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Abstract

Let Mo, (G(r,V),d) be the coarse moduli space that parametrizes stable
maps of class d € Z>( from n-pointed genus 0 curves to a Grassmann variety
G(r,V). We provide a recursive method for the computation of the Betti
numbers and the Hodge numbers of M, (G(r,V),d) for all n and d. Our
method is a generalization of Getzler and Pandharipande’s work [GPO06].
First, we reduce our problem to the calculation of the Hodge numbers of
the open locus My, (G(r,V),d) corresponding to maps from smooth curves.
Then, we show that those can be determined by considering a suitable com-
pactification of the space of degree d morphisms from P! to G(r, V), com-
bined with previous results on the configuration space of n distinct points
on P!
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Introduction

Moduli spaces constitute a subject of remarkable importance in algebraic
geometry. Indeed, the problem of classifying a certain class of geometric
objects, up to some equivalence relation, is ubiquitous in geometry. The
study of the existence of moduli spaces parametrizing these objects aims at
solving such classification problems. In fact, the knowledge of the geome-
try of these spaces also provides a large amount of additional information on
the parametrized objects. Furthermore, moduli spaces have many important
applications, both in algebraic geometry and in other fields. Just to men-
tion one, they are used in enumerative geometry to define some enumerative
invariants, such as Gromov-Witten and Donaldson-Thomas invariants; the
properties of these invariants reflect the geometric properties of the moduli
spaces which they are built upon. Lastly, some important tools of algebraic
geometry stemmed from the study of moduli spaces. For instance, the lan-
guage of stacks was first introduced precisely to deal with moduli problems.
All these reasons justify the extensive interest of algebraic geometers in the
geometry of moduli spaces.

Projective spaces and, more generally, Grassmann varieties are examples
of moduli spaces. Other very important examples are provided by Hilbert
and Quot schemes, whose introduction dates back to Grothendieck [Gro61].
All these schemes are instances of fine moduli spaces, because each of them
represents the functor associated to the moduli problem in question. This
ideal situation does not always occur, though. Indeed, the presence of non-
trivial automorphisms of the considered objects prevents the corresponding
moduli functor from being representable. In order to deal with this kind of
situations, one can either adopt the stack-theoretic point of view, or replace
the representability condition with a weaker one, leading to the concept of
coarse moduli spaces. For example, unless ¢ = 0, the spaces M g,n Of Deligne-
Mumford stable n-marked genus g curves (for 2g —2+n > 0) are only coarse
moduli spaces. We refer to [HM98| and [ACG11]| for more details about the
theory of moduli spaces, especially regarding moduli of curves.

In view of the connections with the moduli of stable maps, let us just
recall some well-known facts about the geometry of M, (over C). The
space M g,n is an irreducible projective variety of dimension 3g — 3 +n, with
local quotient singularities; the corresponding moduli stack 3\7[9771 is a proper



nonsingular Deligne-Mumford stack. For n = 0, My, is actually a fine
moduli space and a nonsingular variety. Up to a finite group quotient, the
boundary of M gn» 1.€., the locus parametrizing singular curves, is a divi-
sor with normal crossings. Moreover, M, can be stratified by considering
the topological type of the parametrized curves; each stratum corresponds
to curves that have a fixed dual marked graph. Using the natural gluing
morphisms Mg,n+1 X Mg’,n’+1 — Mg-i—g’,n-i-n’ and Mg7n+2 — Mg+17n, the
boundary strata can be given a combinatorial description (see [ACG11, §10]).
The combinatorial properties of the spaces M g,n can be used to study their
(co)homology or Chow ring. See, for instance, [Kee92| for a complete descrip-
tion of the Chow ring of Mg ,,. In this context, operad formalism comes into
the picture, as a systematic way of encoding these combinatorial properties
(see |GK98|). The theory of operads has revealed itself to be an important
tool for studying the (co)homology of moduli spaces of stable curves (see
[Get95b]).

In this thesis, we are primarily interested in moduli spaces of stable maps,
which generalize the spaces of Deligne-Mumford stable curves recalled above.
They were introduced by M. Kontsevich in [Kon95|, in order to rigorously
define Gromov-Witten invariants and to provide a complete proof of some
enumerative geometry predictions which arose in string theory. These spaces
are relevant not only in algebraic and enumerative geometry, but also in other
fields of mathematics, such as symplectic topology, and of physics, such as
string theory. Given g,n € Z>(, a nonsingular projective variety Y, and
a curve class B € Hy(Y,Z), we denote by M, ,(Y,3) the coarse moduli
space parametrizing stable maps of class § from genus g n-marked curves to
Y. The complete definition of M gn(Y, B), together with its properties, can
be found in Section 2.1. In particular, the object of our study are moduli
spaces of stable maps from genus 0 curves. When Y is a convex variety,
the space Mg, (Y, 3) shares many features of the spaces M ,. Indeed, it is
a normal projective variety which only has local quotient singularities, and
the corresponding moduli stack Mo (Y, 3) is a proper nonsingular Deligne-
Mumford stack. Its boundary, i.e., the locus of maps from reducible curves, is
a divisor with normal crossings, up to a finite group quotient. Furthermore,
M, (Y, ) can be stratified by strata corresponding to isomorphism classes
of stable (n, 5)-trees, and its boundary strata can be given a combinatorial
description similar to that of the boundary strata of My, (see Section 2.2).
As in the case of M 0,n, these combinatorial properties of M (Y, ) can be
used to study its cohomology.

Actually, computing the Betti numbers of M (Y, ) is already a non-
trivial problem. For Y = P, this problem was solved by E. Getzler and R.
Pandharipande in [GP06|, where they computed the ¥,-equivariant Serre
characteristic (i.e., a refined version of the E-polynomial) of Mg, (P",d).
Their main idea was to recursively reduce the computation of the Serre
characteristic of My, (P", d) to the computation of the Serre characteristics



of the open loci My, (P, 6) (for 0 < m < max{n,d} and 0 < ¢ < d) where
the domain curves are smooth, using the connection between the geometry
of Mo, (P",d) and the combinatorics of marked trees. Indeed, these com-
binatorial properties can be translated into recursive relations in the rings
(ITo2 o Ko(Var, 3,))[q] and (J]72,Ko(MHS, %,,))[¢], via the so-called com-
position structures of those rings. Here, Ko(Var,3,,) (resp. Ko(MHS,X%,))
denotes the Grothendieck group of complex quasi-projective varieties (resp.,
of @-mixed Hodge structures) with an action of the symmetric group %,,.
Once they reduced the problem to the computation of the Serre characteris-
tic of Mo (P", ), they showed how to determine it explictly. This was done
in terms of the Serre characteristic of Mors(P!,P"), which was computed
by means of a certain projective space compactification, and of the Serre
characteristic of the configuration space F(P!,m), which had already been
determined (see [Get95al). This way, they obtained a recursive method for
the computation of the Serre characteristic of Mg, (P",d), from which its
Hodge numbers can be recovered.

The aim of this thesis is to extend the method of [GP06] to the case
of stable maps to a Grassmann variety G(r,V'). For some special values of
n and d, there are some computations of the Poincaré polynomial of these
spaces in the literature (see, for instance, [L614]), which are performed using
a locally closed decomposition determined by a certain torus action (a so-
called Bialynicki-Birula decomposition). However, such computations are
limited to n = 0 and d < 3. Therefore, in order to determine the Betti
and the Hodge numbers of Mg ,,(G(r, V), d) for all n and d, we developed an
alternative method that generalizes [GP06]|. The outcome of the thesis is a
recursive algorithm which allows one to compute the Serre characteristic of
Mo n(G(r,V),d) for any V,r,n,d.

Organization of the thesis

In Chapter 1, we study more closely the composition structures introduced
in [GP06|. In particular, we highlight the relation between those structures
and analogous structures arising in operad theory, and we use this relation to
present the detailed proofs of some properties that are only stated in [GP06].
We also introduce and study the rings where our calculations will take place,
namely ([]>2,Ko(Var,X,))[¢] and ([T, Ko(MHS, X,,))[g], with a special
focus on their composition structures. Finally, we recall the definition of the
Serre characteristic e : (][>~ Ko(Var,X,))[¢] — (I172qKo(MHS, %,))[¢]
and its properties. As we mentioned above, the Serre characteristic is a
refined version of the E-polynomial; in particular, from the knowledge of the
Serre characteristic of Mg ,(G(r,V),d) one can recover its Hodge numbers.

In Chapter 2, we introduce the moduli spaces of stable maps, and we
recall some well-known facts about their geometry. In the case of stable
maps from genus 0 curves to a convex variety, we examine the stratification



of these spaces obtained by associating to each map a dual marked tree, and
we describe the boundary strata of this decomposition.

In Chapter 3, we use the stratification studied in Chapter 2 and the
composition structures of Chapter 1 to show that suitable recursive relations
hold in ([[;2 o Ko(Var, 3,))[q] and ([];2, Ko(MHS, £,))[¢]. Those relations
allow one to express ¢(Mo,(G(r,V),d)) in terms of ¢(Mom(G(r,V),d)) for
m < max{n,d} and < d, and they are analogous to those of [GP06| for the
case of P". In particular, this is a consequence of the fact that the natural
evaluation morphism evy,+1 : Mg n41(G(r,V),d) = G(r, V) is Zariski locally
trivial for any Grassmannian G(r,V’), and not only for projective spaces.
After reducing our problem to the computation of ¢(Mg (G (r,V),0)), we
show that the latter is determined by ¢(Mors(P', G(r,V))) and ¢(F (P!, m)).
As ¢(F(P!,m)) is known, this in turn reduces our problem to the calculation
of ¢(Mors (P!, G(r,V))).

Chapter 4 is precisely devoted to the calculation of ¢e(Morg(PL, G(r,V))).
More generally, we compute the motive of Morg(P', G(r,V)), i.e., its class
in the Grothendieck group Ko(Varc) of C-varieties. Since each degree d
morphism P! — G(r, V) corresponds to a locally free quotient of V @ Op1

of rank r and degree d, the Quot scheme Qg = Quotggéﬁ;ﬁél /C is a com-
P

pactification of Morg(P!, G(r,V)), where the quotients may degenerate to
non-locally free ones. We study this compactification, and we decompose it
into locally closed subvarieties Rs corresponding to quotients having a tor-
sion subsheaf of fixed length § < d. The open locus in this decomposition
is exactly Mory(P*, G(r,V)). Via power series manipulations, we can thus
express the motive of Mory(P!, G(r,V)) in terms of the motives of Rs and
Qs for 6 < d. Since the motive of Qs can be recovered from [Str87] and
that of Rs can be computed using the results of the subsequent chapter, we
obtain an explicit procedure for calculating the motive of Mory(P!, G(r,V))
for any d. Combined with the results of the previous chapters, this pro-
vides an effective recursive algorithm to determine the Serre characteristic
of Mo, (G(r,V),d), thus solving our original problem.

Chapter 5 is an independent part of our work. For the purpose of the
thesis, its main outcome is a formula for the motive of the above-mentioned
varieties Rs. In fact, in Chapter 5 we consider a more general problem,
namely we study the motive of Quot schemes of zero-dimensional quotients
of a locally free sheaf on a smooth projective curve. Our main result in
this context is the proof that this motive only depends on the rank of the
sheaf and on the length of the quotients. This fact allows us to compute
it explicitly assuming the sheaf to be trivial and using previous results of
[Bif89)].



Chapter 1

Composition structures

In this chapter, we study the algebraic setting where our calculations will
take place, namely the Grothendieck groups of varieties and mixed Hodge
structures with symmetric group actions. A particularly important structure
on these groups is the so-called composition operation, which was introduced
in [GP06]. This operation is fundamental in order to translate the operadic
properties of the moduli spaces of stable maps into relations in the above-
mentioned Grothendieck groups. We highlight the connection between the
composition structures of [GP06| and some well-known structures which arise
in the theory of operads, notably starting from [Kel05]. In addition to the
clarification of this interesting connection, our categorical approach allows
us to prove some assertions of [GP06| using simple categorical arguments.
Having in mind a possible generalization of our work to spaces of stable maps
to other targets, we mostly consider a general monoid H of curve classes in
our dissertation.

Organization of the chapter. Section 1.1 is devoted to the study of functors
from the permutation groupoid to a cosmos. The advantage of considering
cosmoi is that some general categorical arguments can be used to treat this
case. In §1.1.1 we recall the definition and some basic properties of coends,
which we use in §1.1.2 to define a certain tensor product * on the category of
functors from P to a cosmos, following [Kel05]. In §1.1.3, we introduce all the
other ingredients occuring in the definition of a composition operation. The
properties of cosmoi allow us to prove easily that these elements interact with
* as required by the axioms defining the composition structures in [GP06].
In Section 1.2, the connection between the composition algebras of [GP06]
and the structures introduced in Section 1.1 is made explicit. We prove that
both the category Var of quasi-projective C-varieties and the category MHS
of Q-mixed Hodge structures can be embedded in suitable cosmoi, so that
the structures defined in [GP06] correspond to the ones introduced in Section
1.1 via this embedding. More generally, we also prove the analogous results
in the corresponding categories of H-graded objects, where H is the monoid



of curve classes of any smooth projective variety.

In Section 1.3, we study the Grothendieck ring of quasi-projective va-
rieties with a symmetric group action, using the results of Section 1.2. In
particular, we study the pre-A-ring structure on this ring in §1.3.1. Similarly,
we study the Grothendieck ring of mixed Hodge structures with a symmetric
group action in Section 1.4. Finally, in Section 1.5, we introduce the Serre
characteristic, and we describe some of its properties.

Notation. For all categories ¥ and Z such that € is small, [¢, Z]| denotes
the category of functors from % to &, with natural transformations of such
functors as morphisms. For any object ¢ of a category, 1. : ¢ — ¢ denotes
the identity morphism of c.

We assume that if the (co)limit of a functor exists then a definite choice
has been made of it. Given a collection (c¢;); of objects in a category %, such
that the coproduct I_lj c; exists, the coprojection ¢j, — I_lj ¢; is denoted by
i For any cocone (r, (fj : ¢; — r);) the canonical morphism | |;¢; — r is
denoted by [f;].

For any n € N = Z>(, X,, denotes the symmetric group on n elements.

1.1 The category of P-objects of a cosmos

1.1.1 Coends

Definition 1.1.1. Let F': €°P X% — 2 be a functor. A cowedge of F' consists
of an object r of Z equipped with a collection of arrows (a. : F'(¢,¢) — 7)ece,
such that for every arrow f : ¢ — ¢ in ¢, the diagram

F(d,¢) _FleD | F(d,d)

JF(fvlc) J/CMC/

F(e,e) ——*— r

comimutes.

A coend of F'is a universal cowedge, that is, a cowedge (ae : F(c,¢) — )¢
such that for any other cowedge (8. : F(c,c) — d)., there exists a unique
arrow h : 7 — d which makes all the diagrams

F(d,c) _FleD | F(d,d)

JF(LIC) ‘/043/
Ber

F(c,c) ——*———



commute.

Because of its universal property, a coend of a functor is unique up to
unique isomorphism. If (r, «) is the coend of F', then the object r is denoted
by [€ F(c,c).

The universal property of coends also implies their functoriality. Indeed,
let F,G : €°° x € — 2 be two functors, with coends ([“F(c,c),a) and
(J°G(c,c), B), respectively. Then any natural transformation v : F = G
induces a canonical morphism hy : [“F(c,¢) = [“G(c,c), such that the
diagram

F(c,c) SELCC RN G(c,c)

}c Jﬁc
[ F(c,c) L BN [€G(c,0)

commutes for any object ¢ of €.

Remark 1.1.2. There is a canonical isomorphism

c , ligoF (1o, f)]
/ F(e,¢) = coeq |_| F(d,c) |_| F(z,z) |,
e €t [icoF(f,1c)] z€€
fet(c,c)

where the morphisms i. : F(c,c) = | |,co F'(2, ) are the coprojections.

1.1.2 Monoidal structures

Coends can be used to define two tensor products on the functor category
[P, 7], where P is the permutation groupoid and ¥ is a cosmos.

Recall that P is the category whose objects are the nonnegative integers
n € N, with P(m,n) = 0 if m # n and P(n,n) = ¥, ¥, being the symmetric
group on n elements. The groupoid P has a symmetric monoidal structure,
which is given by the sum of nonnegative integers; c +7:m+n —>m+n
is the permutation which acts as o on {1,...,m} and as 7(+ — m) + m on
{m+1,...,m+mn}.

Definition 1.1.3. A cosmos is a closed symmetric monoidal category (¥, ®, 1)
which is both complete and cocomplete; ® denotes its tensor product, and
1 denotes its identity object.

This definition of a cosmos is the original one by J. Bénabou. Note that
there are different nonequivalent definitions in the literature.

For any object A of ¥, the functor « ® A : ¥ — ¥ preserves colimits,
because it has a right adjoint. Moreover, the hom-functor ¥ (1,+) : #" — Set



has a left adjoint L : Set — ¥, which is defined as

LS:=| |1, L(f:8— ) :=[igy): LS — LS.
S

There are canonical isomorphisms L(S x S") =2 LS ® LS" and L{-} =< 1. By
Mac Lane’s coherence theorem, we may assume that these isomorphisms are
identities, without loss of generality. If S is a set and A is an object of ¥,
we write S ® A for LS ® A.

Let (¥,®,1) be a fixed cosmos. Then for all functors X,Y : P — ¥,
one can define another functor X *Y : P — ¥ as

m,n
X*Y::/ Pim+n, )@ XmaYn.

This is usually referred to as Day’s convolution product.

Theorem 1.1.4 (|Day70]). ([P, 7], *) is a closed symmetric monoidal cate-
gory, with identity object P(0,+) ® 1.

Since * is a symmetric tensor product on the category [P, #], the assign-
ment (n, X) — X*" gives a functor P°P? x [P, ¥| — [P, ¥]. Therefore, one
can define another bifunctor o : [P, 7] x [P, ¥] — [P, ] by setting

XOY::/ Xn®Y™

forall X,Y :P = 7.

Theorem 1.1.5 (|[Kel05]). ([P, ¥],¢) is a (non-symmetric) monoidal cate-
gory, with identity object P(1,+) ® 1. Furthermore, this monoidal structure
1s left closed.

By Remark (1.1.2), there is an useful description of both % and ¢ via
coproducts and coequalizers. Day’s convolution product X Y is canonically
isomorphic to the coequalizer of

o . [Plotr)@18]] o . .
|_| Pi+7,)0Xi®Y]) } |_|P(z—|—],-)®Xz®Yj.
i,jEN leXo®Yr] ;5N
(o,7)EX; XX

Since P(i+7j,n) = 0 whenever n # i+, it follows that (X *Y )n is canonically
isomorphic to

[P(o+7,n)®1®1] .
| | coeq || =weXxiey; I Y, @XioYsj |.
i,jEN (0,7) i X5 [1Xo®YT]
1+j=n



Similarly, (X ¢ Y)n is canonically isomorphic to

. . A&l .
|_|coeq |_| Xi®Y"n { Xi®@Y*n |,
ieN oEY,; (Xo®1]

where (o) : Y* — Y*' is the iterated symmetry isomorphism.

We conclude this section considering a slight variation of the previous
setting, which will be useful in the subsequent sections.

Definition 1.1.6. If (H,+,0) is a commutative monoid and % is a category,
an H-graded object of & is a functor H — %, where H is the discrete
category whose set of objects is H.

Given a cosmos (¥, ®, 1), the category ¥’ = [H, ¥] of H-graded objects
of ¥ is again a cosmos, with Day’s convolution

u,v
F®«,//G—/ Hu+v,+)® Fu® Gu

as tensor product and 1y, = H(0,+) ® 1 as identity object (see [Day70]).
Therefore, Theorem 1.1.4 and Theorem 1.1.5 apply to [P, ¥”].
Since H is a discrete category, there are canonical isomorphisms

1 ifw=0

F &y Glw = Fu® G d Ty )w :

u,veH

u+v=w
where @ is the initial object of ¥. Thus, we obtain the following canonical
isomorphism for the tensor products * and ¢ on [P, [H, ¥]]:

ij

eV mw = || [TP+im e X e i),
u,veH
u+t+v=w

KoV)mw= || [ Xiweyimno,
u,veH
ut+v=w
In particular, if H has indecomponsable zero, then the embedding of [P, ¥]
into [P, [H, ¥]] given by

X ifw=0 n fw=20
X Xmw) =4 " DT s = DY
o) ifw#0 lg ifw#0

is a symmetric monoidal functor with respect to both * and ©.
With a slight abuse of notation, we identify the (canonically isomorphic)
categories [P, [H, 7], [H, [P, 7] and [P x H,¥].



1.1.3 Additional structures

By analogy with [GP06]|, we consider some additional structures on the cat-
egory of functors from P to a category €. We introduce them for general €,
and we study their relation with * and ¢ when % is a cosmos.

