THE TAUTOLOGICAL RINGS OF THE MODULI SPACES OF
STABLE MAPS TO FLAG VARIETIES

DRAGOS OPREA

ABSTRACT. We show that the rational cohomology classes on the moduli spaces of
genus zero stable maps to SL flag varieties are tautological.

The Kontsevich moduli stacks of stable maps arise as generalizations of the classical
Deligne-Mumford spaces of stable curves. Their intersection theory has been intensively
studied in the last decade in relation to enumerative geometry and string theory.

Partial results are known about the cohomology or the Chow groups of the Deligne-
Mumford spaces in low codimension or low genus. Higher genera are particularly difficult
since nontautological classes do exist [GP]. Very little is known even about the tauto-
logical rings. However, the genus zero case is well understood. Keel proved that the
cohomology is tautological, in fact generated by boundary classes of curves with fixed
dual graph [K]. An easy Hodge theoretic proof of Keel’s result is outlined in [Ge]. This
result has implications, for instance, in the study of the tree-level cohomological field
theories [M].

0.1. The tautological rings. As the moduli spaces of stable curves are examples of
Kontsevich spaces, it was suggested in [Pa3] that it may be useful to push the investiga-
tion of the tautological rings in the context of Gromov-Witten theory. Here, we study
the generalization of Keel’s theorem to the genus zero Kontsevich spaces of maps to flag
varieties X.

There are natural cohomology classes defined on the moduli spaces of stable maps;
their intersection numbers are the Gromov-Witten invariants of X. We show that these
natural classes generate the rational cohomology. This implies that the Gromov-Witten
invariants essentially capture the entire intersection theory of the Kontsevich moduli
spaces.

Among the natural cohomology classes, we single out the boundary classes of maps
with fixed dual graph. We may impose additional constraints making the marked points
or nodes map to certain Schubert subvarieties of X and requiring that the image of the

map intersect various Schubert subvarieties. There is a cleaner way of bookkeeping the
1
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geometric Schubert-type classes we just described which leads to the definition of the
tautological rings.

To set the stage, we let X be a convex complex projective manifold, usually a flag
variety, and B € Ha(X,Z) a homology class. The moduli stacks My s(X,3) param-
etrize S-pointed genus zero stable maps to X in the homology class 5. We use the
notation My, (X, 3) when the marking set S = {1,2,...,n}. Additionally, we denote
by Mg (X, 3) the corresponding coarse moduli scheme.

The stable map spaces are connected by a complicated system of natural morphisms,

which we enumerate below:

e forgetful morphisms: 7 : M (X, 8) — Mor(X, 3) defined whenever T C S;
e evaluation morphisms to the target space, ev; : Mo s(X,3) — X for alli € S,

e gluing morphisms which produce maps with nodal domains,

gl : Mo 5,000} (X, B1) X x Mo 1e3us, (X, B2) = Mo s,0s, (X, 1 + Ba).

The classes pulled back from the target serve as the seed data for the tautological
systems. We get more classes making use of the natural morphisms. The definition

below imitates the more familiar one for the moduli spaces of stable curves.

Definition 1. The genus 0 tautological rings R*(Mj (X, 3)) are the smallest system
of subrings of the rational cohomology H*(My (X, 3)) such that:

e the system is closed under pushforwards by the natural morphisms.

e all evaluation classes ev« where a € H*(X) are in the system.

Typical examples of tautological classes are the following. Let a1, ..., o, be classes on
X. The class kn(ai,...,ap) is obtained by pushforward under the forgetful projection
T Mo,n—&—p(Xy 6) — Mo,n(X, B)

(1) Kn(a, ..., ap) = Te(evp 00 - ... evy0p).

The virtual fundamental cycles of various moduli spaces of stable maps to smooth sub-

varieties of X are examples of classes which are not immediately seen to be tautological.

Remark 1. (i) All stacks considered in this paper will be smooth and of Deligne
Mumford type over C. This allows us to speak about their Chow rings as de-
fined in [V1] and of their cohomology as defined in [Be|. In this paper, rational
coefficients will always be understood. The pushforwards in the definition above

are defined using Poincare duality.
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(ii) The results of this paper hold either in cohomology or in the Chow groups. We
will write most of the arguments in cohomology. However, we show in [O1] that
as a consequence of localization, rational cohomology and rational Chow groups
of the compactified spaces are isomorphic. For the reader interested in the Chow
groups of the open strata, we indicate the necessary changes in our proofs at the
appropriate places.

