{a} keAo\{a}
JEALIEA2 JEALIEA,
where

gt =[] srtapmi] for g € N.

i€B

In the second case the point is supported on a line. We denote this line by ¢ and the
intersection of this line with the special divisor by p. The projectivized tangent space at
p is P! and so we can rotate £ around p in this P'.

In this case we move a point supported on a one-cycle to the special divisor. In
other words we consider the cycle C’ in the class
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H as[i)aq [flao k] azlal ..
keAo\{a}
JEALIEA,

We swipe P? by rotating the line £. By projection to the location of the point with
multiplicity @ we land on a rotated copy of £. This way we get a family over P*. The
fiber over zero is the cohomology class that we started with. The fiber over infinity is
computed as in the previous case. It consists of cycles with these properties:

e The point that we moved to the special divisor will go to a point on the first bubble
supported on the whole line.

e Each point with support in the bubbles, say the i**-bubble, will go to the next
bubble ((i 4+ 1)!*-bubble).

e A point in P? \ D which was supported on a line or on the whole plane might go
to the first bubble, and the new point will be supported on a point or the whole
divisor (respectively).

we have the following relation:

[ esliloallooklailald= ] (asli) + Bili)enli] + Boliolk].Bilal 5.
keiiééAz Ijeezfolééﬁ2

6.1.2. Point-Point relations.

If we have two points supported on zero-cycles in one of the bubbles, we can move
one of them towards the infinity.

We call these two points P; and P, and also assume that they are supported in the
it" bubble. Hence we start with a cycle that can be represented as

Qpp = H Bolk151 [j]-a6(<i)ﬁ(>i)

JEALKEA,

where « is the part supported on the base, and (<" and 8> are the parts supported
in bubbles with index smaller (larger) that i (respectively).

Using the C* action on the i*" bubble we can fix the support of the second point.
More precisely, we know that P» is supported on the fiber above a point of the special
divisor. We call it P;3 € D. We consider the points of the relative Hilbert scheme only
modulo the C* action and the smooth part of the fiber is a copy of C*. Hence, modulo
this action, we can assume that P, is supported on a fixed point on the fiber above Pj.
We call this fixed point P5. This way we get a unique representative for any point of
this cycle. Now the locus of P; is the fiber above another point which is a copy of P!.
Therefor by projection we get a family over PL. By looking at the fiber above zero and
infinity of this family we get the Point-Point relation.

We fix a parametrization of the fiber above Py. The fiber of «,, over t € P! is the
locus of points in oy, where P; is supported over ¢t and P, is supported over P5. Once
again we use the fact that points of the relative Hilbert scheme are defined up to the C*
action. The fiber of ay, over ¢t € P! is also the locus of points where P; is supported
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over 1 € P, P, is supported over Ps/t and the locus of all the other points is multiplied
by 1/t. Hence in the fiber over zero P, goes to the infinity section i.e. the next bubble.
Note that any point beside P; and P, is supported on the fiber over a point of D or
supported on the whole bubble. So when we multiply with 1/t it is supported on the
same set. Hence in the fiber over zero this point might be supported on either of the it"
bubble or the i + 1** bubble.

The fiber above zero consists of cycles that we get by applying the following changes
to cycle that we start with:

e P, will remain in the it"* bubble.

e P, will go to the i + 1! bubble.

e The remaining points of the i** bubble might remain in that bubble or go to the
next bubble.

e Each point with support in the bubbles with index greater than ¢ will go to the
next bubble.

e Other points in P2\ D or the bubbles with index less than i will be in the same
place.

The fiber above infinity is similar to the fiber above zero, with the role of P; and P»
interchanged. Putting these together we arrive at the following relation:

11 (B6[k] + 85T k1) (B113] + 81 131) 65T al G [B].a 8= 501

jEA1,kEAG\{a,b}

= H (ﬁé[k?] + ﬁ3+1[k]) (ﬁi [5] + ﬁi-&-lm)ﬁé[a] é+1[b].046(<i)ﬁ(>i)+1.

jEAL,kEAG\{a,b}

We will call this relation, the Point-Point relation associated to

Gor = H BLK)Bi]4].aB <D g

JEAL,kEA)
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(the cycle that we start with).