First, let D : [P, €] — [P, %] be the endofunctor defined by

DX :=X(-+1), (Dv). =71

for all objects X and arrows v of [P, %]. If € is a cosmos (¥, ®, 1), then
D : [P, 7] — [P, ¥] satisfies Leibniz’s rule with respect to *, in the following
sense.

Proposition 1.1.7. For all functors X,Y : P — ¥, there is a natural
isomorphism

DX *xY)2 (DX *Y)U(X xDY).
Proof. By definition,

D(X +Y) / Pli+j-+1)0Xi®Y].
The functor P(i + j,+ + 1) : P — Set is isomorphic to

/nP(n+j,-)xP(z’,n—I—l)U/nP(z‘—i—n,-)xP(j,n—i—l),

and this isomorphism is natural in both ¢ and j. Therefore
n,j i
D(X*Y):/ P(n+j,-)®/P(z’,n+l)®Xz‘®Yj

2,n J
u/ P(i+n,-)®Xi®/ PG.n+1) @Yy,

because left adjoint functors preserve colimits. Using the fact that for any
Z : P — ¥ there is a canonical isomorphism DZ = fn P(n,«+ 1) ® Zn, one
gets

\n

D(X*Y)%/n’jP(n—i-j,-)@(DX)n@le_l/ Pi+n, )@ Xi® (DY )n

that is, D(X *Y) = (DX Y) U (X * DY). 0

Using this result, we can also describe the behaviour of D with respect
to ¢. In particular, we see that D : [P, ¥] — [P, ¥] satisfies an analogue of
the chain rule.

Proposition 1.1.8. For all functors X,Y : P — ¥, there is a natural
isomorphism
D(XoY)=(DXoY)x DY .

10



Proof. By Proposition 1.1.7, there is a natural isomorphism
n
D(Y™) = / P(e,n+1) @Y™ x DY

of functors P°P — [P, #']. Therefore

m

D(X oY) = / Xm @Y™ (1)
m
2/ Xm® D(Y™™)

m n
%’/ Xm®/ Pm,n+1) @Y x DY
1,J

I

n,m
/ P(z‘—i—j,-)@/ Pim,n+1)®@ Xm® Y™ ® (DY)j

12

@] n
/ P(i+j,-)®/ (DX)n®@Y*i @ (DY)

I

/M Pli+j,-)® (DX oY)i® (DY)j
(DX oY) x DY,

1

as claimed. O

Now, let us assume that (¢, ®, 1) is a symmetric monoidal category with
an initial object @. Then there is a special sequence (S, )nen of objects of
[P,%]: for any n € N, S,, : P — % is defined by

1 ifm=n 13 ifm=n
Spm = , Spo =
g ifm+#n lg ifm#n

for every m € N and ¢ € ¥,,. In particular, notice that DS, = S,,_1 for all
n > 0.

As before, when % is a cosmos (¥, ®, 1), these functors S, : P — ¥
have some interesting properties in relation to the tensor products * and ¢

on [P, 7].
Proposition 1.1.9. (i) Sy is the identity object for .
(ii) Sy is the identity object for .

(iii) For all functors X, Y : P — ¥ and all n € N, there is a natural
isomorphism

Spo(XUY)= |i| (S o X) * (Sp—moY).

m=0

11



Proof. (i) So = P(0,+) ®I.
(i) Sy = P(1,+) ® 1.
(iii)) We have

Sno(XuY):/ Spym @ (X UuYy)™™
/Snm®/ P(m,i+j)® X* sy

:/ Sp(i4j) @ X* % Y™

I

|_| / Spni @ Sy @ X % Y

12

| | (Sm o X)* (Su—moY),
m=0
as claimed. O

1.2 Graded P-objects of Var and MHS

Let Var be the category of quasi-projective varieties over C. For brevity, we
refer to functors P — Var as P-varieties. Following our terminology, for any
monoid H, a functor H — [P, Var| (equivalently, P x H — Var) will then be
called an H-graded P-variety.

Let us fix a commutative monoid (H, +,0) with the following properties:

(H1) for any w € H, the set A;(w) = {(w1,...,w;) € H | w = wy+---+w;}
is finite for all ¢ > 2;

(H2) for any w € H, Af(w) = {(w1,...,w;) € A;j(w) | wj # 0 Vj} is empty
for almost all .

For example, if Y is a smooth projective variety over C, then
Ho(Y)" = {p € Homz(Pic(Y),Z) | ¢(L£) > 0 whenever £ is ample}

is such a monoid. In particular, note that H has indecomposable zero.

We study the category of H-graded P-varieties. As a motivation for
studying such objects, note that they arise when considering moduli spaces
of stable maps. Indeed, for Y a smooth projective variety, g,n € N and
B € Hy(Y)™, the coarse moduli space Mg’n(Y, B) of stable maps from genus
g, n-pointed curves to Y of class 8 carries an action of ¥,,, which is given
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on closed points by permuting the markings. Therefore, varying n € N and
B € H=Hy(Y)", we get exactly a functor

M, _(Y,+):Px H — Var.

In fact, N-graded P-varieties appear in [GP06|, where stable maps to a com-
plex projective space P" (note that N = Hy(P")™) are considered.

In [GP06|, two operations X and o between N-graded P-varieties are
defined: for all n,d € N,

(XRY)(n |_| |_|1ndE s, (X(m,d—68) x Y (n—m,0d)),
6=0m=0

(XoY)(n |_||_| (i,d — &) x Y™(n,0))/%;
6=01=0

In order for o to be well-defined, one needs to assume that Y (0,0) = 0.

These two operations have a straightforward generalization when H is a
monoid as above. Let X and Y be H-graded P-varieties. For every 7,7 € N
and u,v € H, the morphism

Ei X Ej X Zi+j X X(z,u) X Y(],U) = |_| EiJrj X X(Zau) X Y(]vv)
(J,T)EEiXEj
Jag:[(-o(o’+7)_1)XX(U,lu)XY(T,lv)]
Zi+j X X(Z?u) X Y(],’U)

defines a free action of ¥; x 3; on ;1 ; x X (i,u) x Y (4,v); on closed points
of ¥iyj x X(i,u) x Y(j,v), this is given by

(U’T) ’ (p,x,y) = (P(U+7)_1,0' "X, T y) .

Since ¥4 x X (4,u) x Y(j,v) is a quasi-projective variety, the quotient
Sit, . . . .
Indziyzj(X(z,u) XY (4,v)) = (Bitj X X(i,u) X Y(4,v))/(Z; x Z;)

exists and is a quasi-projective variety too.
There is also an action of ¥;; on ¥;4; x X (4,u) x Y (j,v), which is given
on closed points by
P (p,x,y) = (pp,x,y) .
Since this action commutes with that of 3; x X5, IndE”X’E (X (i,u) xY(j,v))
has an induced ¥, j-action. We define the H-graded P- Varlety X XY by

(X RY)( = | | mdgies, (XGu) x Y(5,0). (1.1)
uweH i,j€EN
utv=w i+j=n

13



for all n € N and w € H. Notice that the coproduct on the right side is
finite because H has the finite decomposition property.

This definition is clearly functorial in X and Y, so that we have a functor
X : [P x H,Var] x [P x H,Var] — [P x H,Var|. Let us prove that X is a
symmetric tensor product, using the results of Section 1.1. However, the
Cartesian monoidal category (Var, x, Spec(C)) is not a cosmos, because it is
not bicomplete nor closed. Therefore, we first need to embed it into a larger
category which is a cosmos.

Let Aff be the category of affine schemes over C. The category Sh(Affg, )
of sheaves over Aff in the fppf topology is a cosmos, because it is Cartesian
closed and bicomplete. There is a fully faithful functor Jy : Var — Sh(Affg,p¢)
which associates to each variety X its functor of points hx : Aff°? — Set.
The functor Jy is also symmetric monoidal with respect to the Cartesian
monoidal structures on Var and Sh(Affgpe). Let

J [P x H,Var] — [P x H,Sh(Affgpe)]

be the fully faithful functor obtained by composing with Jj.

As we have seen in Section 1.1.3, D : [P, €] — [P, %] and the objects S,
of [P, %] can be defined for both ¢ = [H,Var| and € = [H, Sh(Affg,)]. In
order to differentiate them, we keep the notations D, S,, when ¢ = [H, Var|,
while we write D', S], when ¢ = [H, Sh(Affgyp¢)]]. Then we have

JoD=D"oJ, S = J(Sn) (1.2)

for each n € N. In particular, J(Sp) = S is the identity object for * and
J(S1) = S is the identity object for ©.

Using the embedding J, we can relate the operation X on [P x H, Var] to
the tensor product * on [P x H, Sh(Affgpe)] = [P, [H, Sh(Affg,pe)]] and prove

the following result.

Theorem 1.2.1. The category of H-graded P-varieties, together with the
tensor product X and the identity object Sy, is a symmetric monotidal cate-

gory.
Proof. The proof is based on two lemmas.

Lemma 1.2.2. For all H-graded P-varieties X,Y , there is an isomorphism
JXXRY)=ZJX xJY (1.3)

which 1s natural in both X and Y.
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Proof of Lemma 1.2.2. Recall from Section 1.1.2 that for every n € N and
w e H, (JX % JY)(n,w) is canonically isomorphic to

Ll Sax (JX)(iu) x (JY)(j,0)
(o,7)EX; XX
|_| |_| coeq (1.4)
uweH i,j€N [P(U+T,”)X1X1}J l[lX(JX)(UJ)X(JY)(T,l)]
utv=w i+j=n

Yn x (JX)(i,u) x (JY)(4,v).

Since Jy : Var — Sh(Affg,pe) preserves finite products and finite coproducts,
the coequalizer appearing in (1.4) is in turn canonically isomorphic to the
coequalizer of (Jof, Jog), where

|| Snx X(i,u) x Y(j,0)
(O’,T)GEZ'XE]'
(1.5)
f[P(O’—‘rT,TZ)Xle]J Jg[lXX(U,I)XY(T,l)]

Yn X X(i,u) xY(j,v).
Notice that the precomposition of (1.5) with the isomorphism

|| e x X(iu) x Y(j,0)
(U,T)GEiXE]'

M@-(M)O(P((aw)—an) x1x1)]

|| e x X(iu) x Y(j,0)
(O',T)GEZ'XE]'

yields the diagram

pr
i X Bj x ¥p x X(i,u) x Y(j,v) {2, X X(i,u) x Y(j,0),
ax

where pr is the projection and ag is the (2; x X;)-action defined above. This
implies that coeq(Jo f, Jog) = coeq(Jo(pr), Jo(ax)) canonically.
Finally, since the action ay is free, we also have a canonical isomorphism

coeq(Jo(pr), Jo(ax)) = Jo(coeq(pr, ax))

(see [GabT70]), where coeq(pr,ax) is exactly Indgszj (X (i,u) X Y(4,v)).
Therefore, using again the fact that Jy preserves finite coproducts, we obtain
canonical isomorphisms

Yinz) + (JX * JY)(n,w) = Jo(XKY)(n,w)) = J(XKY)(n,w),

15



foralln € Nand w € H.

All the isomorphisms involved in the proof are natural in (n,w), X and
Y, therefore v = (y(nu)) : JX * JY = J(X KY) is indeed an isomorphism
in [P x H, Sh(Affgpe)], which is natural in X and Y. O

Now, the theorem is a direct corollary of the following lemma, whose
proof is immediate.

Lemma 1.2.3. Let € be a category, K : € x € — € a functor, and 1 an
object of €. Suppose that there ewists a fully faithful functor F : € — €' to
a (symmetric) monoidal category (€', ®,1"), such that

(i) there is a natural isomorphism v : F(+X+) = F(+) ® F(+), and
(1) F(1)=1".
Then (¢,X, 1) is a (symmetric) monoidal category.
This ends the proof of Theorem 1.2.1. O

As a consequence of Theorem 1.2.1, if Y is an H-graded P-variety, then
for any i € N and o € ¥; there is a natural isomorphism ()% : ¥ — Y,
Thus, if X is another H-graded P-variety, then for any ¢,n € N and u,v € H
the morphism

i x X(i,u) x Y¥(n,v) = || v X(i,u) x Y¥(n,v)

ocey;
lao= [X(Uylu)x <0-_1>Egn,v):|

X (i,u) x Y®(n,v)

defines an action of ¥; on X (i,u) x Y™ (n,v), which commutes with the
action of ¥,. Therefore, the quotient (X (i,u) x Y™ (n,v))/S; is a quasi-
projective variety with an induced ,-action.

Assume that Y(0,0) = (). We define the H-graded P-variety X oY by

(XoY)(nw):= | | | [(X(Eu)xY¥(n,v))/2 (1.6)
u,veH ieN
u+v=w
for all n € N and w € H. The condition Y (0,0) = 0, together with our
assumptions on H, ensures that the coproduct on the right side is finite.
Let [P x H,Var]; be the full subcategory of [P x H, Var] on the objects
Y such that Y (0,0) = (). The definition of o is functorial in X and Y, so
that we get a functor o : [P x H,Var| x [P x H,Var]; — [P x H,Var|. This
time, o is not an actual tensor product on [P x H, Var|, because it is not well-
defined for all objects. However, ([P x H, Var|, o, S1) shares the same features
of a monoidal category: there are (partially defined) natural isomorphisms
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(+0s)oe=+0(-0), S10+ = lpyp,vay and +0S1 = lpy pg var], Which satisfy
the usual coherence conditions, whenever those make sense. We summarize
these facts in the following assertion, which we prove using the embedding

J, as we did for X.

Theorem 1.2.4. The functor o : [P x H,Var| x [P x H,Var|; — [P x H, Var],
together with the identity object S1, is a partially defined tensor product on
[P x H,Var|. It is an actual tensor product when restricted to [P x H,Var];.

Proof. The proof relies on the following lemma.

Lemma 1.2.5. For all H-graded P-varieties X,Y such that Y (0,0) = 0,
there is an isomorphism

J(XoY)=JXoJY
which 1s natural in both X and Y.

Proof of Lemma 1.2.5. The proof follows the same steps as that of Lemma
1.2.2. Foreveryn € Nand w € H, (JXoJY)(n,w) is canonically isomorphic
to

| | (7X)(i,u) x (JY)*(n,0)

oEY;

U,UGH 1€N [1®<U>("a”)}J l[(JX)(oyl)Xl]

(JX)(i,u) x (JY)*(n,v).

(1.7)

Since Jy : Var — Sh(Affg,pe) preserves finite products and finite coproducts,
and J(Y)* = J(Y™) canonically, the coequalizer appearing in (1.7) is in
turn canonically isomorphic to the coequalizer of (Jyf, Jog), where

. r=[1x()8, )] .
| | X(,u) x Y¥(n,0) X(i,u) x Y¥(n,0).  (1.8)
g=[X(o,1)x1]

oY,

Notice that the precomposition of (1.8) with the isomorphism

150 o1\ .
|_| X(Z, U) X Y&i(n, U) [ (1><< >(n,v))] |_| X(Z7 U) X Y&Z(na U)
oEY; gEY;

yields the diagram

. pr .
¥ x X (i,u) x Y®(n,0) T/ X(i,u) x Y¥(n,v),

Qo

where pr is the projection and a, is the >;-action defined above. This implies
that coeq(Jo f, Jog) = coeq(Jo(pr), Jo(as)) canonically.
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Finally, since the action a, is free, we have a canonical isomorphism

coeq(Jo(pr), Jo(as)) = Jo(coeq(pr, ao)),

where coeq(pr, a,) is exactly (X(i, u) x Y¥(n, v))/Zi. As Jy preserves finite
coproducts, we thus obtain canonical isomorphisms

Snw) + (JX 0 JY)(n,w) = Jo((X oY) (n,w)) = J(X o Y)(n,w),

for alln € Nand w € H.

All the isomorphisms involved in the proof are natural in (n,w), X and
Y, therefore § = (0(y,)) : JX ©JY = J(X oY) is indeed an isomorphism
in [P x H, Sh(Affg,pe)], which is natural in X and Y. O

Once Lemma 1.2.5 has been established, Theorem 1.2.4 follows from the
fact that J is a fully faithful functor and J(S1) = S is the identity object
for ©. O

Lemma 1.2.2 and Lemma 1.2.5 also allow us to extend the results of
Section 1.1.3 to [P x H, Var].

Proposition 1.2.6. Let X,Y,Z,7Z' be H-graded P-varieties, and assume
that Z(0,0) = Z'(0,0) = 0. Then there are isomorphisms

DIXXY) (DXXY)U(XXDY),
D(X0Z)= (DX o Z)R DZ,
SnO(ZLlZ/)g |i|(SmOZ)|Z<Sn—mOZ/)7

m=0

which are natural in X,Y,Z,7'.

Proof. Via J, we embed [P x H, Var] into [P x H, Sh(Affg,pe)], where Propo-
sition 1.1.7, Proposition 1.1.8 and Proposition 1.1.9 hold. Since J is fully
faithful and preserves finite coproducts, the proposition directly follows from
Lemma 1.2.2 and Lemma 1.2.5, using (1.2). O

It is clear that the same procedure we followed for Var can be used
to deal with H-graded P-objects of other categories. For instance, one
can replace (Var, x,Spec(C)) by an abelian symmetric monoidal category
(o7, ®, 1) whose tensor product ® is exact. An example of such & is the
category MHS of mixed Hodge structures over Q. Again, H-graded P-objects
of MHS arise when studying moduli spaces of stable maps (see |[GP06| for
the case H = N).

We define the operations X and o in [P x H,<7] as in (1.1) and (1.6),
replacing x with ®. As above, the definition of o requires the condition
Y (0,0) = 0 to be satisfied, since infinite coproducts may not exist in .o/ Let
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[P x H, </]; denote the full subcategory of [P x H, 7] on the objects Y such
that Y (0,0) = 0. Then we have the following analogue of Theorem 1.2.1,
Theorem 1.2.4 and Proposition 1.2.6.

Theorem 1.2.7. (i) ([P x H,],K,Sy) is a symmetric monoidal cate-
gory.

(ii) The functoro: [PxH, o |x[PxH, |y — [PxH, |, together with the
identity object Sy, is a partially defined tensor product on [P x H, <f].

(iii) If X,Y,Z,Z" are objects of [P x H, /] and Z(0,0) = Z'(0,0) = 0, then
there are isomorphisms

D(XXY)~(DXXY)® (XX DY),
D(XoZ)~(DXoZ)XDZ,
Spo(ZaZ') = é(smoz)&(sn_moz’),

m=0

which are natural in X,Y, 7, 7.

The proof technique is the same as in the case of Var. First, we embed &/
into the category Ind(.¢7) of ind-objects of <7, via the canonical inclusion Jj.
The category Ind(7) can be given a symmetric monoidal structure such that
Jo becomes a symmetric monoidal functor (see [H602]). With this structure,
Ind(7) is a comos; in particular, the results of Section 1.1 apply to Ind(<7).

Secondly, let J : [P x H,&/] — [P x H,Ind(</)] be the fully faithful
functor induced by Jy. Since Jy preserves finite limits and finite colimits,
the proofs of Lemma 1.2.2 and Lemma 1.2.5 also work in this case, yielding
the following result.

Lemma 1.2.8. (i) For all objects X, Y of [P x H, /], there is an isomor-
phism J(X YY) = JX x JY which is natural in X and Y .

(ii) For all objects X,Y of [P x H, ] such that Y (0,0) = 0, there is an
isomorphism J(X oY) = JX o JY which is natural in X and Y.

Finally, Theorem 1.2.7 is a consequence of Lemma 1.2.8 and of the fully
faithfulness of J.

1.3 Grothendieck groups of varieties

Let k be an algebraically closed field. By a k-variety we mean a reduced
separated scheme of finite type over k, not necessarily irreducible.
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Definition 1.3.1. The Grothendieck group of k-varieties K¢ (Vary) is the quo-
tient of the free abelian group on the isomorphism classes of k-varieties, by
the subgroup generated by

{[X]=[Y]—-[X\Y]]| X k-variety, Y C X closed subvariety} .

By defining
(X][Y]:=[X xY],

where X XY = X xi Y, Ko(Varg) in fact becomes a commutative ring.

If X is a k-variety, its class [X] € Ko(Var) is sometimes called the motive
of X. Following the customary notation, we denote by L € Kq(Varg) the
class of the affine line Aﬂi.

The following is an important well-known property of Ko(Varg), which
we will often use in the next chapters.

Proposition 1.3.2. Let f: X — Y be a morphism of k-varieties. If f is a
locally trivial fibration in the Zariski topology, with fiber F, then [X] = [Y|[F]
in Ko(Vary).