6.1.3. Point-Line relations.

For each bubble the infinity section is a copy of P'. The bubble is the projectivization
of the O(1) over this P!. This bundle has non-trivial sections, which we will fix one such
section s. Consider the locus of points in the relative Hilbert scheme such that in the i*"
bubble there is a point P; supported on s, and another point P, supported on a fixed
fiber of this bubble (and possibly other points in this bubble). We assume that this cycle
is represented by:

gilalssl T BikIA].as <D a0,
JjEALkEA,

D

00

™~

By looking at the locus of P> we get a family over P!,

When P, approaches the zero section of this bubble, by the C*-action we can find a
representative such that all the other points are being pushed to the infinity section. This
shows that the fiber over zero is a sum of cycles that we get by applying the following
changes to the cycle that we start with:

e P; will go to the i + 1** bubble.

e P, will remain in the it* bubble.

e The remaining points of the i** bubble might remain in that bubble or go to the
next bubble.

e Each point with support in the bubbles with index greater than ¢ will go to the
next bubble.

e Other points in P2 \ D or the bubbles with index less than i remain in the same
place.

But the fiber over infinity is more complicated and in fact has two components. As
P, goes to the infinity section either P, stays in the i*"-bubble which gives us the first
component. The other possibility is for P; to go to the intersection of the infinity section
and the section of O(1) that we fixed. In this case we get a point in the i + 1" bubble
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supported on the fiber above the intersection of the fixed section and special divisor. But
in this case all the remaining points should also go to the i + 1?" bubble, otherwise the
resulting class will be of codimension two. So the i*" bubble would be empty and we
have to stabilize it by removing it. By this procedure we get the following relation:

Halggl T (B + B3R (8Ll + BIL)) B <D g0+

JjEALkEA.
= gilalgit el TT (Bik)+ B K] (B11) + B [) ot <D g+
JjEAL,kEAY
+alagpl [ GHKBas <D0,
JjEALkEA.

We will call this relation, the Point-Line relation associated to

gilagie)  []  BikIBL).aB <0550,

JEAL,kEAy

6.1.4. Line-line relations.
Take a class with two points supported on one-cycles in the i**-bubble. We represent
this cycle by

gilalgie) [ BilkIGLL).aB <0550,

jEAl,}CEA[)

Fix two sections s; and s of the i*"-bubble . Given a section of a line bundle, we can get
other sections by multiplying this section by a complex number. In this way to each pair
(A1, A2) of non zero complex number we can associate the locus of points in the relative
Hilbert scheme with two points P; and P, supported on A1s; and Agss (resp.), and the
arrangement of the rest of the points are as in the cycle that we start with. Since we
have the C* action on each bubble, the associated locus only depends on the ratio of A\;
and Ag. So in this way we get a family over C*. Since the relative Hilbert scheme is
proper we can extend this family to a family over P'.

We are interested in the fiber above zero and infinity. The fiber above zero consist
of points satisfying the following properties:

e P, will go to the i + 1** bubble, and is supported on the whole bubble.

e P, will remain in the i*" bubble, and is supported on the whole bubble.

e The remaining points of the i** bubble might remain in that bubble or go to the
next bubble.

e Each point with support in the bubbles with index greater than ¢ will go to the
next bubble.

e Other points in P2\ D or the bubbles with index less than i will remain in the
same place.

and similarly the fiber above infinity consists of points with the same properties with the
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K j D,
Yy '

role of P; and P, interchanged. Considering this family we get the following relation:

Fasil T (8ol + 657 [k]) (i1] + 81 (]) .80 g0
JEAL,kEEA]
+oilashl [T Ak as<5
JEAL,KEAy
= Gilasi e TT (B0 + 667 ) (8110) + B3 1)< 0
JEAL,kEA]

+aaspl 1 GilkBiLLas<) 30,

JEA1,kEAL

We will call this relation the Line-Line relation associated to

gilasipl T BilkIA].as <D a0,

JjEA,EEA]

So far we introduced the set of generators for the cohomology of the relative Hilbert
scheme of points in the projective plane and also described four kind of relations in this
group. In the following theorem we show that they are all the relations.

THEOREM 28. The cohomology groups of ]P’QI[;], are generated by the product cycles,
and the four types of relations introduced in this section will give us a complete set of
relations.

The first part of the theorem is a consequence of Theorem 3, and the construction
of the product classes. In fact we have a stratification of the relative Hilbert scheme
with pieces each isomorphic to a quotient of a product of Hilbert scheme of points on a
surface. By Nakajima’s theorem we know that the cohomology of these Hilbert schemes
is generated by the product classes. Hence by Theorem 21 the Chow group of them is
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also generated by the product classes. This shows that the Chow group of the relative
Hilbert scheme of points is generated by product classes. Finally by Theorem 3 the
cohomology group of the relative Hilbert scheme is generated by these classes.

In the next section we give a proof of the second part.

7. Proof of Theorem 2.

In this section we compute the dimension of space generated by the cohomology
classes that we introduced in previous section modulo the relations. We deal with each
type of relation separately.

7.1. Point-Bubble relations.

Pick a cohomology class « of the relative Hilbert scheme of points. Push all the
points supported on cycles with dimension 0 and 1 in the P2 \ D to the bubbles. We
get a representation of « in terms of cohomology classes with no ay and «; in their
representation. There is one point that we want to clarify before going any further. If
we start with a class that has more than one point supported on a zero cycle or a line
in the P2\ D , then we have more than one ways of writing this class in term of classes
with no such points. More precisely, pick two such zero cycles Z; and Z5. Pushing Z;
to the bubble gives an expression (by the Point-Bubble relation), also pushing Zs to the
bubble gives another expression.

LEMMA 29. The above two expressions can be obtained from each other using other
types of relations.

PROOF. There are three cases that we have to consider:

1. There are two points supported on a zero-cycle in the P2 \ D with different
multiplicities. If we first push one of them to the bubble and then the other we get a
presentation of the original cycle in terms of cycles with fewer points supported in the
P2\ D. If we push them to the bubble with a different order we get another presentation.
Let

a= H as[i]on [flew [k].colal oo [b] 3
i€Aq
JEALkEA,

be such a cycle, then we get the following relations:

a= I (a2lil+ B[] + B7l) (aa[j] + B514) + B3 [4]) ol K] B3 al B3 [B] 372,
i€As
JEA1,kEA]

a=J[ (ccli) +Bil) + B2[) (erls] + B3 15] + B3 1]) o k)55 al 55 0] 5+,

i€As
JEALKEA,

Take the following class:
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'H (czld] + BL1a]) (e [j] + BY14]) cvolK].85 [a] B3 [b] 5T
jef‘;f:?ﬂ?eflo

it has two points in the first bubble supported on zero-cycles. The above two expressions
are obtained from each other using the Point-Point relation associated to this cycle.

2. There is a point supported on a zero-cycle and another point supported on a
one-cycle. We get two different presentation of the cycle by pushing these points to the
bubble with different orders. Let

a= H asli)aq [flaolk].aq [alao [b] 8
jeif:?véAo

be the cycle that we start with. As in the previous case we get the following relations:

o= I (el + AL+ A1) (il + A1) + L) ol 5 el 5501572
JEALkEA
+ 1} (2] + B1131) (e [j] + Bo [4]) o K] B5 [a] B3 (b1 BT,
JEALkEAY
a= [ (aold] +Bilil + BELi) (] + Bs L] + B314]) ol k] 55 [a) 85 [B] 2.

1€EAs
jEAl,kGAO

In this case if we take this class:

H (c2li] + B1[i]) (e [4] + B 4] cwo [k]. 51 [a] G5 [b] B+
jez;fj?fQEAo

the Point-Line relation associated to this cycle shows that the above two cohomology
classes are equal.