Since we want to consider quotients by finite groups, in most of the thesis
we will restrict our attention to quasi-projective varieties. Indeed, recall that
for any quasi-projective variety X with an action of a finite group G, X can
be covered by affine open subsets which are invariant under the action of G.
This guarantees that the quotient X/G exists and is again a quasi-projective
variety. Since we will mostly work over C, the following definition is given
only in the case k = C.

Definition 1.3.3. The Grothendieck group of complex quasi-projective vari-
eties Ko(Var) is the quotient of the free abelian group on the isomorphism
classes of quasi-projective varieties over C, by the subgroup generated by

{[X]-[Y]-[X\Y] | X quasi-projective C-variety, ¥ C X closed subvariety}.

As above, Ky(Var) is in fact a commutative ring, where the product is given
by [X][Y]:=[X x Y].

There is a natural injective ring homomorphism Ky (Var) — Ko(Varg).
Via this inclusion, each equality involving only classes of quasi-projective
varieties in Ko(Varg) holds in Ko(Var), too.

We will also consider some different Grothendieck groups, whose defini-

tion we recall below. Here, varieties are understood to be quasi-projective
varieties over C. As in Section 1.2, we fix a commutative monoid H with
the properties (H1) and (H2).
Definition 1.3.4. For any n € N, the Grothendieck group Kg" (Var) is the
quotient of the free abelian group on the isomorphism classes of varieties
with a left action of ¥,, by the relations [X] = [Y] 4 [X \ Y] whenever
Y C X is a closed Y,-invariant subvariety.
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The Grothendieck group K(')) (Var) is the quotient of the free abelian group
on the isomorphism classes of P-varieties, by the relations [X] = [Y]+[X \Y]
whenever Yn C Xn is a closed Y,-invariant subvariety for all n € N.

The Grothendieck group KF (Var') is the quotient of the free abelian
group on the isomorphism classes of H-graded P-varieties, by the relations
[X] = [Y]+ [X \ Y] whenever Y (n,w) C X(n,w) is a closed ¥,-invariant
subvariety for all n € N and w € H.

Finally, the Grothendieck group Ko(Var?) of H-graded varieties is the
quotient of the free abelian group on the isomorphism classes of H-graded
varieties, by the relations [X] = [Y]+[X \ Y] whenever Yw C Xw is a closed
subvariety for all w € H.

In particular, we have Kg°(Var) = Ko(Var). Note that there is a natural
isomorphism
K (Var) = H Ky (Var) .
neN

Furthermore, there are natural inclusions
Kf (Var)

Ko(Var) Kf (Varf) . (1.9)

—

Ko(Vart)

We apply the results of Section 1.2 to the study of these Grothendieck groups.
As a consequence of the properties of [P x H, Var], Kf (Var) is not only an
abelian group, but it has a richer algebraic structure. By Theorem 1.2.1, a
commutative ring structure on Kg (VarH ) can be defined by setting

X][¥] = [XRY]

for all H-graded P-varieties X and Y, and by linearly extending this opera-
tion to all elements of K (Varf’). This linear extension is possible because
X : [P x H,Var] x [P x H,Var] — [P x H,Var| preserves coproducts in both
arguments. As a ring, Kg (VarH ) is isomorphic to the ring of generalized
power series Kf (Var)[H], via the isomorphism

[X] = D [X (- w)g”

weH

In the diagram (1.9), each Grothendieck group is closed with respect to this
product, hence inherits a commutative ring structure. The inherited ring
structure on Ko(Var) is the same as the one defined above. In particular, the
inclusion Ko(Varf) < K (Var?) defines a commutative Ko(Var?)-algebra
structure on K§(Varf?). This algebra inherits another operation from the
functor o : [P x H,Var] x [P x H,Var]; — [P x H,Var]. As pointed out
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in [GP06], this operation is a composition operation when H = N. We
conjecture that the same holds for any H.

Definition 1.3.5 (|GP06]). Let R be a commutative ring, and A a commu-
tative R-algebra which is filtered by subalgebras A = FpA D F4A D .... A
composition operation on A is an operation

c: AXFA— A

such that F,,AoF,, A C F,,, A, endowed with a derivation D : F,,A — F,_1 A,
and a sequence of elements s, € F,A for n > 0, satisfying the following
axioms:

(i) for fixed b € F1 A, the map +ob: A — A is an R-algebra endomorphism;

)
(ii) (aoby)oby =ao (byobe) for any a € A, by, by € F1 A
)

)

(iii) D(aob) = (Daob)(Db) for any a € A, b € F1 A,

(iv) sop=1,s;0b=0bforallbe F1A aosy =aforalla € A, Ds, = s,_1,
and sy, o (b1 +b2) = > 0 _(Sm © b1)(Sp—m 0 b2) for all by, by € F1A.

Note that the structures and the properties appearing in this definition
have been already defined and proved at a categorical level (namely for the
category [P x H,Var|, before passing to the Grothendieck group) in the
previous section. Now, we only have to show that these structures descend
to Kf (Var).

The Ko(Varf)-algebra Kf (Var?) is filtered by the subalgebras

Fo (K (Varth) <U{ | X(m,w)=0if m <n—iorl, <z}>

where [, = max({l € N | Af(w) # 0}U{0}) (which exists by our assumption
(H2) on H). Note that K (Var?) is complete with respect to this filtration.

The endofunctor D : [P x H,Var] — [P x H,Var] preserves coproducts,
thus it descends to a group homomorphism D : Kf(Var®) — Kf(Varf).
By Proposition 1.2.6, D is a Ko(VarH )-linear derivation. Moreover, we have
D(F, (KE (Var!"))) C F,_ (KE (Var'l)).

For all n € N, let s, := [Sy]. Then sy = 1, because Sy is the identity
object for X. Furthermore, Ds, = s,_1 for all n.

Proposition 1.3.6. The functor o defined in Section 1.2 descends to a
well-defined operation o : K§(Var) x Fy(KE(Vart?)) — KE(Var?), which
is Ko(Var®)-linear in the first argument and such that [X] o [Y] = [X o Y]
for all P-varieties X,Y .
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Proof. For simplicity of notation, we consider the case H = {0}, namely
Kg (Var). In the general case, the proof is exactly the same, and it is only
notationally heavier.

Let us define [X] o b € K (Var) for X a P-variety and b € Fy (K (Var)).
This will extend to an operation o : Kf (Var) x F;(Kf (Var)) — K (Var) by
linearity.

First, write b as b = [Y] — [Z], where Y and Z are P-varieties. Let
us consider the simplest case, i.e., when Zn C Yn is a closed Y,-invariant
subvariety of Yn for all n € N. Let U =Y \ Z. Then we have

[(X]o[Y] = [X]o([Z2] +[U]) = [X o (ZLIU)].
Using the coend formalism, we have
b3 4 .
Xo(ZuU)g/ X(i+j) x 25 RU™
which is in turn isomorphic to
izl,j , .
(XoU)I_I/ X(i+j)x Z28RU™

Therefore, [X]ob = [X o (Y \ Z)] is equal to
XoY]— MZLW P(m + n,+) x Z%m x (/jX(Z. ) x (Y\Z)&jnﬂ .

Note that for fixed k € N, ([X]ob); € KOZ’c (Var) depends on (Y'\ Z)®/n only
for n < k. In particular, we have

([X]ob
([X]ob

This suggests a recursive approach for defining [X] o b when b = [Y] — [Z]
and Z is not a subfunctor of Y.

Let us consider the Grothendieck group KF *(Var) of functors PxP — Var.
For any element a € ng (Var), we write a(; ) for the (i,n)-th component of
a under the canonical isomorphism

)0 [X0]7
X]ob) =[(XoY)1l]—[(XoZ)1].

K§ (Var)= J[ K§(var).
(i,n)EN?

Let us define an element [X]oxb € K§ *(Var) for all k € N, by using a recursive
construction. First, define an element [X] og b € Kf *(Var) as follows:

([XT 00 b)(i0) == [X (i +0)]
([X] oo b)(z,n) =0 Vn>0.
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Now, take £ > 0 and suppose that we have already defined the element
[X] ok_1 b€ KP*(Var). For any T : P x P — Var, let hz([T]) € KB”(Var) be
the element whose (4,[)-th component is

j>1,m,n )
hz(T)) @) = [/ P(m 4+ n,l) x Z%m x T+ j,n)

By linearity, this defines a group homomorphism hz : K ’ (Var) — KF ’ (Var).
Now, define [X] o, b € ng (Var) as

([XT ok 0)(im) == ([X] 0k—1b) (i) VN <k
([X] ok b)iky = [(X (i ++) o Y)K] — hz([X] og—1 b) (k)
([X] Ok b)(z,n) =0 Vn>k.
Finally, note that the functor [P x P, Var| — [P, Var] given by 7' — T'(0, +)

descends to a group homomorphism g : KF~ (Var) — KF(Var). Thus, we can
define

[e.9]

[XJob:= (g([X] ok b))y, € K§(Var),
k=0
using the completeness of the Ko(Var)-algebra KF (Var). O

Motivated by Theorem 1.2.4 and Proposition 1.2.6, we conjecture that
this operation o is in fact a composition operation on K (Var). Due to the
complicated dependence of o on the second argument, we have not been able
to find a simple rigorous proof. Since this statement goes beyond the aim of
the present thesis, we defer further investigation to future work. We refer to
|GP06| for the cases H = {0} and H = N, which are the only ones that we
will use in the next chapters.

Theorem 1.3.7 ([GP06]). The Grothendieck ring K§ (Var') = KF (Var)[q],
together with the filtration Fn(KE(VarN)), the derivation D, and the sequence
of elements (sy) defined above, is a complete algebra with composition op-
eration o over Ko(Var') = Ko(Var)[q]. Similarly, the Grothendieck ring
KF (Var) is a complete Ko(Var)-algebra with composition operation.

As a consequence of this theorem, there is an analogue of the function
exp(+) — 1 for both Kf (Var) and KF (Var)[¢]. Indeed, in any complete algebra
A with composition operation, we can define Exp : F1A — F1 A as

o
Exp(a) := Z spoa,
n=1

for any a € F1 A. This operation has an inverse Log : F1A — F1 A.
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Proposition 1.3.8 (|GP06, Prop. 3.1|). There exist elements l,, € F,A,
n € Nxg, such that the operation

Log(a) := Z lnoa
n=1

is the inverse of Exp.

For instance, these operations allow us to compactly express the class of
the configuration space of a variety in Kf (Var) (see [GP06, Thm. 3.2] and
Section 3.3).

1.3.1 Pre-A-ring property

Recall the following definition.

Definition 1.3.9. A pre-A-ring is a commutative ring R, together with oper-
ations A" : R — R, for n € N, which satisfy the following conditions:

(i) \o(z) =1 for all x € R;
(i) A(z) =z for all x € R;
(iii) AN(z4+y) = >0 o N (2)AN""(y) for all z,y € R and n € N.

In addition to the A-operations, each pre-A-ring R is equipped with the
corresponding o-operations o”(x) := (—1)"\"(—x), which satisfy the same
conditions (i), (ii), (iii). It is customary to encode the A-operations and the
o-operations in the formal power series

M) = SN, ogle) =3 oM (@)
n=0 n=0

The two series are related by the equality \y(z) = o_,(x)~! for all z € R.
Note that a pre-A-ring can be equivalently defined by giving the o-operations.

For instance, given any commutative ring R, 1+ qR[¢] has a natural
structure of a pre-A-ring (see [Knu73]). Another example of a pre-A-ring
structure is the one defined on Kg(Varc) by means of Kapranov’s motivic
zeta function

(xyle) =1+ [Sym™(X)]g" € Ko(Varg)[q] .
n=1
We refer to [GZLMHO04| for more details about this pre-A-ring structure and

the power structure induced by it.

Proposition 1.3.10. The Grothendieck ring Kg(VarH) s a pre-A\-Ting.
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Proof. We will describe this pre-A-ring structure via the og-operations. Note
that for any H-graded P-variety X, [S, o X] is a well-defined element of
KP (Varf), even if X(0,0) # (0. Therefore, we can define

0g([X]) = [Sno X]g" =1+ [X]+ > [SnoX]q",
n=0 n=2

By Theorem 1.2.6, we have
oq([X]+ [Y]) = 0q([X]) oy([Y])

for all X and Y, i.e., the o-operations satisfy (iii) for all non-virtual elements
[X],[Y] € K§(Varf). In order for (iii) to hold also for virtual elements
[X] — [Y] € KE(Var!?), we are forced to define

og([X] = [Y]) = og([X]) o (YD " -

With this definition, the o-operations clearly satisfy the properties (i), (ii),
(iif). Therefore, they determine a pre-A-ring structure on K§ (Varf). O

This pre-A-ring structure is an extension of the one defined via the motivic
zeta function on Kg(Var). Indeed, if we regard Ky(Var) as a subring of
K§ (Varf), then o™ (Ko(Var)) C Ko(Var) for all n, and we have

og([X]) =14 [SnoX]g" =1+ [Sym"(X)]g" = (x)(q)
n=1 n=1

for any [X] € Ko(Var).

In a general pre-A-ring, the behaviour of the A-operations with respect
to the product is not prescribed, and the same happens for the composition
of these operations. Conversely, in a so-called A-ring, there are also explicit
expressions for A" (zy) and A"™(A\"(x)).

Definition 1.3.11. A pre-A-ring R is a A-ring if A\, : R — 1+ ¢R[¢] is a
morphism of A-rings, that is, a ring homomorphism which commutes with
the A-operations.

Equivalently, for a pre-A-ring R to be a A-ring, we require the following
conditions to hold:

(iv) A (zy) = P,(AY(x),...,A"(2); A\ (y),...,\"(y)) for all z,y € R and
n €N;

(v) Am(A"(2)) = Ppn (A (2),...,A\*(z)) for all z € R and m,n € N.

Here, P, € Zlt1,...,tp;ui,...,up] and P, € Zlt1,...,tmn] are certain
universal polynomials, whose definition can be found in [Knu73, §1.2|.
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One of the most important examples of A-rings is the ring of symmetric
functions A, which is the the free A-ring on one generator ey, where e; is the
elementary symmetric function of degree 1. In particular, for any A-ring R
and any x € R, there is a unique morphism of A-rings f, : A — R such that
fz(e1) = x. Let us consider the elementary symmetric functions e, € A and
the complete homogeneous symmetric functions h, € A. Then we have

)\n(x) = f$(en> ; Jn@:) = f:v(hn) .

Note that A = Ko([P, Vectg]), where Vectg is the category of finite dimen-
sional Q-vector spaces.

It is not known whether the pre-A-ring Ko(Var) is actually a A-ring. A
fortiori, this is not known either for K (Varf). We leave this question open
for future research.

1.4 Grothendieck groups of Q-linear abelian tensor
categories

Let us recall the following general definition.

Definition 1.4.1. Let 7 be an abelian category which is essentially small, i.e.,
equivalent to a small category. The Grothendieck group Ko(«7) of & is the
quotient of the free abelian group on the isomorphism classes of objects of <7,
by the relations [X]| = [Y] + [Z] whenever 0 - Y — X — Z — 0 is a short
exact sequence in 7. If (&7, ®, 1) is an essentially small, abelian symmetric
monoidal category, whose tensor product ® is exact, then the group Ko(<)
is in fact a commutative ring, with the product given by [X][Y]:= [X ® Y].

Let (o/,®,1) be a fixed essentially small, Q-linear, abelian symmetric
monoidal category, with exact tensor product. The most relevant example
for this thesis will be the category &/ = MHS of mixed Hodge structures over
Q. Let (H,+,0) be a commutative monoid satisfying (H1) and (H2). By
Theorem 1.2.7, ([P x H, 27],X, Sy) is again an essentially small, abelian sym-
metric monoidal category, and X is exact. Therefore, the previous definition
associates to [P x H, /] a corresponding Grothendieck ring. Similarly, it as-
sociates a corresponding Grothendieck group to the abelian categories [H, <]
and [X,, 27|, where 3, is the category with one object « and X, (+,+) = X,,.
Definition 1.4.2. The Grothendieck ring KF (&) of H-graded P-objects of
o/ is the Grothendieck ring of ([P x H, #7], K, Sp). In particular, for H = {0},
we obtain the Grothendieck ring KF (<) of P-objects of <.

The Grothendieck group Ko(&7) of H-graded objects of <7 is defined as
the Grothendieck group of [H, &7]. Finally, the Grothendieck group Kp™ (/)
is the Grothendieck group of [£,, &7].
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As in the case of Var, there is a natural isomorphism

o) = [ Ko™ ()

neN

where Kgo (o) = Ko(«7), and there are natural inclusions

K§ (<)
\)
Ko(&) o

—~

Ko(a7™)

KF(aH).

The inclusion homomorphism Ko(&/#) — K§ (&) defines a commutative
Ko (e H)-algebra structure on Kf (o). This algebra shares many features
with K§ (Varf). Tt is filtered by the subalgebras

Fo(KE (7)) <U{ ]| X(m,w)=0if m <n—1iorl, <z'}>7

and it is complete with respect to this decreasing filtration. Moreover,
there is a natural derivation of K ("), namely the group homomorphism
D : KF (") — KE(«*") induced by the endofunctor D of [P x H,</].
By Theorem 1.2.7, D is indeed a Ko(2/!)-linear derivation, and we have
D(F,(Kf (™)) C F,_1(Kf (o). Finally, we can define a sequence of
elements s, € F,(Kf (7)), by setting s,, := [S,] for all n € N. Then we
have sg = 1, since Sy is the identity object for X, and Ds, = s,_1 for all n.

Exactly as we did for Kg (VarH ), we can introduce a pre-A-ring structure

on Kf (7). If we define

[e.e]

og([X]) =) _[Sno X]g"

n=0

for all H-graded P-objects X of «f, then the operation ¢" is given by the
coefficient of ¢" in the power series

0q([X] = [Y]) := o ([X]) o (YD "

for all [X]—[Y] € K§ («H). By [Get95a], this pre-\-ring structure is actually
a A-ring structure. Moreover, the equivalence of categories

[P, Vectg] ® [H, o] ~ [P, [H, </]] (1.10)
induces a natural isomorphism

Kb (™) = (Ko(o™) @ A)" (1.11)
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of complete filtered A-rings, where A is the filtered A-ring of symmetric func-
tions and (Ko(,;z/ ) @ A)A is the completion with respect to the induced
filtration on Ko(&/#) ® A (see [Get95a]). In particular, there is a natural
identification

Kf (™) = Ko (o H)[s1,59,...]. (1.12)
Under this identification and the equivalence (1.10), one can easily define an
operation o : Kf (/) x Fy(K§ (7)) — KF (&) induced by the functor
o:[PxH, o x[PxH,d|; — [Px H,] of Theorem 1.2.7, i.e., such that
[X]o[Y]=[XoY] for all H-graded P-objects X,Y of o/. Let us recall the
construction from |Get95al.

For all n, let h, be the complete homogeneous symmetric function of
degree n. Since there is an isomorphism A = Z[hy, ha, ... ], we can define a
map ¢ : Ax Fy (K§ (7)) — K§ (o H) by (hny -+ by, a) = 0™ (a) -+ - 0™ (a),
and extending it by linearity on the first argument. For any partition u - n,
let s, € A be the corresponding Schur function, and let

o = (s ) - FL(KE (™)) = KE (™).

If f: A — Kf(o/f) is the unique homomorphism of A-rings such that
f(hn) = sy, for all n, let s, € KF (/) be the image under f of the Schur
polynomial s, € A. Via (1.12), we can write each element a € KF (/) as
a series Z# a, s, over all possible partitions u, where a,, € Ko(a7H). For all
b€ Fi(Kf(o/)), define

aob::Zaﬂa“(b).
I

Via the equivalence (1.10), we see that the equality [X]o[Y] = [X oY] holds
for all X,Y. Then by [Get95a] and Theorem 1.2.7, we obtain the following
result (cf. [GP06, Thm. 5.1]).

Theorem 1.4.3. The Grothendieck ring K§(/1), together with the filtra-
tion F,(Kf (e7™)), the derivation D, and the sequence (sy,) defined above, is
a complete algebra with composition operation o over Ko(«/™). In particular,
the Grothendieck ring K§ (/) is a complete Ko()-algebra with composition
operation.

The isomorphism (1.11) has other interesting consequences, which we
recall from [GPO06, §5]. Indeed, (1.11) allows us to transfer the theory of
representations of symmetric groups in Vectg to K(F; (o H ). In particular, we
have the equality

sno(ab) = (spoa)(s,ob).

pukEn

For any n € N, let p,, € K(F)’ (a7H) be the image of the power sum symmetric
function of degree n under f. Then there is an isomorphism

K (") ® Q= (Ko(/) @ Q)[p1,p2,- -],
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and the equality py, o pp, = Pmn holds. By |GP06, Lemma 5.3|, the map
Fi(KE (™)) — 1 (KE (7)) given by a — p, o a is an algebra homomo-
morphism for every n € N. Moreover, we have Dp,, = 0, 1.