3. There are two points supported on one-cycles and with different multiplicities. In
the same way by pushing them to the bubble with different orders we get the following
relations:

If
@= H aeli]aijloo(k].a1]alaa [b] 8
JeArkeaq
a= [T (ecli+Bi6)+ BT0]) (arli] + Boli] + B3 15]) cwolk]- (B[] B3 b] + Bo [al 31 6]) B,
jegf;‘cz&AO
a= JI (eali+ il + B) (aali) + Boli) + B31]) colk]- (67 [a) 61 6] + B lal Bo [6]) 57
i€EA2

jEAL,kEA]
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In this case we take:

[T (azli) + Bi0) (] + Bsli]) o [k].51 [a) 81 [b] 8+
i€As
JEA1,EEA]

The Line-Line relation associated to this cycle shows that the above two cohomology
classes are equal. O

7.2. Canonical and normal forms.

As we discussed in the previous section given a cycle with more than one point
supported on a bubble we can write down a relation in the Chow group associated to
this cycle. Here we show that using these relations we can represent any cycle in terms
of cycles with the canonical form.

LEMMA 30.  Each cohomology class can be represented in terms of classes satisfying
the following conditions, only by using Point-Line and Line-Line relations:

e There is at most one point supported on a zero-cycle in each bubble.
e That point (if exists) has the minimum multiplicity among the points in that bubble.

A representation of a class that satisfies these properties is called the canonical form.

PrROOF. We start with a class C' that does not satisfy the above properties. Take ¢
to be the index of the first bubble that is not of that form. We recall that the Point-Line
relation can be written as:

Solalsebl [  BilkIBi[H).aB < B>

JjEA L, kEA]

= (31"l G 0] H (Bo1K] + B5THE)) (B ] + 5§+1[j]).aﬂ(<i)ﬁ(>i)+1

jEALEEA)

= Bilalstt ) T (360K + 657 K]) (10 + 87 [4])-aB <D g0+

JEA L, kEA]

all the terms in the right hand side have the same point arrangement in the first ¢ — 1
bubbles. Using the Point-Line relation we can write C' in terms of classes with fewer
number of points supported on zero cycles in the i** bubble. So by this procedure we can
fix bubbles one by one, and since the number of bubbles is finite (at most the number of
points) this procedure will end at some point. Hence we can write any class in terms of
classes satisfying the first condition.

In the next step we use the Line-Line relations to write them in terms of classes that
satisfy both conditions of the claim. More precisely we can write the Line-Line relation
as:

BilalBylel [T Ailj).apt<?p"

JjEAL
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o] [ #iljl.ep=">"

JEAL
+ Bilal il T (i) + B [5]) B0 g0
JjEAL
FHlalgiel T (B0 + B ) B P50+
JjEAL

It is clear from the form of these relations that the cohomology classes that we get
satisfy both conditions in the first ¢ bubbles. O

LeEmMMA 31.  Given a class in the canonical form, we can write it as the sum of
cycles with the following properties:

e Fach cycle is in the canonical form.

o If there is a bubble with exactly one point supported on a zero-cycle (and no point
supported on a one-cycle), then the multiplicity of that point is less than or equal
to the multiplicity of any point on the next bubble.

A representation of a class that satisfies these properties is called the normal form.

PRrROOF. If there is such a point in the k*"-bubble, then there are two possibilities:

1. There is a point supported on a zero-cycle in the (k + 1)**-bubble.
2. All the points in the (k 4 1)!"-bubble are supported on one-cycles.

In the first case, if this class is given by:

k+1 H ﬂkJrl aﬂ(<k)ﬂ(>k+1)

JEA,

with a > b then we can use the following Point-Point relation:

(B [a] BE[b] — BE[a]BET (b)) H (BE5] + BETA[4]).aB(<K) R+ = g,

JEAL

Which could be written as:

k—‘,—l H ﬂk+1 Oéﬁ <k)6 >k)+1

JEAL
Malgspl T B ).ap<P geR+
JEAL
+( kH[ 1851b] — 85 lal kH[ ]) f[ (6?[3] +5f+1[j]).aﬁ(<k)ﬁ(>k)+1

JEAL

and [] means that we take every term in the expansion of the product except the one
which is the multiplication of all the /3 -classes in the (k + 1)**-bubble.
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In the second case, if the class is given by:

ﬁg[a] f‘H-[b] H ﬁk:Jrl[] ﬁ(<k)ﬁ(>k+l)

JEAL

with a > b then we can use the following two Point-Line relations:

o BlalBE] T] Br11.eB=Mp>P

JjEAL
= (B alBE ) - BYlalBy ™)) [T (BF0]+ B ). aB =P g=P+
JEAL
o B[l 55 0] 4H BE[j].aB<R gk
= (B5lalor™ el = o5+ aBtRl) TT (801 + BB <P >0+,

If we subtract them we can write the resulting relation as:

ﬁO[ ] k+1[] H ﬁkJrl[ ] 6(<k)6(>k+1)

JEAL
= (B5la) By [01) f[ (B3] + B ) .aB =K g
+ f“[a]ﬁ(’f[b} — BEa) BEFUB] + BE )8R [b])
X H + BEFL]) . ap(<P gL
JEAL

So in both case we can represent the original class as the sum of classes that satisfy
the required properties of the statement of the lemma for the k**-bubble. To each cycle
a we associate the following number:

p is a point supported on a zero cycle with
| no other point in that bubble
Aler) =1 (p,7)

1 is the index of a bubble above point p with a
point in it with multiplicity less than mult(p)

Then for both cases the representation that we get consist of classes with smaller A.
Since the number of all these classes is finite this procedure ends at some point. Hence
any cycle in the resulting presentation satisfies the properties of the lemma. O

7.3. Computation of Betti numbers.

In order to compute the dimension of the cohomology groups of the relative Hilbert
scheme of points, we start by counting the number of cycles of a given dimension in the
canonical form.
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Let ay,» be the number of cycles of the form [, 4, B4]4] with v points and dimension
wie D ica 292j+2=u+2. Each Bi]4] adds j to the number of points of this cycle
and adds 25 4 2 to the dimension of the cycle. We claim that

1 i 1
u v
Sowtd" =4 (= 1+ I Ty )
u,v m=1

To see this, note that any term in the expansion of

ﬁ 1
_t2(42 4/
ol Sl (t2¢")m
is obtained as follows. Pick a set of integers nq,...,nx and correspondingly consider the

contribution of

1
H —12(42 4/ :
oy L= (2g)™
Then for each ! in {1,...,k} choose m; which ought to be the multiplicity of n;. Cor-
respondingly we get the term Hle (t2(t?¢")™)™ in the expansion. To this term we
associate the cycle Hle(ﬂf [ng])™. This is a bijection, so the generating function for
Qv 1S

1 i 1
1+2<—1+H227>~
t LTy

Note that the term 1/¢2 reflects the fact that we take the quotient with C* which subtracts
2 from the dimension.

Since we are interested in the normalized Poincaré polynomial, we make the change
of variable ¢ = t?¢/. Therefore the generating function becomes:

1 i 1
1+ =( -1 — ).
+( +ngll_t2qm)

In order to count the number of possible configurations in the i** bubble we have
to allow the cycle to have one point supported on a zero-cycle i.e. a 3% term. In the
canonical form this point has the least multiplicity among the points in the same bubble.
So the number of cycles of the form Go[k|[[;ca B [j] with dimension uw and v points
is equal to the number of cycles of the form [[;cp 8i[j] with dimension u — 2 and v
points. The correspondence is given by sending Go(k][T;c4 Bils] to Bi[k]TT,e Bilil-
The inverse map on C' =[], p Bi14] is given as follows. Choose jp to be the minimum of
Jj € B. Send C to Boljo] [1;ep\ ;o3 Filj]- Hence the generating function for the number
of possible configurations of a bubble in the canonical form is given by:
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1+t‘
1+ (—1+H1_t2 )

Since in P2 \ D we have only points supported on two-cycles (i.e. as terms), the
generating function for the number of cycles in the canonical form is given by:

oo

1 > 1+t_2 i 1 7
1= 2 (o (- =) )

Each cycle in the canonical form which does not satisfy the properties of Lemma
31 (i.e. is not in the normal form) has at least one point supported on a zero-cycle in a
bubble with multiplicity greater than the minimum multiplicity in the next bubble. We
call such a point a bad point and such a cycle a bad cycle.