Finally, as K(F)’ (@7f) is a complete algebra with composition operation,
it is equipped with an operation Exp : Fy(Kf (%)) — Fy(Kf (7)) and
its inverse Log (see Section 1.3). The expression of Log in terms of the
elements p,, yields a simple explicit formula for Log, which can be useful in
computations. We refer to [GP06| for more details.

1.5 The Serre characteristic

Let us fix C as our ground field. All varieties and morphisms between them
are assumed to be over C.

Let X be a variety. By Deligne’s work, we know that the compactly
supported cohomology Hfz(X ,Q) carries a natural Q-mixed Hodge structure
(HL(X,Q), W., F*). If X is a projective variety which has only finite quotient
singularities, then (HY(X,Q),W., F*) is actually a pure Hodge structure of
weight i (cf. [PS08, Thm 2.43|).

Definition 1.5.1. The association

[(X] = D (-1 (H(X, @), W, F7)]
1€N
defines a ring homomorphism e : Kg(Varc) — Ko(MHS), called the Serre
characteristic.

Remark 1.5.2. The homomorphism ¢ has different names in the literature.
We follow the terminology of [GP06]. For instance, ¢ is referred to as the
Hodge-Grothendieck characteristic in [PS08|. The proof of the existence of
¢ and its properties first appeared in [DK86.

When [X] € Ko(Vare) is the class of a variety, we simply write e(X)
for e¢([X]). Moreover, we use the same notation e also for its restriction to
Ko(Var). We denote by L the Serre characteristic ¢(L) of L = [A!], namely
L= (B2, Q)] = [Q(-1)].

The Serre characteristic ¢ : Ko(Varc) — Ko(MHS) is a refined version
of the E-polynomial. Indeed, there is a natural homomorphism of rings
b : Ko(MHS) — Z[t,u,t~ 1, u~1] given by

[(V,W, F)] = ) dime (GG, (Vi) tPud
p,qEZL

and for any variety X, its E-polynomial is exactly h(e(X)).

If the variety X carries an action of the symmetric group >, then the
Yn-representation H(X,Q) is compatible with the natural mixed Hodge
structure on it, i.e., it is a X,,-representation in the category MHS. Therefore,
we can give the following definition.
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Definition 1.5.3. The (equivariant) Serre characteristic is the ring homomor-
phism ¢ : KF(Var) — K (MHS) which is defined as

e(X)(n) ==Y (~1)'[(HL(Xn,Q),W., F)] € K" (MHS)
€N

on the classes [X] € KF(Var) of P-varieties.

Since the restriction of this homomorphism to the subring Ko(Var) is the
same as the one defined above, we keep the same notation e. We will use
the same notation and the same name also for the homomorphism of rings
K§ (Var)[q] — K§ (MHS)[g] defined by >, aqq? — S5, ¢(aq)g®.

For the purpose of this thesis, the most important property of the Serre
characteristic is the following.

Theorem 1.5.4 (|GP06]). The Serre characteristic ¢ : K§ (Var) — Kf (MHS)
s a homomorphism of complete algebras with composition operation, and the

same holds for ¢ : KF (Var)[q] — K& (MHS)[q].

Now, we have all the algebraic setting that we need to calculate the
Hodge numbers and the Betti numbers of the coarse moduli spaces of stable
maps from genus 0 curves to a Grassmannian. In fact, since the i-th coho-
mology group of these spaces has a pure Hodge structure of weight ¢, their
Serre characteristic determines their Hodge numbers. In the next chapters,
we will use the properties of K (Var) and K (MHS) (in particular, their
composition operation) in order to compute the Serre characteristic of these
moduli spaces.
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Chapter 2

Moduli spaces of stable maps

The aim of this chapter is to present an overview of our main objects of
interest, namely moduli spaces of stable maps.

Let Y be a nonsingular projective variety over C. For any g,n € N
and B € Ha(Y)", we introduce the moduli stacks Mg, (Y,3) and their
corresponding coarse moduli spaces M gn(Y,B), which parametrize stable
maps f : (C,z1,...,2,) — Y from an n-pointed, genus g, prestable curve
(C,x1,...,xy) to Y, such that f,[C] = B. The stability condition on f
ensures the finiteness of the automorphism group of f. For arbitrary g,
JVEgyn(Y, B) is a proper algebraic Deligne-Mumford stack, with a projective
coarse moduli space M, (Y, 3). When g =0 and Y is convex, Mo (Y, B) is
nonsingular and the coarse space Mg, (Y, 3) is a normal variety, which only
has local quotient singularities. Furthermore, M 0.n(Y, B) can be decomposed
into locally closed loci that correspond to certain kinds of trees, called stable

(n, B)-trees.

Organization of the chapter. In Section 2.1, we recall the definition and the
basic properties of moduli stacks of stable maps, and of their corresponding
coarse spaces.
In Section 2.2, we study more closely the spaces of stable maps from genus
0 curves to convex varieties. In particular, we study their decomposition in
locally closed subvarieties in terms of isomorphism classes of stable trees.
Throughout the chapter, we work over the field C of complex numbers.

2.1 Generalities on stable maps and their moduli

Stable maps were introduced by Kontsevich in [Kon95]. In what follows, we
recall the main definitions and constructions from [BM96] and [FP97].

Definition 2.1.1. Let T be a scheme. An n-pointed (or n-marked) genus g
prestable curve (p : € — T, {z;}1<i<n) over T is a flat proper morphism
p : € — T whose geometric fibers are connected, reduced, at worst nodal
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curves of arithmetic genus g, together with n sections x; : T'— €, such that
for any geometric point ¢t € T

e cach z;(t) is in the smooth locus of €;, and
o z;(t) # x;(t) whenever i # j.

Definition 2.1.2. If Y is a scheme having an ample invertible sheaf, let
Ho(Y)" := {¢ € Homgz(Pic(Y),Z) | ¢(£) > 0 whenever £ is ample} .

For any morphism f : € — Y from a prestable curve € over T', the homology
class of f is the locally constant function 7" — Ho(Y)™ given by

t= (L= x((ff L)) +g—-1).

The homology class of f is denoted by f.[C].

Hereafter, let Y be a nonsingular projective variety. Note that Ho(Y)™"
can be identified with the monoid of curve classes in Ha(Y,Z). Under this
identification, for any morphism f : C' — Y from a prestable curve C over C,
the homology class of f is precisely the image of [C] under the pushforward
f* : HQ(C, Z) — HQ(Y, Z)

Definition 2.1.3. Let 8 € Hy(Y)™. A stable map over T from n-pointed
genus g curves to Y of class g is a triple

(p:C—T {xiti<i<n, [:C—Y),
where
e (p:C— T,{x;}) is an n-pointed genus g prestable curve over T,
e f:C — Y is ascheme morphism such that f,[C] = 3, and

e the following stability condition is satisfied: for every geometric point
t € T, and for every irreducible component of €; that is contracted to
a point by f, with corresponding normalization C’, we have

(i) if C' has genus 0, then C” has at least three special points;

(i) if C’ has genus 1, then C’ has at least one special point.

Here, a point of C’ is called special if it is mapped either to a node or to a
marked point of €; by the normalization morphism.

A stable map (p : C — Spec(C), {z;}1<i<n, f) over C is simply called a
stable map, and it is sometimes denoted by f: (C,z1,...,2,) — Y.

Let (p: C — T, {x;}, f) and (p' : € — T,{a}}, f’) be stable maps over
T from n-pointed genus g curves to Y of class 8. An isomorphism of stable
maps (p : € — T,{z;},f) = (' : ¢ — T,{z}}, f) is an isomorphism
h: @ — € of T-schemes, such that hox; = for all 4, and f'oh = f.

33



The stability condition is equivalent to the finiteness of the automorphism

group of the map. In particular, it implies that constant maps (i.e., those of
class 0) from unmarked, genus 1 curves are not stable. Whenever the map is
not constant or (g,n) # (1,0), condition (ii) is automatically satisfied, thus
the important condition is (i).
Definition 2.1.4. For any 8 € Ha(Y)", we denote by M, (Y, 8)(T) the
groupoid whose objects are stable maps over T' from n-pointed genus g curves
to Y of class 3, and whose morphisms are the isomorphisms of such stable
maps. Letting T' vary, we get a stack JV[WL(Y, B) on the category of C-schemes
with the fppf topology.

Note that for Y = Spec(C) and 8 = 0, one recovers the stack Mg ,, of
Deligne-Mumford stable, n-pointed, genus g curves.

Theorem 2.1.5 ([BM96, Thm. 3.14]). The stack My, (Y, 3) is a proper
algebraic Deligne-Mumford stack over C.

Contrary to JV[g,n, the stack JT/[g,n (Y, ) is singular for arbitrary g and Y.
Nevertheless, it is virtually smooth (see [BF97]) with expected dimension

(1 —g)dim(Y) +/ﬁcl(Ty) +39g—-3+n.
The construction of the stacks of stable maps in [BM96| highlights their
combinatorial and operadic properties, which are related to the combinatorial
properties of graphs. In the next section, we will investigate those properties
further in the case g = 0. We refer to [BM96] for more details in the general
case.

Recall that there are some important canonical morphisms from the stack
of stable maps. If 29 — 2 4+ n > 0, there is a natural forgetful morphism
My.n(Y, B) = My, which is given by forgetting the map and stabilizing the
curve, i.e., contracting its unstable components.

There is also a natural forgetful morphism My ,,+1(Y, B) — My (Y, B),
which first forgets the (n + 1)st section, and then contracts the component
of the curve over which the map becomes unstable. As in the case of stable
curves, the following result holds.

Proposition 2.1.6 ([BM96, Cor. 4.6]). The natural forgetful morphism
Mg nt1(Y, B) = My (Y, B) is the universal family over Mgy, (Y, ).

Finally, there are natural evaluation morphisms ev; : My (Y, 8) — Y, for
i =1,...,n, which are given by associating to each stable map (C, {z;}, f)
over 1" the morphism fox;: T — Y.

By [KM97], M, (Y, 8) admits a coarse moduli space M, (Y, 3), which
has been explicitly constructed in [FP97|. In particular, we have the following
theorem.
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Theorem 2.1.7 ([FP97, Thm. 1]). The coarse moduli space M4, (Y, 3) is
a projective scheme.

All the morphisms described above induce natural morphisms between
the corresponding coarse moduli spaces. Therefore, we have the forgetful
morphisms M, (Y,8) — My, and Mg ,11(Y,8) — My, (Y, ), and the
evaluation morphisms ev; : M, (Y, 3) — Y (denoted as above, by abuse of
notation) for i = 1,...,n.

In the next section, we will study more closely the coarse moduli spaces
Mo, (Y, B) of genus 0 stable maps. Because of the purposes of this thesis,
the stack-theoretic point of view will not be pursued.

2.2 Stable maps of genus 0 to convex varieties

Let Y be a nonsingular, projective, convex variety. Recall that Y is said to
be convex if HY(P!, f*Ty) = 0 for any morphism f : P! — Y. In particular,
this implies that the scheme Mor(PP!,Y) is nonsingular.

Examples of convex varieties are homogeneous varieties Y = G/ P, where
G is a smooth, connected, algebraic group and P a parabolic subgroup.
Indeed, in this case, Ty is generated by global sections, therefore the same
holds for f*Ty and HY(P', f*Ty) = 0. In particular, Grassmann varieties
are convex.

Moduli spaces of stable maps from genus 0 curves to Y have a particularly
nice geometry, which we now recall.

Theorem 2.2.1 ([FP97, Thm. 2|). The coarse moduli space M (Y, ) is a
normal projective variety of pure dimension

dim(Y) + /,301(TY) +n—3.

Furthermore, it is locally the quotient of a nonsingular variety by a finite
group.

The singularity type of the boundary of Mg, (Y, ), i.e., the locus of
reducible domain curves, is the same as the singularity type of the boundary
of My and Mg,,.

Theorem 2.2.2 ([FP97, Thm. 3]). Up to a finite group quotient, the bound-
ary of Mo, (Y, B) is a divisor with normal crossings.

There is a more precise description of the boundary of Mg, (Y, 3). From
[FP97], we know that it decomposes into a union of divisors D(A, B; 31, 32)
which are in bijection with quadruples (A, B; 84, S5), where

e A and B form a partition of {1,...,n},

o 34,85 € Ho(Y)™ and B4 + Bp = 3, and
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o #A>2 (resp. #B > 2) whenever f4 = 0 (resp. S = 0).

Let M4 = Mo,Au{-}(Y, Ba) and Mp = MO,BU{-}(Y> BB), and consider the
fiber product

Mjsxy Mg —— Mp
| Jo
My —= Y
with respect to the evaluation maps at the marked point . Then we have
the following result.

Proposition 2.2.3 ([FP97|). There is a natural morphism
h:Maxy Mp — D(A, B; B, B2)
which has the following properties:
(i) if A+ 0 # B, then h is an isomorphism;
(ii) if A% 0, or B#0, or B4 # Bp, then h is a birational morphism;
(i11) if A= B =10 and 4 = Bp, then h is generically 2 to 1.

As explained in [BM96], the geometry of moduli spaces of stable maps is
strictly related to the combinatorics of graphs. In the genus 0, convex case,
there is a decomposition of M 0.n(Y, ) into locally closed subvarieties that
correspond to stable (n, 3)-trees. Let us first recall some definitions from
[BM96|.

Definition 2.2.4. A graph 7 is a triple (Fr, jr, R;), where
e F is a finite set, called the set of flags of T,
e j,: F, — F. is an involution, and
e R. C F; x F; is an equivalence relation.

Associated to each graph 7 = (F;, jr, R;), there is a triple (V;, B, L;) of
sets, which are defined as follows:

e the set V; of vertices of 7 is the quotient set of F; by R;;
e the set F, of edges of 7 is the set of orbits of j, with two elements;
e the set L, of leaves of 7 is the set of fixed points of j;.

Finally, we associate to every vertex v € V;

e the subset F.(v) C F; of flags whose equivalence class under R, is v,
and
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e the valence n(v) := #F;(v) of v.

An isomorphism of graphs ¢ : 7 — ¢ is a bijective map ¢r : F- — F, such
that pp o jr = jo o pr and (pp X ¢r)(R;) = R,. In particular, ¢ induces
a bijection ¢y : V; — V, commuting with the canonical surjections, and
bijections pg : B — E, and ¢p, : Ly — L.

For each graph 7, there is an associated topological space, called its
geometric realization.

Definition 2.2.5. The geometric realization |7| of a graph 7 is the topological
space constructed as follows. First, consider the disjoint union

T=||0s1/200 || [0s1/2]0 | | {lv]}.

€L t€F\L~ veV;

For each v € V, identify the elements of the set {0; | ¢ € F-(v)} with |v|. For
each edge {i1,i2} € E., identify 1/2;, with 1/2;,. In this way, one obtains a
set ||, together with a surjection T'— |7|. Define the topological space ||
to be this set, endowed with its quotient topology.

Definition 2.2.6. A tree is a graph 7 whose geometric realization |7| is simply
connected, i.e., |7| is connected and #V, = #F. + 1.

An (n, f)-tree is a tree 7, together with a bijection I, : L, = {1,...,n}
and a map S, : V; — Ha(Y)" such that )~ i, B;(v) = 8. An isomorphism
of (n, B)-trees ¢ : (1,lr, B7) — (0,ls, By) is an isomorphism of the underlying
graphs ¢ : 7 — 7/ such that I, o oy, = I, and B, o oy = ;.

Following |[GPO06], to each stable map f : (C;x1,...,2,) — Y of genus
0 and class (3, we can associate its dual (n,()-tree 7y. Let Vy be the set
of irreducible components of C', E; the set of double points of C, and Ly
the set of marked points of C'. For each z € Ey, let C,1 and C.2 be
the two irreducible components of C' intersecting at z. Similarly, for each
x; € Ly, let Cy; be the irreducible component where x; lies. Then the graph
Tt = (Ft, Ry, j¢) is defined as follows:

o ['p:=1L;U I—lZEEf{CZ717 C.o};

e Ry is the equivalence kernel of the surjective map Fy — V} defined by
T — C:c, and Cz,)\ — Cz,)\;

o jr(z;) :=x; and j;(C. ) := C, , for each X # p.

By construction, we have canonical identifications V7,
Ly, =Ly.

Since the curve C has arithmetic genus 0, 7; is a tree. Now, define
ly: Ly — {1,...,n} as ly(z;) :=4, and By : V; — Ho(Y)T as 5,(C") := f,
where 3 is the class of f|cr. Then (74,1f, B¢) becomes an (n, 3)-tree.

The stability condition on the map f corresponds to a stability condition
on its dual graph 7.

= Vf, ETf = Ef and
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Definition 2.2.7. An (n, §)-tree 7 is stable if for each v € V, either 8, (v) # 0
or n(v) > 2.

As a consequence of this definition, the dual graph 7 of a stable map
f:(Cyzxy,...,xy) = Y of genus 0 and class § is a stable (n, §)-tree. Note
that the isomorphism class [7¢] only depends on the isomorphism class [f].

Conversely, given an isomorphism class [7] of stable (n,[)-trees, we
can consider the locus M(7) in Mg, (Y, ) parametrizing maps whose dual
graph is isomorphic to 7. This locus M(7) is a locally closed subvariety
of Mo, (Y,B) of codimension #E,, which lies in the intersection of #E;
boundary divisors D(A, B; 84, 5) (see [FP97]). Thus, we obtain a decom-
position of Mg, (Y, 3) into locally closed subvarieties M (1) parametrized by
equivalence classes of stable (n, 3)-trees 7. Note that this decomposition is
finite.

Lemma 2.2.8 (cf. [GP06]). The set Ty, (B) of isomorphism classes of stable
(n, B)-trees is finite.

Proof. For any (n, 3)-tree 7, we have

#VT:#ET+1:;<Zn(v)—n>+1,

veV,

therefore ) i, (n(v) —2) = n — 2. In particular, the number of vertices
v € V; such that n(v) > 2 is bounded by n — 2. Now, the set

{(Bis s Bi€ Ha(Y)H)' | Bi+---+B8i =5, B; #0Vj}

is empty for almost all i; let mg be the maximum integer for which it is
nonempty. If 7 is stable, then the maximum number of vertices v € V. such
that n(v) < 2 is mg. Therefore, we have

#FP = n(v)=n—2+2(#V;) <3n+mg—4.
veV,

Since the isomorphism classes of trees with a fixed number of flags is finite,
it follows that I'g () is finite. O

Since I'g (/) is a finite set, we obtain the equality

[Mon(Y.8)] = > [M(7)

[7]€T0,n(8)

in Ko(Var). Note that this does not hold in KOE" (Var), because the loci M (1)
are not X,-invariant. In KOE" (Var), we only have the weaker equality

Mon(v.8)] = | || M@

[7]€l0,n(8)
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As shown in [GPO06], the loci M (7) can be given a description in terms of
gluing of stable maps from regular curves. For any finite set of labels L and
any 8 € Ha(Y)™" such that either 8 # 0 or #L > 2, let My (Y, 3) be the
coarse moduli space which parametrizes equivalence classes of stable maps
P! — Y of class 3, together with an embedding L < P'. There is a natural
evaluation morphism My (Y, 5) — YZ, which maps each geometric point

[f : P! — Y] to the composition L — P! v, For any tree 7, we have

Fr = |,ev, Fr(v), therefore there is a natural morphism

H MO,FT(U) ()/a BT(U)> Y.
’UGVT

By precomposition with the surjective map F: — E; U L, that maps each
flag to its orbit, we also get a morphism Y #75lr — YFr  Let Mp(7) be the
fiber product

Mo(r) —— [lev, Mo,F, () (Y, B7(v))

| |

YETLILT N YFT

with respect to these morphisms.

Proposition 2.2.9 (cf. [GP06|). There is a canonical isomorphism
M(7) = Mn(7)/ Aut(7)
for each 1] € Ty (Y, B).

Proof. On geometric points, the isomorphism is obtained as follows. Let
2= ([fo : Pl = Y, : Fr(v) = Pl])yev, and g : E- U L, — Y be geometric
points that map to the same point of Y¥7. For each e = {i1¢,i2.} € Er,
let vi. = [i1e] and vo . = [ige]. By gluing all the lines IP’})LG,P},M along
the points ¢y, . (i1.¢), tuy . (i2,c), We get a prestable curve C together with
morphisms p, : P! — C for each v € V,. In particular, the images of
F;(v) N L; under the morphisms p, o ¢, are n distinct regular points of C.
If we label those points according to the map I : L; = {1,...,n}, then we
obtain an m-pointed prestable curve (C,x1,...,z,). The condition that z
and g have the same image in Y7 assures that we can glue also the maps
fo : PL — Y, so that we obtain a map f : (C,x1,...,2,) — Y of class
> wev, Br(v) = B. The stability condition on 7 is equivalent to the stability
condition on the map f. Note that this construction is invariant under
automorphisms of 7.

Conversely, let [f : (C,z1,...,2,) = Y] be a geometric point of M (7),
and let ¢ : 7 = 74 be a fixed isomorphism. For each v € V; = V;, let C,
be the corresponding connected component of the normalization C* of C.
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Each C, is a smooth projective curve of genus 0, hence isomorphic to P!;
choose one such isomorphism P} := P! = C,, and let p, be the composition
P. = C, < C¥ — C and f, = fop,. Bach P! comes equipped with #F, (v)
distinct distinguished points, and these points are labelled by the elements
of F;(v) via the isomorphism ¢p : F; = Fy. As a result, for every v € V;
we have a morphism f, : PL — Y of class 3, (v), together with an embedding
Ly : F(v) < PL. Moreover, the morphisms f, o ¢, agree on the orbits of j,,
thus they determine a morphism ¢ : E; U L; — Y. If we vary our choice
of the isomorphism P. = C,, then we get a pair (f/,¢)) which is related to
(fu, ty) by an automorphism of P} commuting with the maps f,, f/ and the
embeddings ¢y, ¢, ; the morphism g does not depend on this choice. Therefore,
once we have fixed an isomorphism ¢ : 7 = 74, we can associate to [f] the
points ([fu, to])vev, € [Toev, Mo r.()(Y: B7(v)) and g € Y527 mapping to
the same point of Y7 i.e., a point of My(7). Varying ¢ changes this point
by an automorphism of 7, hence we have actually canonically associated to
[f] a point of Mg(7)/ Aut(r). Clearly, this construction is the inverse of the
gluing process described above.

By |[BM96, Prop. 2.4] and [FP97, §6]) (cf. also [ACG11, §12.10]), the
mutually inverse constructions that we did for geometric points can be per-
formed also in families, thus proving the proposition. O
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Chapter 3

The Serre characteristic of

MO,n(G<T7 V), d)

In this chapter, we focus our attention on moduli spaces of genus 0 stable
maps to a Grassmann variety G(r, V). We show that the combinatorial prop-
erties of such spaces determine recursive relations in the Grothendieck ring
KF (Var)[q], which can be used to reduce the computation of their Serre char-
acteristic to that of the open loci parametrizing maps from smooth curves.
In turn, the Serre characteristic of these loci is determined by that of the
configuration space of P! and that of the varieties parametrizing morphisms
of fixed degree from P! to G(r, V). The approach that we follow is a direct
generalization of [GP06, §4].

Organization of the chapter. In Section 3.1, we recall some well-known facts
about Grassmann varieties, which we will use later. Furthermore, we prove
an important local triviality result for the natural evaluation morphisms of
Mon(G(r,V),d).

In Section 3.2, we use the stratification by stable trees introduced in
Section 2.2 to obtain the desired recursive relations in K (Var)[q].

Finally, Section 3.3 deals with the Serre characteristic of My ,(G(r, V), d).
In particular, we show how to reduce its computation to the computation of
the Serre characteristic of Mory(P!, G(r, V), which we will carry out in the
next chapter.

3.1 Grassmannians

Let V be a fixed C-vector space of dimension k, and let 0 < r < k be an
integer. We consider the Grassmannian G(r, V') of r-dimensional quotients
of V. The scheme G(r, V') represents the functor

Quoq/@o@/(cm : SchP — Set,
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which associates to any locally Noetherian C-scheme T the set of equivalence
classes of locally free quotients of V' ® Op of rank r. It is a nonsingular,
projective, rational C-variety of dimension r(k—r), endowed with a transitive
action of the group GL(V,C).

Recall that G(r, V') has a cellular decomposition into so-called Schubert
cells W, ... ar_,, where (a1, ...,ax_,) is a nonincreasing sequence of integers
between 0 and r (see [GH94]). As a consequence, Hy,(y—ry—25 4, (G(1, V), Z)
is freely generated by the cycles [Wa17---7ak—r]’ and for each 0 < i4,j <r(k—r)
the (7, 7)-th Hodge number of G(r, V) is

#{(al,...,ak,r)]ZaA:i} ifi:j
0 ifi#j

In particular, {(ai1,...,ax—) | D> ax =r(k—r)—1} = {(r,...,r,r—1)}, thus
Hy(G(r,V),Z) = Z. We identify the monoid Hy(G(r,V))T of curve classes
in G(r,V) with N: for any morphism f : C — G(r,V) from a prestable
curve C, we have f,[C] =d € N if and only if deg(f*Q) = d, where Q is the
universal quotient sheaf on G(r, V).

In addition to the Hodge polynomial of G(r, V'), (3.1) determines the
class

K (G(r, V) = { (3.1)

(k=)
GV = 3 WG V)L
=0

in Kg(Var). It is also possible to compute [G(r, V)] recursively. Indeed, we
have G(1,V) = P(V) 2 P*~! and G(k — 1,V) = P(VV) = P¥~1. In these
cases, using the locally closed decomposition of P*~1 as ACLIAL L. - - JAR-T,
we get

k—1
G(L V)] =[Gk —1,V)] = [P"1] = L.
=0
In the other cases, we can use the following recursive relation.
Proposition 3.1.1 (|Marl6, Prop. 2.1]). If r > 2, then the equality
(GO V)] =[Gk = D]+ LM (G(r = 1,k — 1)]

holds in Ko(Var).
Examples. If V = C* and r = 2, we have

(G(2,4)] = [PY](1+L*) =1+ L+2L%2+ L3+ L%,
If V =C® and r € {2,3}, we have
[G(3,5)] = [G(2,5)] = [G(2,4)] + L°[P?]

—1+L+2L%+2L% + 2L + L5 + LS.
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Moduli spaces of stable maps from genus 0 curves to G(r,V') have the
following important property, which we will use in the next sections.

Proposition 3.1.2. The evaluation evy+1 : Mont1(G(r,V),d) — G(r,V)
and its restriction Mo 41(G(r,V),d) — G(r, V') are locally trivial fibrations
in the Zariski topology.

Proof. For notational simplicity, let us identify V with C¥, via the choice
of a basis of V. Throughout all the proof, by a point we mean a closed
point. We represent each point [V — Q] € G(r,V) by a k x (k — r) matrix,
whose column vectors span ker(V — @Q). For any k x k matrix A and any
I,J € {1,...,k}, we denote by A(; ;) the submatrix of A whose rows are
indexed by I and whose columns are indexed by J.

For every I = {iy,...,ip_r} C {1,...,k}, let U; = A"*=") be the open
affine subset of G(r,V) whose points are quotients [V — @] such that
ker(V.— Q)N ({ej | j ¢ I}) = {0}. Here, e; is the j-th canonical basis
vector of C¥. If I¢ = {1,...,k}\ I, then U; can be identified with the closed
subgroup of GL(k,C) whose points are matrices A such that A r) = Ty,
A(re,rey = 1 and Az 7y = 0. Under this identification, there is a left action
of Ur on G(r, V), and Uy C G(r,V) is Us-invariant. Furthermore, the action
of Us on itself corresponds to the translation in A”(*~"): in particular, it is
free and transitive. Hereafter, we use the additive notation (Ur, +,0;) for the
group Uz, and a : Sch(+,Ur) x Sch(+, G(r,V)) = Sch(+, G(r,V)) denotes the
action of Ur on G(r, V). We will show that there is a canonical isomorphism

(eVnt1) "M (Ur) 2 Ur x (evat1) " ({01}).

Let (p: € — T, {xrti<r<nt1, f : € = G(r,V)) be a stable map over T
from (n+ 1)-pointed genus 0 curves to G(r, V') of class d, such that fox,4;
factors through U;. Then we can associate to (p, {z)}, f) both the morphism
foxpyr : T — Uy and the triple

(p:C— T {zrhicacns1 fo = ae(—=(foazns10p), f) : € = G(r,V)),

which is a stable map over T' of class d, such that fy o x,4+1 factors through
{0;}. This correspondence respects the equivalence classes and is natural
with respect to T', thus it determines a morphism

h: (eVn_H)il(U]) — Ur x (eVn_,_l)fl({O[}) .

Conversely, let (p' : C — T, {2\ }i<a<nt1, [ : € = G(r,V)) be a stable map
over T from (n + 1)-pointed genus 0 curves to G(r, V) of class d, such that
f' oz, factors through {07}, and let g : T'— U; be a morphism. Then

(p, :C =T, {xl,\}lg/\gn-ua fg = a@(g op,, f,) 1€ — G(T’ V))
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is a stable map over T' of class d, such that f;ox]  , = g. As above, this
correspondence respects the equivalence classes and is natural with respect
to T'. Therefore, it determines a morphism

B U x (evis1) " ({0r}) = (evnr1) T (Ur),

which is clearly the inverse of h.

Finally, note that (ev,+1)~1({07}) does not depend on the choice of I.
Indeed, if I’ C {1,...,k} is another subset with #I' = k — r, then an
isomorphism (ev,, 1) 71({07}) = (evi11) 1 ({07/}) is obtained via the action
of row-switching elementary matrices of GL(k,C) on G(r,V). Since the
subsets U form an open cover of G(r, V'), we obtain the thesis. O

The fiber of ev,, ;1 will be denoted by ®¢ ,,(G(r, V), d). Similarly, the fiber
of its restriction evyi1|asy,.,1 (G(r,v),a) Will be denoted by ®¢,,(G(r,V),d).

3.2 Recursive relations in Kf (Var)[q]

The variety M, (G(r, V), d) has a natural left action of the symmetric group
Yn, which is given by permutation of the marked points. Its subvariety
My (G(r,V),d), which parametrizes maps from smooth curves, is clearly
invariant under this action. If we view X, as the subgroup of ¥, 1 given by
{0 € i1 |o(n+1) =n+1}, then @, (G(r,V),d) and &g, (G(r,V),d) are
invariant under the restriction of the ¥,,1-action on M ,,4+1(G(r,V),d) and
Mo pn+1(G(r,V),d) to ,. Thus, we can consider the N-graded P-varieties
M,M :P xN— Var and ®,® : P x N — Var, defined as

M(n,d) :== Mo,(G(r,V),d), M(n,d) := Moy ,(G(r,V),d),
d(n,d) := @, (G(r,V),d), ®(n,d) == $on(G(r,V),d).
Here, N denotes the discrete monoidal category whose set of objects is N.
Using Proposition 1.3.2, Proposition 3.1.2 directly implies the next result.
Corollary 3.2.1. The equalities

DIM] = [G(r,V)][®],  D[M]=[G(r,V)][2]

hold in KE(Var)[q].

Following |GP06|, we will find a formula which relates the classes of
M, M,®,® in the Grothendieck group of N-graded P-varieties Kf (Var)[q].
First, we need some preliminary results.

Let us fix a representative for every equivalence class in I'g ,,(d); the set of
these representatives is denoted by I'g,(d). For any 7 € T, (d), let us also
fix representatives for each equivalence class in V;/ Aut(7), E;/ Aut(7) and
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F./ Aut(7); the corresponding sets are denoted by V;, E, and F, respec-
tively. Notice that L,/ Aut(r) = L,. Then we can consider the following
sets:

IYu(d) = {(7,0) | 7 € Fon(d) v € V51,
TE (d) = {(r,€) | 7 € Pou(d) ¢ € v}
Tk, (d) = {(r,1) | 7 € Fon(d), 1 € L}
T8 (d) = {(1,9) | T € Ton(d),i € Fy}.

IfaeV,UE,UL;UF,, wewrite Aut(r,a) for the group of automorphisms
of 7 preserving a.

Proposition 3.2.2 (cf. [GP06, Lemma 4.]). The equalities

¢y || Mo(r)/Aut(r,v) | = [M]o (s1+ (@), (3.2)

hE

d=0 n=0 (T,U)EFKTL (d)
'y | U Mo/ Auire)| =[G V))s20 @), (33)
d=0 n=0 (T,e)Ean(d)

WE
L

| | Ma(r)/Aut(r,1)| = s1D[M], (3.4)
| (TDETE,(d)

Y || Ma()/Aut(r,i)| = [G(r,V)|[@]® + 51 D[M] (3.5)
n=0 fﬂnerﬁnw)

hold in KE(Var)[q].

i
o
S
I
o

NE

IS
Il
o

Proof. The equalities are obtained by the same gluing process described in
Proposition 2.2.9, using [BM96, Prop. 2.4] and the definition of o. We show
their geometric interpretation on closed points.

The closed points of Mg(7)/ Aut(r,v) correspond to equivalence classes
[f,Cy] of stable maps (C,{x,}, f) with dual (n,d)-tree isomorphic to 7,
together with a distinguished irreducible component C, of C. Then we
obtain a X,-equivariant isomorphism

|_| Mg(7)/ Aut(r,v)

(r)ery, (d)

E

d oo
|| || (Mo;(G(r,V),8) x ($1 U ®)M (n,d - 6)) /%5
6=0j=0
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by viewing (C,{zx}, f) as the result of gluing (C},{z} }icp, (v), fi/) With a
stable map along each z¥, i € F.(v) \ L., and with a marked point along
each z¥, i € Fr(v) N L;. Here, C} is the normalization of C,, z¥ are the
corresponding special points on it, and fY : Cy — G(r,V) is the morphism
which factors through f|c,. The existence of this isomorphism implies (3.2).

The closed points of Mg(7)/ Aut(r, e) correspond to equivalence classes
[f, ze] of stable maps (C, {x)}, f) with dual (n, d)-tree isomorphic to 7, with
a distinguished double point z, € C. Then a >,-equivariant isomorphism

|| Mo(r)/Aut(r,e) = G(r, V) x (2R D)(n, d)/s)
(T.0)€TE,,(d)

is obtained by viewing (C, {zy}, f) as the gluing of two stable maps having an
additional marked point which they map to the same point f(z.) € G(r,V),
along these additional points. The existence of this isomorphism implies
(3.3).

The closed points of Mo(7)/ Aut(r,l) correspond to equivalence classes
[f,x1] of stable maps (C, {x}, f) with dual (n, d)-tree isomorphic to 7, with

a distinguished marked point z; € {z1,...,z,}. Since the 3,-action which
permutes the points x1,...,x, is the same as the one induced by the action
of 3,1 permuting x1,...,2, ..., %y, we get a Yp-equivariant isomorphism

|| Mo(r)/Aut(r,1) = (S; K DM)(n,d).
(r)erg, ()

The existence of this isomorphism implies (3.4).

Finally, let ¢ € F.. If i =1 € L., then we have the same result as
above. If i € F \ L;, then the closed points of Mn(7)/ Aut(7,i) correspond
to equivalence classes [f, CY, 27| of stable maps (C, {z\}, f) with dual (n, d)-
tree isomorphic to 7, together with a distinguished connected component
Cy of C¥ and a distinguished marked point 2/ € C¥, which is mapped to
a double point z; € C. As in the case of edges, we can view f as the
result of gluing two stable maps having an additional marked point which
they map to the same point f(z;) € G(r,V), along these additional points.

However, unlike the case of edges, the triples (f,CY,2Y), (f,C i )) are

JT(Z )’ %,
not identified in M(7)/ Aut(7,4). Therefore, we obtain a X,-equivariant

isomorphism

|| Mo(r)/Aut(r,i) = G(r, V) x (2R D)(n,d),
([r))€erE, (d)
1€EF-\L+

where we do not quotient by 5. It follows that there is a X,-equivariant
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isomorphism

U(T,i)el_‘(in(d) Mo (T)/ Aut(Tv Z)

|=

(G(r,V) x (X ®)(n,d)) U (S1 ®DM)(n,d),

whose existence implies (3.5). O

The following technical results will be needed in the proof of the main
theorem of this section.

Lemma 3.2.3 (|GP06, Lemma 4.8|). For any [t] € Iy ,(d), there is a canon-
ical injective map v - Fr — Vo U E;, U L.

The proof of the next lemma is straightforward.

Lemma 3.2.4. Let X be a quasi-projective variety, and let A be a finite set.
Let G be a finite group acting on both X and A. Then any choice of repre-
sentatives for the equivalence classes in AJ/G determines an isomorphism

(AxX)/G= || X/Ga,
[aleA/G

where Go, = {g € G | ga = a} is the stabilizer subgroup of G with respect to
the chosen representative a of [a].

Now, we can finally prove our main theorem.

Theorem 3.2.5 (cf. [GP06, Thm. 4.5]). The equality

[M] = [M] o (s1 + [8]) + [G(r, V)] (s2 0[] — [®]%)
holds in KF (Var)[q].

Proof. By Lemma 3.2.4, we have the equalities

|| Mo()/Aut(r,v)| = || (Ve x Mo(r))/ Aut(r) |,
(rw)ery, (d) | [T]€T0,n(d)

L] Mom)/Aw(re)| =| || (BrxMo(r)/Aut(r)|,

(T,e)ng{n(d) _[T]GFQYn(d)

Ll Mo(m)/Aut(rn = | || (L x Mo(r))/ Aut(7)

(T,l)el—‘&n(d) | [T]1€T 0, (d)
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The sum of the right hand sides is equal to

|| (VzUuE,UL;) x Mn(r))/ Aut(r) | . (3.6)
[r]€To,n(d)

The class (3.6) can be rewritten using Lemma 3.2.3. Indeed, let us consider
the canonical injection ¢ : F- — V. U E; U L. Since 7T is a tree, we have
#F, = #(V,UE;UL;)—1, thus the injection ¢ induces a canonical bijection
F.U{} = V;UE;UL;. As a consequence, we can rewrite (3.6) as

L] (Fr o)) x Ma(r))/ Aut(r) | ,

[T}Gro,n(d)

which in turn is equal to

|| Mo(n)/Aut(ra| + | || Mo/ Aut(r) |,

(r)eTE ,(d) [7]€T0.n (d)

again by Lemma 3.2.4. Finally, from Proposition 2.2.9 we know that

|| Mo@)/Aw)| =] || M@)|=[Mou(G(r,V),d)].

[7]€T0,n(d) [7]€T0,n(d)

Combining all these equalities and applying Proposition 3.2.2, we conclude
that the sum

[M] o (s1+[®]) + [G(r, V)] (s2 0 [®]) + 51 D[M]

equals
[G(r, V)|[®]) + 51 D[M] + [M]

in Kf(Var)[q], as claimed. O
Corollary 3.2.6. The equality

[G(r, V)]([®] — [®] o (s1+ [®])) =0
holds in K& (Var)[q].

Proof. Let us apply the derivation D to both sides of the equality in Theorem
3.2.5. The left hand side becomes

D[M] = [G(r, V)][®].
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Since D is additive, we can apply D separately on each summand on the
right hand side. Using the properties of D, we get

D([M] o (s1+[@])) = (D[M] o (s1 + [®])) D(s1 + [®])
= (([G(r,V)][@]) o (s1 + [B])) (1 + D[B))
= [G(r, V)I([2] © (s1 + [2])) (1 + D[®]),

then
D([G(r,V)](s2 0 [®])) = [G(r, V)] D(s2 © [®])
= [G(r, V)] (s1 0 [®]) D[®]
= [G(r,V)][®] D[®],
and finally

D([G(r,V)][@]?) = 2[G(r,V)][®] D[]
Therefore, combining all the equalities, we see that
[G(r, V)](1 + D[@])([®] - [@] 0 (s1 +[®])) = 0.
Since (14 D[®]) is not a zero divisor in Kf (Var)[g], we get the corollary. [

By Theorem 1.5.4, the Serre characteristic ¢ : KF (Var)[¢] — K& (MHS)[¢]
is a morphism of complete algebras with composition operation. Therefore,
by applying ¢ to both Theorem 3.2.5 and Corollary 3.2.6, we obtain the
following result.

Corollary 3.2.7. The equalities
e(M)=¢(M)o (31 + e(ff)) + e(G(r, V))(32 oe(®) — e((TD)2)

and
e(®) = e(®) o (s1+¢(®))
hold in K§ (MHS)[q].

The first equality of Corollary 3.2.7 shows that the Serre characteristic
¢(Mon(G(r,V),d)) € Kym(MHS) can be obtained by knowing

(i) e(G(r,V)) € Ko(MHS),
(il) ¢(Po.m(G(r,V),d)) € K3™(MHS) for m < n and § < d, and
(iti) e(Mom(G(r,V),8)) € K™ (MHS) for m < max{n,d} and § < d.