DEFINITION 32. Let C be a cycle in the canonical form. We assume that
k
C = aB~'37'5 o 1 [na] [ [(Bilm))
1=1

with ny < --- < ng. A marking on C in the i*" bubble is a subset S = {sy,...,s;} of
{2,...,k} and we denote it by (C,S). We assume that s; > --- > s;.
To a marked cycle (C,S) we associate the following cycle:

k

CS — (_l)taﬁ<i5(>i)+t[ 64;2 H z+t :| HﬁH_l _]
=1
in which

- my lfl¢S,
m; =
my—1 ifles.

Note that dim(Cg) = dim(C) — 4¢t. A marking for C' is a choice of marking for each
bubble (we also consider the empty set as a marking).

For example if
B [ns]

C = B[n1](BF[n2])?Bins] 67 [na),
B [no]

(i.e. C is the product of expressions in all rows and each row denotes the term in one
bubble) with marking S = {2,4} we have:
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B2 ns)

Bt [n1] 1 [n2] 81 [n]
Cs = [3[n2]

B33 [n4]

Bino

For a cycle D in the canonical form, let Mp be the set of all marked cycles (C, S)
so that Cg = +D.

LEmMMA 33. {D if D is in normal form,

0 otherwise.

ProOOF. First note that if S is non empty then by construction Cg is a bad cycle.
Hence if D is in normal form then the only element of M p is (D, §) and the result follows.

Let D be a bad cycle. Thus D has a bad point with multiplicity n; and we assume
that D is given by:

s

] 3 d d k— 1
D = a/6’<lﬂ>l+d68-|;r L nmm H ﬁl"r H H—

JEA k=1

in which ny < ny < -+ < ng and d is chosen to be the largest number with such a sequence
of bad points starting from n;. We call the set {ny,ns,...,n4} a bad component of D.

Given a subset T = {t1,...,t.} of {1,...,d} with t; > --- > ¢, we take tg :=d+1
and define DT to be the following cycle with every element of 7 as marked.

O € ) N | )

JjEA te<k<d
'[Hﬁé“l[nta]( [ s ' ])]
a=1 ta—1<k<tq

For example

=
=t
—

Sk
w

let D =

Ut

son; =3,d=4. Let T = {2,4}, then DT = 2[5]8

=%
J

B A L -

=

IfT=1{1,...,d}, D= DT.
We consider the case in which D has only one bad component. In this case Mp is
the set (DT, 7T¢). Hence
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d d
Ty d _
> o= ¥ 0= (Yen(y))0-
(C,8)eMp Tc{1,...,d} b=0

If D has multiple bad components then the sum breaks as the product of the asso-
ciated sums for each component, hence it is zero. O

By our argument in the beginning of this subsection we have a correspondence
between the terms in

1+t—
1+ ( 1+H1_t2 )

and the canonical cycles. Since dim(Cs) = dim(S) — 4|5/, if we change the generating
function by replacing each term []}_, (£2(t2¢)™)™ with

k k
I GG =[[@@EHm™™ Y~y
=1 =1

TC{1,....k}

then we obtain the generating function for E(C’ S)eMp Cs. By the above lemma the
aforementioned generating function is the same as the generating function for cycles in
normal form.

Hence, if we consider

which corresponds to taking terms of the form Hle (t2(£2¢")™)™ (1 — t=H)* it differs
from the contribution of one bubble to the generating function for normal forms by a
factor of 1/(1 —¢~*). Thus this contribution is given by:

t221+—tt_ i ( 1+ ﬁ ((1_t2 1)(1—t‘4)+1)> +1.

Since (1 +¢72)/(t2(1 —t~*)) = 1/(t> — 1) the above generating function takes the
form:

1+t21—1(_1+ﬁ [(1_12(1171—1)(1—t4)+1]>

Hence the generating function for the cycles in the normal form is given by:
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T 1 (LI (= 2/ = g
e S )

- H m — g —t—2gm —42gm
el t2qm  _ -, (@ ti_lq )/(1—t2¢™))

_ 2 —1
t2 H;ozl(l - t2qm) - H:::1(1 - t_2qm) .

This generating function agrees with the result of Example 19. Hence the space of

cycles in normal form has the same dimension as the cohomology group of the relative

Hilbert space. Therefore the cohomology group is isomorphic to the space of normal

forms. In particular the relations in Theorem 2 are all the relations. This completes the

proof of Theorem 2.
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