The second equality yields a recursive algorithm for the computation of
e(Po.m(G(r,V),d)). Thus, since [G(r, V)] (and hence its Serre characteristic)
can be computed as in Section 3.1, we see that the problem of determining
e(Mon(G(r,V),d)) boils down to the calculation of e(Mo ., (G(r,V),d)).
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3.3 The Serre characteristic of M, (G(r,V),d)

The open locus My, (G(r,V),d) — Mg n(G(r,V),d), which parametrizes
maps from nonsingular curves (i.e., curves isomorphic to P!), corresponds to
M (1), where [1] € T'g »(d) is the equivalence class of stable (n, d)-trees with

a single vertex and n leaves.
Let Morg(P!, G(r,V)) be the space of morphisms from P! to G(r, V) of
class d, and let

)= {(z1,...,zn) € (PY)" |25 £ 2; Vi #j}

be the configuration space of n distinct points in P'. The symmetric group
¥, acts on F(P!, n) on the left by permuting the n-tuples of points. If d > 0
or n > 3, there is a canonical ¥,-equivariant isomorphism

Mon(G(r,V),d) = (Morg(P', G(r,V)) x F(P',n))/ Aut(P'), (3.7)

where Aut(P') acts on both Morg(P!, G(r,V)) and F(P!, n) via its action on
PL. If we set F(PP!,0) := Spec(C), then this isomorphism holds also for n = 0
(when d > 0). In the remaining cases, namely for d = 0 and n € {0, 1,2},
the stability condition implies that My ,,(G(r,V),0) = 0.

Let F(P!) be the P-variety defined as F(P')(n) := F(P!,n). From [GP06],
we know the class of F(P') in KF(Var).

Proposition 3.3.1 (|GP06, Thm. 3.2]). The equality
[F(PY)] =1+ Exp([P'] Log(s1))

holds in KF (Var).

The corresponding formula for the Serre characteristic e(F(PP!)) can be
simplified using the properties of Kg (MHS).

Corollary 3.3.2 (|GPO06]). Let p denote the Mdébius function. Then the
equality

e(F(Pl =(1+p) H 1/” S kjn 1(n/k)LE
n=1

holds in K§(MHS).

We also know the class of Aut(P!) in Ko(Var), and its corresponding
Serre characteristic.

Proposition 3.3.3. We have
[Aut(P))] = L? - L, e(Aut(P)) = L> — L

in Ko(Var) and Ko(MHS), respectively.
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Proof. Since Aut(P') = Mor; (P!, P!), the equalities follow from the explicit
formula for [Morg(P,P")] € Ko(Var) of [GP06, Prop. 3.3]. O

Since the morphism Morg(P, G(r,V)) x F(P,n) — My ,(G(r,V),d)
is not a locally trivial fibration in the Zariski topology, we cannot express
the class [M(+,d)] € K (Var) in terms of the classes [F(P!)] and [Aut(P!)],
using the isomorphism (3.7). However, the next result tells us that we can
overcome this problem by considering the Serre characteristic.

Theorem 3.3.4 (|[GP06, Thm. 5.4]). Let X : P — Var be a P-variety, and
let G be a connected algebraic group which acts on each Xn. Assume that
the actions of X, and G on each Xn commute. If the action of G has finite
stabilizers, then ¢(X) = ¢(G) ¢(X/G) in KE (MHS).

As a consequence of this theorem, for all d > 0, we obtain the equality
e(Morg(P', G(r,V))) e(F(P')) = e(Aut(P")) e(M(+,d))
in K (MHS). We write

org(P', G(r 1
(M (-, d)) = S d(Pe&fl(lt’(]P‘Q)))) «(F(B))

(3.8)

meaning that e(M (-, d)) is the unique element of the form e(X), for X a
P-variety, such that ¢(Morg(P!, G(r,V))) e(F(P!)) = e(Aut(P!))e(X). We
also get the equality

or 1 T 2
(M (-,0)) = “M e?ﬁit’(gl())’v») <e(F(1P>1)) - Ze(F(]P’l,i))> (39)
=0

Therefore, in order to compute e(M(+,d)) (and hence e(M(+,d)), by
the results of Section 3.2), the only missing part is the computation of
¢(Mory(PY,G(r,V))) € Ko(Var). In the next chapter, we will show how
this can be performed.
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Chapter 4

The motive of Mory (P!, G(r, V))

The aim of this chapter is to show how the class of Morg(P!,G(r,V)) in
Ko(Varg) can be explicitly determined, in terms of the motives of certain
well-studied Quot schemes.

Organization of the chapter. In Section 4.1, we introduce the Quot scheme
compactification Qg of Morg(P', G(r,V)), and we study a certain locally
closed decomposition of Q.

The class of each of these strata in Ko (Varg) is determined in Section 4.2.
In Section 4.3, these classes are used to obtain a formula for the motive of
Mory (P, G(r, V).

Section 4.4 contains some examples, which show how to compute the
Serre characteristic of Mg, (G(r,V),d) using the method presented in this
thesis. In particular, we calculate the Serre characteristic of Mg ,,(G(2,4),2)
for n € {0, 1}.

Notation. We work over a fixed algebraically closed field k of characteristic 0.

Morphisms of k-schemes are tacitly assumed to be k-morphisms. Throughout

the chapter, P! = ]P’ﬂi, and V denotes a fixed k-vector space of dimension k.
For any Cartesian diagram

XxyT — X

| !

T —Y

and any morphism ¢ : F — §G of sheaves on X, the pullback of ¢ to X xy T is
denoted by ¢ : Fp — Gp. In particular, if Spec(k(y)) — Y is the morphism
determined by a point y € Y, then the pullback of ¥ to X is denoted by
Yy : Fy = Gy
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4.1 Quot compactification and its decomposition

In this section, we consider the scheme Mory(P!, G(r,V)) that parametrizes
morphisms of degree d from P! to G(r, V). We examine a compactification
of Mory(P!, G(r,V)) given by a certain Quot scheme @4, which we will use
in Section 4.3 to compute its class in Kq(Vary).

As shown in [Nit05], Morg(P!,G(r,V)) can be naturally realized as an
open subscheme of the Hilbert scheme of P! x G(r, V), by associating to each
morphism f : P! — G(r, V) its graph I'y C P! x G(r, V).

A different compactification is provided by the Quot scheme

Qu = Quot{/ iy 5,
which parametrizes equivalence classes of coherent quotients of V' ® Op1 of
rank r and degree d, i.e., with Hilbert polynomial equal to (t+1)r+d € k[t].
Inside Qq, Morg(P*, G(r,V)) is the open locus Qg corresponding to locally
free quotients of V & Opx.

The compactification Q4 was studied in [Str87]. In particular, we recall
the following result.

Theorem 4.1.1 ([Str87]). The Quot scheme Qg is an irreducible, rational,
nonsingular, projective k-variety of dimension kd + r(k —r).
Our aim is to study a certain locally closed decomposition of Q.

Definition 4.1.2. Let Y be an algebraic k-scheme. A locally closed decom-
position of Y is a morphism f : T — Y of algebraic k-schemes, that satisfies
the following conditions:

(i) the restriction of f to each connected component of 7' is a locally closed
immersion;

(ii) f is bijective on closed points.

Remark 4.1.3. Let Y be a k-variety, and let f : T — Y be a locally closed
decomposition of Y. If T1,...,T,, C T are the connected components of T,
then the equality

holds in Ko(Varg).

The starting point in constructing this decomposition is the following
observation. Since any coherent sheaf F on P! splits as the direct sum of
its torsion subsheaf T(F) and of the locally free sheaf F/T(F), the geometric
points of @ parametrizing quotients which are not locally free correspond
to morphisms P! — G(r, V) of lower degree, by considering only the locally
free part of the quotients. This fact suggests the possibility of finding a
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decomposition of Q4 such that each of its members correspond to morphisms
P! — G(r, V) of some fixed degree § < d.
Motivated by this observation, we consider the schemes

-~ (t+1)r+4d
Qs = Quoty o /p1 i

for any 6 € Z such that 0 < 6 < d. Let [r5 : V ® Opi, 5, — F5] be the
universal quotient on P! x Qs, &5 = ker(ms) and 15 : €5 — V ® Op1 g,
the inclusion. We then have the following short exact sequence of coherent
Op1 X@(s—modules:

0= & 5V ®0p,qn, —F5—0. (4.1)

The exactness of this sequence is preserved by any base change T — Qs, as
the following lemma shows.

Lemma 4.1.4. Let Y be a locally Noetherian scheme, let X be a Y -scheme
locally of finite type, and let

0—>3‘"ﬁ>9—>9{—>0

be a short exact sequence of coherent Ox-modules. If G is Y -flat, then H
is Y -flat if and only if for every morphism T — Y of locally Noetherian
schemes, the pulled-back morphism o1 : Fr — G is injective.

Proof. Assume that for every morphism T'— Y, o7 : Fpr — Gr is injective.
In particular, for each point y € Y, ¢, : F, — G, is injective. Then K is
Y-flat by [Mat80, Thm. 49, Appl. 2].

Conversely, assume that H is Y-flat. We shall prove that o is injective
on each stalk. Let z = (z,t,y,p) € X xy T, where y is a point of Y, z € X
and ¢ € T are in the fibers over y, and p is a prime ideal of Ox ; ®o,, Or4
such that pNOx; = my and pNOr; = my. Then (¢7). = (2 ®oy,, oy, )p-
Since ¢, is injective and H; is Oy y-flat, the homomorphism ¢, ®oy., idy(y) Is
injective, by [Mat80, Thm. 49, Appl. 2]. Thus, (s ®o,., id.) )p is injective,
too. As (+®oy,, £(t))p and (+®oy., O1t)p @0, £(t) are naturally isomorphic
functors of Ox z-modules, it follows that (¢; ®o,., idos,)p @op, de) 18
injective. Again by [Mat80, Thm. 49, Appl. 2|, this implies the injectivity of
(¢z ®oy,, idoT,t)p' O

Now, we introduce the relative Quot schemes

D d—o
Rs = QUOtﬁa/Plxéa/Qa

over Qs.

Proposition 4.1.5. The Quot scheme R is projective and smooth over Qg.
In particular, Rs is nonsingular.
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Proof. Since the projection P! x Q5 — Qs is a projective morphism, Rs is a
projective Qs-scheme (see [Nit05]).

If y € Qs is a closed point, let 0 — K — (€5), — § be the corresponding
short exact sequence of Opi-modules. Then

Ext'(K,5) 2 H!(P', XV ®G) =0,

because § has 0-dimensional support. Therefore, from [Leh98] it follows that
Rs is a smooth Qs-scheme.

Finally, since Qs is a smooth k-scheme, Rs is smooth over k and thus
nonsingular, because k is a perfect field. O

There is a Cartesian diagram

P1XR5LP1XQJ—>P1

| | |-

R; L Qs Spec(k)

where f5: Rs — Qs is the structure morphism and f5 =1idp1 x fs5. Let

(¢t6)m (7s)m
0— (85)@6 —5> V® OIP)IXT%(; —6> (9:6)R6 —0
be the pullback of (4.1) by f;. Moreover, let [ps : (€5)z, — Gs] be the
universal quotient on P! x Rgs, and let Hs be the cokernel of the inclusion

ker(ps) = V ® OpixR,- Then we have the following commutative diagram
of coherent Oplxﬁé—modules, with exact rows and columns:

0 0 0
0 —— K :=ker(ps) —— (Eé)ﬁa Po Ss 0
H (%)Ra
0 > Ks V® OI[MXRS > Hs 0. (4~2)
J (7s) R,
0 » (Fo)g, > Hs/Gs r 0
0 0

The existence of the dotted arrows follows from the universal properties of
kernels and cokernels. The exactness of all rows and columns is a consequence
of the Four lemma and of the Nine lemma.
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Since both G5 and Hs/Gs are flat over Rs, H;y is Rs-flat. Thus, for any
x € Rs the sequence of Opi-modules

0= (96)z — (Hs)e — (Hs5/G6)z — 0

is exact. Since (Hs/SGs)z = (F5) f5(x), We obtain that the Hilbert polynomial
of (Hs)y is
d—o+({t+1)r+d=0t+1r+dekl].

Therefore, by the universal property of @4, there exists a unique morphism
gs : Rs — Qg such that the quotient V ® OJP’XR; — Hs is equivalent to the
pullback of mg: V ® Op1yg, — Fa by idp1 xgs.

Remark 4.1.6. By Lemma 4.1.4, the diagram (4.2) is stable under any base
change T — Rj, because all sheaves appearing in it are flat over Rs. In
particular, for any = € Rg, the fiber (G5), is (isomorphic to) a 0-dimensional
subsheaf of (Hs),, so that there is an injective morphism from (Gs), into
the torsion subsheaf T((H;s)z) of (Hs)z. As a consequence, the length of
T((Hs)z) is at least d — 4.

Let Qs be the open locus in Q5 corresponding to locally free quotients of
V ® Op1; Qs is the locus corresponding to Mors (P!, G(r, V)) inside Q5. Let
Rs be the preimage f5 1(@5), with its open subscheme structure.

Proposition 4.1.7. For each 0 < § < d, the set-theoretic image gs(Rs) is
the constructible subset of Qg whose closed points are the elements of

{y € Qu(k) | length T((Fa),) = d — 5} .
In particular, there is a set-theoretic decomposition Qq = Llo<s<q 96(Rs)-

Proof. For any closed point y of gs(Rys), let © € Rs(k) such that gs(z) = y.
Let us consider the pullback of (4.2) to the fiber PL:

0 0 0
0 —— (Ks)o — (€5) f5(a) > (S5)a > 0

‘ ’ ~ ~

00— Ks)g —> VROp —— (Hs)y — 0 -

~—
>
2
lz
2
=%}
~_ <
<o)
=%}
~

8

)

00— (5

By Remark 4.1.6, (Gs), is a subsheaf of T((H;y),). Moreover, since x € Ry,
the quotient sheaf (Hs)./(9s5)s = (Hs/Gs)e = (Fs)fs(w) 18 locally free. As
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a consequence, (Gs), actually coincides with T((H;s),). It follows that the
length of T((Hs)z) is exactly d — 0. By construction of the morphism gs, we
have (Hs)z = (Fy)y, therefore the length of T((Fg)y) is d — 6.

Conversely, let y € Q4 be a closed point such that T = T((F4),) has
length d — §. Then we have a quotient

V&®O0p — (gjd)y — (?d)y/T,

where (Fg),/7T is a locally free Opi-module of rank r and degree §. Let
z € Qs(k) be the point corresponding to this quotient. There is a diagram

0 » ker(p) > (E5)2 P T >0

<
S
b
|
&
s
~
Q
o

which commutes and has exact rows and columns; this is a consequence of
the Four lemma and of the Nine lemma. In particular, T is a 0-dimensional
quotient of (€s), of length d — 6. Therefore, p : (€5), — T corresponds to
a closed point x € Rs such that fs(x) = z. Moreover, we have gs(z) = vy,
hence y € gs(Rs), as claimed.

Note that for any y € Qq, the length of T = T((F4),) cannot be greater
than d. If it was, then from the quotient V' ® Op1 — (Fa)y/T we would get
an invertible sheaf on P! with negative degree and a non-zero section. Thus,
every closed point y € Qg lies in some gs(R;).

By Chevalley’s Theorem, each gs(Rs) is a constructible subset of Q.
Since k is algebraically closed and @y is of finite type over k, the constructible
subsets of Q4 are uniquely determined by their intersection with Qg(k).
Therefore, from the above discussion we deduce that Q4 = Jy<s<y 9s(Rs)
and that gs(Rs) N g-(R.) = () whenever 6§ # . We thus get a set-theoretic

decomposition Qg = |_|0§5§d gs(Rs). O

For every 0 < ¢ < d, define

Us := @d \ |_| 9:-(Re) .

e<d

In particular, Uy = Q4. Let us recursively construct morphisms js : Rs — Us
as follows.
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For § = 0, we have Ry = Ry. Indeed, if x € Ro(k) then the subsheaf
(S0)z € T((Ho),) has maximal length d, hence it coincides with T((Hp)z).
Therefore, (Fo) 1 (x) = (Ho)a/(S0)e is locally free on P!, ie., x € Ro(k). Let
Jo :=go : Ry — Up. Since the morphisms gs are projective, the image go(Rp)
is closed in Qg. Thus, U3 = Qq \ go(Ro) is an open subvariety of Q.

Now, for § > 0, assume that we have already defined j5_; and proved
that Us is an open subvariety of Q4. Since gs(Rs) C Us, gs|r; : Rs — Qa
factors through a morphism js : Ry — Us.

Lemma 4.1.8. The commutative diagram

R(s‘—>R5

bk

Us — Qa

is a Cartesian diagram. As a consequence, js : Rs — Us is projective.

Proof. Let
T —% R(;

JU o
Us — Qa

be a commutative diagram of k-schemes of finite type. Let us consider the
pullback of (4.2) by u/ = idp1 xu : P! x T — P! x Rs. For any closed
point t € T, T((u*Hs):) contains the subsheaf (u"*Gs);, which has length
d — 6. On the other hand, since g5 o u factors through Us, the length of
T((u*Hs);) cannot be greater than d — §, thus it is exactly d — d. Therefore,
T((u*FHs)s) coincides with its subsheaf (u*Gs);. As a consequence, the sheaf
(u*(35/95)) 2 (u/*35)s/ (u/"Sg), is locally free.

Now, the set {t € T | (u"*(Hs/9s)): is locally free} is an open subset of
T, because u*(Hs/9s) is T-flat. Since it contains all closed points of T', it is
actually equal to T'. Therefore, for any t € T', ((fsou')*Fs): = (u*(Hs/95))¢
is locally free. It follows that u : T — Rg factors through a unique morphism
h : T — Rs. Since the immersion Us < Qg is a monomorphism, we also
have jso h = v. O

By Lemma 4.1.8, the image js(Rs) is closed in Us. Thus, the complement
Us \ js(Rs) is an open subvariety of Qg, because Us C Qg is open. Note that
we exactly have Usy 1 = Us \ js(Rs). Thus, we can proceed recursively and
define the morphisms js : Rs — Us for all 0 < § < d.

Lemma 4.1.9. For every 0 < 6 <d, js : Rs — Us is a monomorphism.
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Proof. By [Gro67, Prop. 17.2.6], js is a monomorphism if and only if it is
radicial (equivalently, universally injective) and formally unramified. Since
js : Rs — Us is a morphism of finite type of algebraic k-schemes, it suffices
to prove that js is injective on closed points and unramified.

Let x1,z9 € Rs be closed points such that js(z1) = js(z2). For each 1,
pulling-back (4.2) to Pii, we get the following commutative diagram with
exact rows and columns:

0 0 0

\L ~ ~

0 —— (:Kts)f B— ((85)5’.5):}:1 I (96)11 —— 0

7

H ~

0 — K§)gy —— V®Opr —— (Hs)y;, — 0 -

0 ——— (Fo)rs)ey — (%é/éé)xi — 0

i
<
i
<

Since js(x1) = js(w2), there is an isomorphism (Hs)z, = (Hs)z, which
commutes with the quotients V ® Op1 — (Hs)z,. Equivalently, we have
(Ks5)z, = (K5)z, as subsheaves of Opi. The sheaves ((Fs5)r;)s,; are locally
free, because fs(x;) € Qs. Therefore, each T((Hs)y,) coincides with its sub-
sheaf (G5)z,. As a consequence, we obtain that ((E5)r,)z, = ((E5)Rs)zs aS
subsheaves of V ® Op1, because both of them are the saturation of the same
subsheaf (Xs)z,. Moreover, there is an isomorphism (95)z, = (95)z, com-
muting with the quotients ((€5)r,)z; — (96)a;, i-€., 1 = z2. Thus, js is
injective on closed points.

Let us now prove that js is unramified. Since f5|g, : Rs — Q5 is smooth,
there is a short exact sequence of locally free Og,-modules

0— (fé’Ra)*QQ(;/k%QRg/k_)QRL;/Q(; — 0. (4.3)

Moreover, we have the exact sequence of Opg,;-modules

95 Qs ) = Qrs e — gy s — 0. (4.4)

By [Leh98|, for any closed point x € Ry, we have

((fs]Rs) " Q0 i) ® K@) = Hom (((€5)ry)as (Fs)Bs)a) "
QR&/QE ® k(x) = Hom((XKs)s, (96)z)v )
95 (Q, i) © K(x) = Hom((Ks) e, (Hs)z)” -

12

I
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The vector space Hom((95)x, (Hs)/SGs).) vanishes, because (Gs), is a torsion
sheaf and (Hs)/Gs)s is torsion-free. Therefore, using the long exact Ext
sequences associated to the pullback of (4.2) to PL, (4.3) implies that

Qp, /x ® K(z) = coker(a)”,

where oo = « 0 (p5)z : Hom((95)2, (Hs)z) — Hom(((E5)Rs)as (Hs)a). More-
over, the pullback of the morphism g5(Qp; i) — Qpggi of (4.4) to Pl is
the dual of the canonical injection coker(«) — Hom((Xs)z, (Hs)z), hence it
is surjective. As a consequence, we obtain the vanishing of Qp, /i, ® k().
Since Qp; /s @ k(x) = 0 for each closed point = € Rs and R; is of finite type
over k, we have Qg /iy, = 0, i.e., js is unramified. ]

Theorem 4.1.10. The morphism

jIZ |_| (Rgié—)Ugc—)@d): |_| R5—>©d
0<6<d 0<0<d

is a locally closed decomposition of Q.

Proof. By Proposition 4.1.7, since js(Rs) = gs(Rs), j is bijective on closed
points. From Lemma 4.1.8 and Lemma 4.1.9 it follows that j; : Rs — Uy is
a proper monomorphism, hence a closed immersion by [Gro67, Cor. 18.12.6].

Therefore, each composition Ry 2% Us < Qq is a locally closed immersion
and j is a locally closed decomposition of Q. O

Using Remark 4.1.3, we immediately obtain the following result.

Corollary 4.1.11. The equality

holds in Ko(Varg).

4.2 The motive of R;

Let 0 < § < d be fixed, and let Rs be the scheme defined in Section 4.1,
which comes equipped with a structure morphism f5|g, : Rs — Qs over
Qs = Mors(P!,G(r,V)). In this section, we describe [R;] € Ko(Varg) in
terms of the classes of certain locally closed subschemes Q5 of Qs.

Let s := k — r. By Grothendieck’s theorem on vector bundles on P!, for
every y € (s there is an isomorphism

(&5)y = €D Op1 (ai(y))
1=0
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where a1 (y) < - -+ < as(y) is a uniquely determined sequence of integers such
that a1(y) + - - - + as(y) = —0. Note that each a;(y) is < 0, because (€5), is
a subsheaf of V ® Opé.

Let As ={a€Z|a1 <---<ay <0, |a] = —=d}. By [Sha77]|, for any
a € Ag the locus

Q5 ={y€Qs|(ar1(y),...,as(y)) = a}

is locally closed in ()5, because s is flat over Q5. Let RY be the preimage
fs 1(Qg‘), with its reduced induced scheme structure.
The main theorem of this section is the following.

Theorem 4.2.1. For every a € As, let

2= 0p1(ai).
=0

Then the restriction f(;]R? : RY — Q% is a locally trivial fibration in the

Zariski topology, with fiber Quotggf/‘spl Jic

The proof of Theorem 4.2.1 essentially relies on the following result.

Proposition 4.2.2. Let T be a smooth k-scheme, and let € be a coherent
locally free sheaf of rank s on P' x T, flat over T. Assume that for every
t € T, there is an tsomorphism

Et = @ O[P?tl (al) )
i=1

where the integers a1 < --- < as are independent of t. Then, Zariski locally
on T, € is isomorphic to the pullback of @;_; Opi(a;) by the projection
P! x T — P!

Proof. Without loss of generality, we may assume that 7' is integral. Let
p:PlxT — P and ¢:P' x T — T be the two projections. If I is a sheaf
on P! x T, we write H(a) for H ® p*Op1(a). We will proceed by induction
on s.

If s =1, let us consider the coherent Op-module F = ¢.(E(—ay)). By
the results on cohomology and base change, F is a locally free sheaf of rank
hP(PY, Op1) = 1, which commutes with any base change. The counit of the
adjunction ¢* - g, gives an isomorphism of invertible sheaves ¢*F = E(—ay).
Therefore, we can cover T' with open subsets over which ¢*F trivializes, so
that we get an isomorphism p*Op1(a;) = €.

If s > 1, let F = q.(E(—as)). By Grauert’s theorem on base change,
F is a locally free Op-module of rank s’ = #{i | a; = as}. As above, the
counit of the adjunction ¢* - ¢, gives a morphism of locally free sheaves
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¢*F — &(—as). On each fiber P} over t € T, this morphism is the evaluation
HY(P}, &i(—as)) ® Op1 — &(—as), which is an injection of vector bundles.
Therefore, we have an injection of locally free sheaves (¢*F)(as) — € with
locally free quotient Q:

0= (¢"F)(as) > € =92 —0. (4.5)

On each fiber P}, we have

(@) = P Op(@), %= P Op(ai).

ila;=as i|la;#as

By the induction hypothesis, since the rank of Q is strictly less than s, we can
cover T' with open subsets U, such that Q| is isomorphic to the pullback of
®Dija; 2, Or1(a;) by the projection P! x U — U. By shrinking T if necessary,
we may thus assume that this happens globally on T

In order to prove that the sequence (4.5) splits (Zariski locally), consider

Ext’(Q, (¢"F)(as)) 2 H (P! x T,Q" @ (¢*F)(as)) -

Let us apply the Leray spectral sequence H (T, R7q,(+)) = H (P! x T, +)
to the sheaf Q¥ ® (¢*F)(as). Since dim(P!) = 1, R¢.(Q" ® (¢*F)(as)) = 0

for every ¢ > 1. For ¢ = 1, using the projection formula, we obtain
R'¢:(Q" @ (¢'F)(as)) = T @ R1q.(2"(as)) -

The sheaf Q¥ (as) is the pullback of @4, 24,

because as > a;, thus R'¢.(QV(as)) = 0. Finally, the last contribution to
HY(P! x T,Q" ® (¢*F)(as)) coming from the Leray spectral sequence is

Op1 (as—a;), whose H! vanishes

HY(T,¢.(Q" @ (¢"F)(as))) = HYT,F ® ¢.(Q"(as)) -

If U is an affine open subset of T, then HY(U, F ® ¢.(Q"(as)) = 0. It follows
that
HY (P! x U, Q" ® (¢*F)(as)) =0,

hence the sequence (4.5) splits over U. By considering an affine open cover
{Ux}x, such that F is trivial on each Uy, we get the desired isomorphism. [

Proof of Theorem 4.2.1. By Proposition 4.2.2, there exists a Zariski open
cover {Uy} of @ such that Es|pr,;, = p*(€F) for all A, where the morphism
p: P! x Uy — P! is the projection. Therefore, by the base change property
of the Quot scheme, the preimage f5° 1(U ») € R§ is naturally isomorphic to
d—§ ~ d—§ ~ d—é
QUOtE(;/IP’leg/Qg x@alUy = QUOtp*(E‘g)/Ple)\/U)\ = Quotgg./[?l/k XUy .

Thus fs| Rz R§ — QF is a locally trivial fibration. O
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By means of Proposition 1.3.2, Theorem 4.2.1 has the following direct
consequence.

Corollary 4.2.3. For each 0 < 6 < d and each a € Ags, the equality

i) = 3 (@3] Quott |
acAs

holds in Ko(Var).

Proof. The subschemes RS, for a € A, give a locally closed decomposition
of Rs. Therefore, we have

[Rs] = [R].

acAs

By Theorem 4.2.1, each fs] rz © R§ — QF is a locally trivial fibration in
the Zariski topology, with fiber Quo‘cd_‘s Thus, from Proposition 1.3.2

ga/pl/k’
it follows that
(R3] = (@3] Quotds |-
Combining the two equalities, we obtain the desired result. ]

gg/épl /k
in Ko(Varg). In principle, this class could depend on a. However, we will
show in Chapter 5 that it only depends on the rank of the locally free sheaf
€%, hence it is independent of a.

Actually, the same result holds also for the Quot scheme of 0-dimensional
quotients of a locally free sheaf on an arbitrary smooth projective curve.
Since the study of these Quot schemes would constitute a little digression
from the main purpose of this chapter, we chose to postpone it until Chapter
5. Nevertheless, we will use some of those results in the subsequent sections.

In this context, the most important outcome of Chapter 5 is the following
corollary of Proposition 5.3.5.

We are now faced with the problem of computing the class of Quot

Proposition 4.2.4. For any integer 0 < 6§ < d, the equality

s ] _ (1-Lm*th).. (1 -Lm™)
[Quotgg/]?l/k} = Z 1-L)y L (4.6)
meNs, |m|=d—¢

holds in Ko(Vark), where dm = > ;_1(i — 1)m;. In particular, this class does
not depend on a € Ag.

Proof. By Proposition 5.3.5, we have

[QUOtggfpl/k} = Z [Pml] ce. Hpms] Idm
meNs, |m|=d—o
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Since for each m; there is a locally closed decomposition |_|;7Z0 AT — P we
also have

mg ) 1— LmH‘l
P — IJ = - 4.
P =2 . (4.7)
J=0
The combination of the two equalities yields the result. ]

The class appearing in (4.6), which depends only on s = k—r and d — ¢,
will be denoted by Rgb_r 5

Remark 4.2.5. In (4.6), we are not claiming that 1 — L is invertible in
Ko(Varg). The right hand side of (4.6) must be understood as a formal
expression, as in (4.7).

4.3 The class of Mory(P, G(r,V)) in Ko(Vary)
Now, we have all the ingredients to find a method for computing the motive
of Morg(P!, G(r, V). This is exactly the content of this section.

Let Qq := [Q4] = [Morg(P!,G(r,V))] € Ko(Vary). Using the results of
the previous sections, we obtain the following equality.

Theorem 4.3.1. The equality
0 [ee} o) -1
> au - (i ) (L mi (18)
d=0 d=0 d=0

holds in Ko(Varg)[q]-

Proof. Applying Corollary 4.2.3 and Proposition 4.2.4, we get the equality

[Rs] = Y (@81 Quotd s | = REZ, ( > [Q§]> = Ry"5(Qs).

acAs acAg;

in Ko(Varg). By Corollary 4.1.11, we thus have

d d
[Qdl =D [Rs] =D RI"5(Qs],
o= 6=0

0
therefore . . .
> [Qdle” = <Z qud> (Z Rfibrqd> -
d=0 d=0 d=0

Since R(f)br = 1 the last power series is invertible, thus we obtain the claimed
equality. O
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Theorem 4.3.1 provides a recursive formula for the class Qg in terms of
the classes [Qs] and R for § < d:

7j—1 d
To:=1, T;:=-> TR, Qi=> T;[Qul- (4.9)
i=0 =0

We have already calculated Rgbr in Proposition 4.2.4. Thus, in order for
(4.9) to be effective for computing Qg, we only need to calculate [Qs].
From [Str87], we know that Qs has a Biatynicki-Birula decomposition.
In particular, this is a locally closed decomposition into subvarieties, each
one of which is isomorphic to some affine space A?. For every fixed i, let ms,i
be the number of i-dimensional cells of this decomposition. Then we have

dim(Qs) ko+r(k—r)
[Qs] = me i [A'] = mes L' . (4.10)
i=0 i=0
Strgmme also computed the numbers ms;. Let F' C Z 75+ x Z° be

S
X
the subset whose elements are triples (a = (a1,...,as), b = (bo,...,bs),
c=(e1,...,¢s)) such that

0<c1 << &

Then the following result holds.

Theorem 4.3.2 ([Str87, Thm. 5.4]). For all 0 <i < kd +r(k —1), ms,; is
equal to the number of elements (a,b,c) € F such that the equality

s

Z(aj + Cj(l + bj — bjfl)) =1
=1

holds.

Using this theorem, it is possible to calculate all the coefficients m;; in
(4.10). Therefore, (4.10) becomes an explicit formula for the computation
of [Qs] € Ko(Vark). In particular, this completely solves the problem of
calculating Qg: after computing [Q;] for all § < d via (4.10), one can use
the recursive equalities (4.9) and Proposition 4.2.4 to determine Q.

4.4 Examples
Let k = C. Following the method explained in Section 4.3, it is possible to

compute Qg = [Mory (P!, G(r,V))] € Ko(Var) and thus ¢(Qg) € Ko(MHS).
We can then insert the result in (3.8) and (3.9) to obtain ¢(M (-, d)). Finally,
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the knowledge of ¢(Mo (G (1, V), d)) for all m < max{n,d} and 6 < d allows
us to determine ¢(Mg,(G(r,V),d)), via the recursive formulas of Corollary
3.2.7. In this way, we have obtained a general algorithm for computing the
Serre characteristic (and hence the Hodge numbers) of Mg ,(G(r,V),d) for
any n,d € N and any Grassmannian G(r, V).
Remark 4.4.1. As a consequence of our procedure, the cohomology group
H' (Mo, (G(r,V),d)) vanishes for i odd, whereas its class in Ko(MHS) is a
multiple of L¥/2 for i even. This agrees with the results of [Opr06].

In this section, we examine some examples, in order to show how the
algorithm effectively works in practice.

4.4.1 The Serre characteristic of M,(G(2,4),2)

We consider the Grassmannian G(2,4), for which (k,r,s) = (4,2,2). Recall
that

[G(2,4)] = (L2 +1)(L2 + L + 1) € Ko(Var).
First, let us compute RP* for all 0 < i < 2. For any m = (mq,mg) € N2,
we have dm = mg. Therefore, from (4.6) we obtain

R =1,
L2-1)(L-1 L-1)(L2-1
(P -DHEL-1)  (L*-1) (L-1)(L-1)
R =@ "ottt mor Y

=LY+ 2L3 +4L%2 + 2L + 1.

Now, we can compute T; for all 0 <7 < 2:

“R" = —(L+1)%,
~RP" - RIP'T) = R+ (RPT)2 = 2L(L2+ L +1).
Using Theorem 4.3.2, we can also calculate [Q4] for any 0 < d < 2. We have
[Qo] = (L2 + 1)L+ L+1),
Q=L +1T*+1)T*-L+1)(L°+L+1),
Q) =2+ DL+ L+ D)L+ 1)L+ L2+ L2+ L +1).
Combining the previous equalities, we get

= To[Qo] = (L’ + 1)(L* + L+ 1),

—

= To[@1] + T1[Qo) = L(L - (L + )*(L> + )(L* + L+ 1),
= To[Q2] + T1[Q1] + T2[Qo]
=L3(L-1)(L+1)L*+ 1)L+ L+ )T+ L*+L-1).
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The knowledge of ¢(Qg) allows us to determine e¢(Myo(G(2,4),d)) for all
n, via the equalities (3.8) and (3.9). For notational simplicity, let us write
Y = G(2,4). For n =0 we have M (Y,0) = 0 and

e(Moo(Y, d)) = Eg(‘i‘ii

for all d > 0, therefore

e(Mo,(Y,0)) = e(Mop(Y,0)) =0,
e(Moo(Y,1)) = e(Moo(Y,1)) = (L+1)(L2+1)(L2+L+1),
(Moo(Y,2)) = L2 (L2 + )(L> + L+ )(LP+ L2+ L—1).

For n = 1 we have M 1(Y,0) = () and

¢(Qq)

o(Mo(Y,d)) = 5

( +1)81 =

for all d > 0, because ¢(F(P',1)) = (L + 1)s; by Corollary 3.3.2. Thus

¢(Mo,1(Y,0)) = ¢(Mo,1(Y,0)) =0,
e(Mo1(Y,1)) = e(Mo(Y,1)) = (L+ 1*(L* + )(L* + L+ sy,
e(Mo1(Y,2)) = L2(L+1D)(L2+1)(LP+ L+ 1)L+ L2 +L—1)s1.

For n = 2 we have M 2(Y,0) = () and

e(Mop(Y,d)) = Lg,(id)L ((L* = L)sz + Ls?) = EgQ_d)l ((L=1)s2+ s7)

for all d > 0, because ¢(F(P',2)) = (L2 — L)sy + Ls?. Therefore
e(Mo2(Y,0))
Q(M(),Q(Y, 1))
e(MO’Q(Y, 2))

¢(Mo2(Y,0)) =0,
L+ D)L+ D)L +L+1)((L—1)s2+ s7),
B+ D)L+ L+ ) (L + L2+ L —1)((L—1)s2 + s7) .

L
L

We can also compute ¢(®g (Y, d)), via Corollary 3.2.1. For n = 0 we
have

_ D(e(Moa(Y,d))) ¢(Qq)
(oo, d)) = e?;/) TLL-D(2+ 1C;(L2 +L+1)
hence
¢(Po,0(Y,0)) = e(Po(Y,0)) =0,
e(Poo(Y,1)) = e(Poo(Y,1)) = (L+1)%,
¢(Poo(Y,2) = L2(L+1)(L*+L2+L—1).
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For n = 1 we have

 D(e(Mos(V.d))  (Qa) D((L—1)sy + 5?)
(Lo (Y, d)) = i;) = o+ L)

TL-nEerne+L+n

hence

e(Po,1(Y,0))
e(Po1(Y, 1))
¢(®0,1(Y,2))

2((5071(}/, O)) = O7
L(L+1)%sy,
BL+DLP+L2+L—1)s;.

Now, recall that we have the equalities s1 = p; and 2s9 = ps + p%, and
that p, o« is an algebra homomorphism, for any n. Then Corollary 3.2.7
implies that

Q(M071(Y, 1)) .

e(Moo(Y,2)) = e(Moo(Y,2)) + . (®oo(Y,1))
+e(v)P2O e(Poo(Y, 1))2— ¢(Po,0(Y; 1)) @)
By the previous computations, we have
euﬁgyﬂnq@an»_4L+UHB+1xB+L+1y
Moreover, we have
p2oe(Poo(Y,1)) —e(Poo(Y,1))* (L2 +1)? —(L+1)* _ Lol 4L41),

2 2

therefore

p2oe(Poo(Y,1)) — e(Ppp(Y,1))?

(Y) ;

= 2L(L2+ 1)(L2+L+1)2.

Finally, the sum of all contributions in (4.11) yields the Serre characteristic
of MO,O ()/, 2)1

¢(Mopo(Y,2)) = L2 + 318 4+ 7L7 + 1105 4- 14L° + 14L% + 1113 + 7L% + 3L + 1.
In particular, the E-polynomial of M (Y, 2) is
90 + 3t%u® + 770" + 116568 + 146°%0° + 14¢*u* + 116303 + 7120 + 3t + 1

in agreement with [L614, Thm. 3.1].
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4.4.2 The Serre characteristic of M, ,(G(2,4),2)

As above, we write Y = G(2,4). In addition to the previous computations,
we first need to determine ¢(Mp 3(Y,0)) and (g 1(Y,1)).
Since ¢(F(P!,3)) = (L3 — L)s3, by (3.9) we have
¢(Qo)

e(Mo3(Y,0)) = 15— L(L3 —L)sg = (L2+1)(L2+ L+ 1)s3.

As a consequence, we also have

D(e(Mo3(Y,0)))

e(@o,g(Y7 0)) = Q(Y)

= S9.

Thus, from Corollary 3.2.7 it follows that

N e(Po2(Y,0)) .

e(Po,1 (Y, 1)) = (P (V1)) 5

(Po,0(Y,1))s1
= (L+1)%s;.

We are now able to compute ¢(Mg1(Y,2)). Indeed, via the equalities
S§1 = p1, 289 = P2 —I—p% and 6s3 = 2p3 + 3p1p2 —I—pi’, Corollary 3.2.7 implies
that e(Mg1(Y,2)) is the sum of the following terms:

e(Mo1(Y,2)) = L2(L+1)(L2+ 1)(L2+ L+ 1)L+ L2+ L —1)s1;

L)@y (v, 1)) = (L P2+ A2 4 Lt D)o
S1

{e(Mo2(Y,1))}s, e(Poo(Y,1))s1 = L(L + D3L—=1D(L2+1)(L>+L+1)s1;
2{e(Mg2(Y, 1))}s§ e(Poo(Y,1))s1 = 2L(L + D324+ 1)(L2+L+1)s;;

e(]\40723(}/70))6(<1>0,0(Y, 1))%s1 = %(L + DL+ (L2 + L+ 1)s1;
S3

¢(Mo;3(Y,0))
2s3
—e(Y) e(Bo0(Y, 1)) e(Po,a(Y, 1)) = —(L+1)°(L* + 1)(L* + L+ 1)s1.

(2 e(@oo(¥,1))s1 = 5 (2 + 1AL + L+ 1)s

Here, {¢e(Mo2(Y,1))}s, (resp. {e(Moa(Y, 1))}2) denotes the coefficient of s;

(resp. s7) in Q(M%(K 1)). Summing all the terms, we obtain that the Serre
characteristic of Mg (Y, 2) is equal to

(L10 4419 + 1218 + 2207 + 33L° 4 36L° + 33L* + 2213 + 1212 + 4L + 1)s; .
In particular, its E-polynomial is

19019 + 48207 + 1263068 + 226" + 33t5uC + 36¢5u° + 33t1ut + 226303
+ 12620 + dtu + 1.
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Chapter 5

Motive of Quot schemes of
zero-dimensional quotients on a
curve

This chapter is based on a joint work with B. Fantechi and F. Perroni
[BFP19].

Let C be a smooth projective curve over an algebraically closed ground
field k, and let € be a locally free sheaf of rank r on C'. For any n € Zy,
let Quoty 0k be the Quot scheme which parametrizes coherent quotients
of € with finite support and n-dimensional space of global sections. This
Quot scheme is a smooth projective k-variety, and it follows easily from its
definition that there is a natural isomorphism

Quoty /¢ = Quotie ok

for any invertible sheaf £ on C. In particular, when r = 1, Quoty 10k is
isomorphic to Quot 1Ok In the case where r > 1, the isomorphism class of
Quoty 10k depends on €&, as one already sees when n = 1, in which case

Quoty oy = P(€),

the projective space bundle associated to € (see Section 5.1.3).

The aims of this chapter are to study the class of Quotg 10k (where
r > 2) in the Grothendieck ring of k-varieties and to compute it in terms
of the classes [Sym"™(C)], for m > 0. In particular, we prove the following
result.

Main Theorem. Under the previous hypotheses, the equality

[Quotg o] = [Quotier /oy

holds true in the Grothendieck ring Ko(Varg) of k-varieties.
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Organization of the chapter. In Section 5.1, we present some well-known facts
about Quot schemes on smooth projective curves. In particular, in §5.1.1 we
recall the existence of a natural morphism o : Quoty JCJk Sym"(C'), which

we describe explicitly in §5.1.2. Finally, in §5.1.3 we consider Quoté/c/k,

and we show that, in general, it is not isomorphic to Quot(lg@r 1Ok

A more detailed study of the morphism o is the subject of Section 5.2,
where we show that the fibers of o only depend (up to isomorphism) on the
rank of the locally free sheaf €.

Section 5.3 contains the proof of the main theorem of this chapter. As
an application, we explicitly compute [Quoty Jc /k] € Ko(Vargk) and we prove
that Quoty 10k is irreducible.

5.1 Notations and basic results

In this section, we recall some basic results that are relevant for us and we
fix the notation. For the proofs and for more details we refer to [Gro61].
Throughout the chapter, we work over an algebraically closed ground field
k. All schemes and morphisms between them are assumed to be over k.

Let X be a projective scheme. Let Ox(1) be a very ample invertible
sheaf on X, let P € Q[(] be a polynomial with rational coefficients, and let
F be a coherent sheaf on X. We denote by Quotg /X /k the Quot scheme that
parametrizes coherent quotients of & with Hilbert polynomial P.

Recall that Quotf; /X /k is a projective scheme, which represents the con-
travariant functor that associates to any locally noetherian scheme S the set
of isomorphism classes of S-flat coherent quotients 7 : Fg — H, such that the
Hilbert polynomial of Hj is equal to P, for all s € S. Here, Fg (respectively
JHs) is the pullback of F to S x X under the projection onto the second factor
(respectively the pullback of H to X). In particular, the identity morphism
of Quot§ /k(ff) corresponds to the universal quotient p : SrQuot%X/k —Q

A similar result holds true if X is replaced by a quasi-projective scheme
U. In this case, one defines a functor as before, with the additional require-
ment that H has proper support over S. Then, this functor is representable
by a quasi-projective scheme Quotg U i The relation between the two con-

structions is given by the following result (see also [Nit05]).

Theorem 5.1.1. Let X and F be as before, and let U C X be an open
subscheme. Then Quot%wwk is naturally an open subscheme of Quotg/x/k.

Now, let us consider the case where P is a constant polynomial equal to
n € Z=g. Then Quoty Xk parametrizes coherent quotients of F with finite
support and such that the dimension of the space of sections is equal to n.
Therefore, Quot? Xk 18 independent of Ox(1).
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In this chapter, the main object of study is Quot?/c/k, where C' is a
smooth projective curve and € is locally free.
Notation. Throughout the chapter, Quot 10k will be denoted by Q#(E).
Accordingly, the corresponding universal quotient on C' x Q%(€) will be
denoted by p : 8@%(8) — Q. Whenever U C C' is an open subscheme, we will
write QF;(€) for the Quot scheme QuOtaU/U/kv and po : Eqn(e) — Qo for its
universal quotient.

Let us first recall the following fact.
Lemma 5.1.2. Let C be a smooth projective curve, and let € be a locally free

coherent sheaf of rank r on C. Then Q%(E) is a smooth variety of dimension
nr.

Proof. Let [r: € — H] be a k-rational point of Q#(€). Since the support of
H is 0-dimensional, we have that

Ext! (ker(r), 30) = HY(C, ker(n)Y @ H) = 0.

The smoothness now follows from [HL10, Prop. 2.2.8]. Moreover, the dimen-
sion coincides with that of the Zariski tangent space at the point [r : € — H],
which is equal to dimy H°(C, ker(m)¥ @ H) = nr. O

As a consequence of Theorem 5.1.1 and Lemma 5.1.2, Q7;(€) is a smooth
quasi-projective variety, for any U C C open.

Remark 5.1.3. Under the above hypotheses, Q{(€) is also irreducible (see
Corollary 5.3.7).

5.1.1 The morphism o

In the proof of the Main Theorem we will use the morphism 9y defined
in |Gro61, §6|, which will be denoted o in this article. The following result
is a special case of Grothendieck’s construction.

Proposition 5.1.4. Let F be a coherent sheaf on C. Then there exists a
canonical morphism o : QE(F) — Sym™(C) that maps any k-rational point
x=[r:F — H] to the effective divisor

div(H) = dimy(H,) z,
zeC
where H,, is the stalk of H at x.

Remark 5.1.5. If U C C is an open subset, then o~1(Sym™(U)) can be
naturally identified with Qf;(€). Hereafter, the morphism induced by o will
be denoted by oy : Q7 (€) = Sym"™(U).
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When € = O¢, Q}(0¢) = Hilb’("}/]k and this morphism is exactly the
Hilbert-Chow morphism HCy : Hilby; 5, — Sym™(U) of [FGO5]. Notice that
HCy is an isomorphism. Therefore, for any &, oy factors through HCy via
the morphism hy := HC(}1 ooy : QE(E) — Hilbyg .-

5.1.2 Explicit construction of hy

For later use, we provide here an explicit construction of hy.

Let us consider the universal quotient pg : EQr[} &) — Qo associated to
Qp(€). If X = ker(po) and ¢ : K — Eqn ey is the inclusion, then we have
the short exact sequence

0—>J<48Q5(3)p—0>90—>0.

Since both 8@8(8) and Qg are flat over Q7 (€), X is flat over Q7 (€), too.
Moreover, the restriction of K to U, is locally free, for all € QF(€). It
follows that X is a locally free sheaf of rank r = rk(€).

Let A"(¢) @ A"(K) — A"(Eqpe)) be the r-th exterior power of «. By
tensoring it with /\’”(EQr(} (€))", we get a short exact sequence

0— /\T(JC) (9 /\T(EQTUL(S))V — OQ{}(S)XU —-3§—0.

Notice that § is flat over Qf;(€), since Ogn (eyxr is Qp;(€)-flat and A™(1)
remains injective when restricted to every fiber (see [Mat80, Thm. 49 and
its corollaries|). Moreover, the Hilbert polynomial of the restriction of G to
every fiber is equal to n; indeed, the elementary divisor theorem for PIDs
implies that the restriction of G to every fiber is isomorphic to the restriction
of Qg to the same fiber. Therefore, the quotient OQZ &)xu — 9 corresponds
to a morphism QF,(€) — Hilby, Ik which is exactly the morphism hy; defined
in Section 5.1.1.

5.1.3 The casen =1

The following result should be well known, but we include it here for lack of
a suitable reference.

Proposition 5.1.6. The Quot scheme Q (&) is isomorphic to the projective
space bundle P(E).

Proof. In order to simplify the notation, let us denote Qé(&) by @, and the
universal quotient over @ x C' by p: €g — Q.

Let ¢ : @ — C be the morphism introduced in Section 5.1.1 and let
f = (dg,0) : @ = @ x C be the morphism with components the identity
of @ and o, respectively. Then the pullback of p via f gives a quotient
ffp: f*€g — f*Q. Notice that f*Q ® k(x) = k(z) for any z € @ (where
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k(z) is the residue field of x), therefore f*Q is locally free of rank 1. Since
f*€g = 0*E&, by [Har77, Prop. 7.12] we obtain a morphism g : Q — P(E).

On the other hand, let p : P(§) — C be the projection associated to
&, and let p*€ — L be the universal quotient over P(£). Let us consider
the subscheme A C P(€) x C' whose structure sheaf is (p x idc)*Oa, where
p xide : P(€) x C — C x C is the morphism with components p and the
identity of C' respectively, and A C C x C' is the diagonal. Taking the tensor
product of the quotient Op(g)xc — Oz with Epg), we obtain a surjection
T g]p(g) — Sp(g) & OA'

If pry : P(€) x C — P(€) is the projection, then there is an isomorphism
Epe) @ Oz = (pry)*p"€ ® 0. Therefore, we can compose 7 with the mor-
phism (pry)*p*€ ® Oz — (pr1)*L ® O, and we get a surjective morphism
Epey — (pry)*L®OK. Since (pry)*L®@ 0y is flat over P(€) and has constant
Hilbert polynomial 1, this surjection corresponds to a morphism P(€) — @,
which is the inverse of g by construction. O

We conclude this section with the following result, from which we deduce
that in general Q¢ (€) depends on &, if rk(€) > 2.

Proposition 5.1.7. Let & and &' be two locally free coherent O¢c-modules of
the same rank r > 2. Assume that at least one of the following conditions
holds true:

(i) the genus of C' is greater than or equal to 1;
(ii) r > 2.

Then Q&(&) =2 QL(E') if and only if there exists an automorphism f of C
and an invertible sheaf £ on C, such that & = f*€ ® L.

Proof. First, assume that Q}J(E) = Q}J(E’). By Proposition 5.1.6, we thus
have an isomorphism g : P(€) = P(&€). Let us denote the projections of
these bundles by p : P(§) — C and p’ : P(&') — C. Under the hypothesis
(i) or (ii), the morphism po g : P(§) — C is constant on the fibers of p'.
Therefore, there exists an automorphism f of C' such that the diagram

P& —2— P(€)

| I
c—1 ¢

commutes. Since there is also a cartesian diagram

o

P(fr€) —— P(€)
(5.1)

q ™

c—1 ¢
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where ¢ is the canonical projection, it follows that p’ : P(&') — C and
q : P(f*€) — C are isomorphic over C. By [Har77, §2.7, Exer. 7.9], we
deduce that & = f*€ @ £ for some invertible sheaf £ on C.

The inverse implication directly follows from [Har77, §2.7, Exer. 7.9] and
the diagram (5.1). O

5.2 The fibers of o

In this section, we describe the fibers of the morphism ¢ introduced in Section
5.1.1. Throughout the section, C denotes a smooth projective curve over k
and € is a coherent locally free Oc-module of rank r.

Proposition 5.2.1. The fiber of the morphism o : Q&(€) — Sym™(C') over
a point D € Sym™(C') is isomorphic to the fiber of the analogous morphism
QL(0E") — Sym™(C) over the same point.

Proof. From Remark 5.1.5 we have that o~ (Sym”(U)) depends only on €|,
for any U C C' open. Then the proposition follows from the fact that for any
D € Sym"™(C), there exists an open subset U C C such that D € Sym™(U)
and €|y is trivial.

In order to see this, let V' be an open affine subset of C, such that
D € Sym™ (V). Then, by [Ser58, Thm. 1|, we have €|y = Og(T_l) ® L, where
L is an invertible Oy-module. Let us consider the short exact sequence
0 — L(-D) - L - L®0Op — 0, and the associated exact cohomology
sequence, 0 — HO(V, £(~D)) — H(V, £) — H°(V,£L®0p) — 0. We deduce
that there exists s € H°(V, £) such that s(y) # 0, for all y € Supp(D). Hence
L (and consequently &) is trivial on the open set U = V' \ Supp(s). O

Definition 5.2.2. For any y € C, let us define F,,(y) := o (ny). More
generally, for any D € Sym"(C), we define F,.(D) := o~ (D).

Proposition 5.2.3. Let D = ayy1+. ..+ amym € Sym™(C), with y1,...,Ym
pairwise distinct. Then

Fo(D) = Foyr(y1) X -+ X Fopy o (Ym) -

Proof. There is a natural morphism F,.(D) — F,, »(y1) X -+ X Fy, +(Ym),
which is defined in the following way on k-rational points. For any quotient
[t : &€ = H] in F.(D), we have a splitting H = @, H,,, where H,, is a
skyscraper sheaf on C, which is supported in {y;}. Therefore 7 = & 7;,
with each m; : € — 3,,. Then the point [7: &€ — H] € F,.(D) is mapped to
M1 :& = Hy | XX [T € = Hy, | € Foyr(y1) X -+ X Fy, r(Ym). Clearly
this is an isomorphism. O
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5.3 The class of Q}(€) in Ky(Vary)

In this section we prove our main theorem.

Theorem 5.3.1. Let C be a smooth projective curve over k. Let & be a
coherent locally free Oc-module of rank r. Then, for any non-negative integer
n, the equality

[QE(8)] = [QE(0%7)]
holds true in the Grothendieck group Ko(Vark) of k-varieties.

The proof will be divided into several steps.

Step 1. In order to make the proof clearer, we first fix our notation (see
also Section 5.1). Let U C C be a fixed open subset such that €|y = OF",
and let C\ U = {y1,...,y~n}. Then Sym"(C) is the set-theoretic disjoint
union of the locally closed subsets

Za :=A{E € Sym™(C) | Supp(E — a1y — ... —anyn) S U},
foraec A:={(a1,...,an) € N¥ | a; +... +ay < n}. Notice that
Zy = Sym™ A1),

where |a|] :=a; + -+ an.

For any a € A, we denote by Qa(€) the preimage of Z, under the mor-
phism o : Q#(E) — Sym™(C') of Section 5.1.1, with the reduced subscheme
structure.

Remark 5.3.2. Using the relations in the Grothendieck group of varieties,
the decomposition of Q% (&) into its locally closed subsets Qa(€) yields the
equality

[QE(E)]) = _[Qal®)]

acA
in Ko(Vary).

Finally, we denote by D the divisor aiy1 + -+ + anyn € Sym|a|(C)
corresponding to a € A. Associated to this effective divisor we have the
fiber F,.(D) C Q'g‘(ﬁ), as in Definition 5.2.2.

Step 2. The core of our proof is the following proposition.

Proposition 5.3.3. For any a € A, there is a natural isomorphism

Qa(€) = Qp (&) x F(D).
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The idea behind this proposition is that any quotient of € in Q4(&) can
be obtained by gluing a quotient supported in U and a quotient supported

on {yl""vyN}‘
Before proving Proposition (5.3.3) in Step 3, we need the following result

in order to define the morphism Qa(€) — Qp; |a'( €).

Lemma 5.3.4. Let Q be the universal quotient associated to Q¢ (E), and let
iU X Qa(€) = C x QE(E) be the inclusion. For any a € A, the support
Supp(:*Q) is proper over Qa(E).

Proof. Let us apply the valuative criterion of properness to the restriction
f : Supp(i*Q) — Qa(€) of the projection U X Qa(E) — Qa(€). Let R be
a valuation ring, and let K be its quotient field. Assume we are given a
commutative diagram

Spec(K) —— Supp(i*Q)

| s

Spec(R) — Qa(€)

where Spec(K) — Spec(R) is the morphism induced by R — K.
Since Supp(i*Q) C C'x Qa(€) and C x Q4(&) is proper over Q,(E), there
is a unique morphism g : Spec(R) — C X Qa(&) such that the diagram

Spec(K) —— Supp(i*Q) (—> C x Qa(&)

l \V /
Spec(R) SR Qa &)
commutes. The claim follows, if we prove that the image of g is contained

in U x Qa(&).
Let us consider the composition

id, h
g Spec(R) % C x Qa(€) X Mea®) o o117,

where h : Q¢ (€) — Hilb¢, ), is the morphism defined in Section 5.1.1. The
universal ideal sheaf of Hilbf, , restricted to C' x HC™1(Z,) is of the form

Ocxnc1(za)(=D = D'),

for D = ay{y;} x HC™H(Zy) + - - —|—aN{yN} x HC™1(Z,) and D' an effective
Weil divisor (notice that C' x HC™1(Z,) is smooth), such that DN D’ = §.
Since the image of the composition

ide x(hlgace))
—

Spec(K) — Supp(i*Q) — C X Qa(&) C x HC™Y(Z,)

is contained in Supp(D’) C U x HC™1(Z,), the same holds for the image of
g'. Therefore, the image of ¢ lies in U x Qa(&), as claimed. O
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Step 3. Using Lemma 5.3.4, we can now prove Proposition 5.3.3.

Proof of Proposition 5.8.3. As above, let p : SQg(a) — 9 be the universal
quotient associated to QE(E), and let i : U x Qa(€) — C x QF(E) be the
inclusion. By Lemma 5.3.4, the quotient i*p : i*(EQrCL(g)) — i*Q yields a
natural morphism fj : Qa(€) — Q?]_‘al(g).

In order to define a morphism f : Qa(€) — F-(D), let us consider the
open neighbourhood (C x Qa(€)) \ Supp(i*Q) of UY_ {yx} x Qa(€), together
with its inclusion j into C' X Q4(€). By composing the pullback of p to Qa(E)
with the unit of the adjunction j* 4 j,, we get a surjective morphism

T €Qa(e) = QQa(e) = JxJ (Qa(e))

of coherent Oy, g)-modules. Note that j.j*(Qp,(¢)) has constant Hilbert
polynomial |a|, hence it is flat over Qa(E). Therefore, 7 is associated to
a natural morphism Qa(&) — Q‘gl(ﬁ), whose image is contained in Fy.(D).
Thus we obtain a morphism foo : Qa(€) — F,(D), and the morphism in
(5.3.3) is (fo, foo)-

In order to prove that (fo, foo) is an isomorphism, we exhibit its inverse,

as follows. Let pg : & — Qg be the universal quotient of Qg_|a|(8),

Q")
and let po : EF,(p) —U> Qs be the pullback of the universal quotient of
Q'g‘(g) to C x F.(D) C C x ngl(ﬁ) In the following, we view pg as a
family of quotients of € supported in U (see Lemma 5.1.1). Let us denote
the projections by priy : C' x ngm(ﬁ) x F.(D) — C x nglal(g) and

priz : C x Q1 #l(e) x F.(D) — C x F.(D). Then
(Pr12)"po @ (Pri3)*peo : EQZ"B‘(e)xFT(D) — (pr12)"Q0 @ (pr13)" Qoo

is a family of quotients of &, parametrized by Qg_lal(é’) x F.(D), whose
Hilbert polynomial is constantly equal to n. The associated morphism

Q?f‘a'(c‘l) X Fr.(D) = Q&(€) is the inverse morphism of (fo, foo)- O

Step 4. We can finally conclude the proof of Theorem 5.3.1.
By Remark 5.3.2 and Proposition 5.3.3, we have the following equalities
in Ko(Varg):

[QE(8)] = D _[Qal®)] = Y[ ()IF(D)] .

acA acA

In particular, this is true also for & = O%r.
Now, &|y is trivial, therefore [Q}2(€)] = [Q*(0%")]. Theorem 5.3.1
thus follows from Proposition 5.2.1.
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5.3.1 Explicit computation

We provide an explicit formula for the class [Q%(€)] € Ko(Vary) in terms of
the classes [Sym™(C)].

Proposition 5.3.5. For any non-negative integer n, the equality

QEE)] = [Sym™(C)]---[Sym™ (C)] L

neN”| n|=n
holds true in Ko(Varg), where dy := > ;_,(i — 1)n,.

Proof. From Theorem 5.3.1 we have that [Q%(€)] = [QE(O®7)]. Then the
result follows directly from [Bif89). O

Remark 5.3.6. From the previous formula we can determine the Poincaré
polynomial of Q¢(€) (for f-adic cohomology, where ¢ # char(k) is a prime)
as follows (cf. also [BGL94|). By [Mac62|, we know that the Poincaré poly-
nomial P(Sym™(C);t) of Sym™(C') is the coefficient of «™ in the expansion
f
° (1 + tu)?9
(1—u)(1—¢%u)’

where g is the genus of C. Then, for E(t,u) := Y 2 P(QE(E);t) u", we
have:

E(t,u)=>_ Y P(Sym™(C);t)--- P(Sym™ (C);t) t*™u"

n=0neN", |n|=n

= > JIPSymm(C);t) 20 1migm
neN” =1

B ﬁ (1 +t2¢+1u)2g

=117

1— tQiu)(l _ t2i+2u) :

Corollary 5.3.7. The Quot scheme Q(E) is irreducible.

Proof. Since Q%(€) is smooth, it suffices to show that the coefficient of °
in the Poincaré polynomial of Q¢(€) is 1. To this aim, notice that, for
any n € N” with [n| = n, we have that d, = Y _;_,(¢ — 1)n; = 0 only for
n = (n,0,...,0). The claim now follows from Proposition 5.3.5. O
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