(iii) In cohomology, we need to keep track of the Hodge structure. To compensate, the
cohomological proofs show that the classes supported on the boundary fibered
products are tautological (lemma 3). This is the only part of the argument which
we do not carry out in the Chow groups. It is conceivable that one can write
down an entirely algebraic proof of our main result!, which would then work over
any field, possibly exploiting the torus action. For instance, one can show in this
fashion that the cohomology and Chow rings of the boundary fibered products
are isomorphic.

(iv) Additionally, one can consider the rational cohomology or rational Chow rings
of the coarse moduli schemes. Pullback/pushforward by p : Mo, (X,8) —
Mo (X, ) induce inverse isomorphisms in cohomology/Chow [Be], [V1]. Tt is
useful to observe that a generic stable map has no automorphisms. This follows
from the arguments of lemma 2.1.1 in [Pa2]. There are two exceptions when
X =Pl or X =P2, n =0, and the degree is 2. We will ignore these cases here.
The main theorem stated below still holds in these cases by virtue of remark 2.5
in [BH]. Otherwise, we can freely identify the tautological rings of the moduli
stacks and of the coarse moduli schemes via p.

(v) It is customary to include the 9 classes in the definition of the tautological rings
of the Deligne Mumford spaces. However, it is not necessary to include the o
classes in the genus 0 tautological system defined above. Indeed, lemma 2.2.2
in [Pa2] expresses the 1¢’s in terms of evaluation classes, boundaries and the k
classes. Here, 9; = ¢1(L;), where the fiber of the line bundle £; — My ,(X, 3)
over a stable map with domain C' and markings z1, ...z, is the i'" cotangent
line 77 C.

The main result of this paper is the following extension of Keel’s theorem from the

case of rational marked curves to the case of genus 0 stable maps to SL flag varieties.

IThe referee remarks that the techniques of [T] could possibly provide an alternative to our Hodge
theoretic arguments.



4 DRAGOS OPREA

Theorem 1. Let X be any SL flag variety over the complexr numbers. Then all rational

cohomology classes on My (X, B) are tautological.

The result contained in the theorem above was already known for X = P" in complex
codimension 1 by work of Pandharipande [Pa2]. Of course, the degree 0 case was solved
by Keel. The degree 1 case follows from work of Fulton and MacPherson. Behrend and
O’Halloran [BH] have a method of computing the cohomology ring in degrees 2 and 3
for maps to P” without markings, essentially using localization techniques - their result
implies ours in degrees 2 and 3. In higher degrees or for general flags such a result,
although not surprising, was indeed missing. After our paper was submitted, Mustata
and Mustata announced a presentation of the cohomology ring for all degrees, when the
target is again P" [MM].

We should mention that the topologists have a good understanding of the spaces of
holomorphic maps to flag varieties Mapg (P!, X); work in this direction was initiated by
Segal. However, our results are of entirely different nature - by contrast with the spaces

studied in topology, the stable map spaces have only algebraic cohomology.

0.2. Idea of the proof. As it often happens, one attempts to apply localization tech-
niques to understand the classes on the Kontsevich moduli spaces. Such an approach
is tempting in our case as well, especially because the fixed point loci are known to be
products of moduli spaces of rational marked curves whose cohomology groups are indeed
tautological. However, the author could not obtain a full proof of the above theorem
following this line of reasoning unless the target is P". We will present the argument in
[O1].

Nonetheless, localization gives the weaker result below, whose proof was communicated

to us by Rahul Pandharipande:

Claim 1. Let X = G/P be a homogeneous space acted on by the maximal torus T. The
equivariant tautological rings Ry (Mon(X,B)) are obtained by making use of the equi-
variant morphisms in definition 1. Then R3(Mon(X,B)) and H3(Mon (X, B)) become

isomorphic after inverting the torus characters.

Instead of using localization, our proof of the theorem relies on the Deligne spectral
sequence as in [Ge|. Most commonly, this spectral sequence is used to define the mixed
Hodge structure on the cohomology of smooth open varieties. We will use the reverse
procedure: we will identify the lowest weight Hodge piece in the cohomology of the open
stratum and use it to derive information about the cohomology of the compactified mod-

uli spaces. The argument is inductive, making use of the fact that the open stratum is
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compactified by adding normal crossing divisors which are essentially lower dimensional
moduli spaces of stable maps. Two observations are necessary in order to identify the
relevant piece of the Hodge structure. First, the morphism spaces are hard to under-
stand cohomologically. For this reason, we will appeal, as in [BDW], to the different
compactification provided by the Hyper-Quot scheme. Secondly, we use a technique
which goes back to Atiyah and Bott: when the number of markings is small, we express
the open stratum as a global quotient and carry out the computation in equivariant co-
homology. A similar program was partially pursued in [Pal] for unpointed maps to P".
The general case is more involved. When X is a Grassmannian, we rely on Stromme’s
description of the Quot scheme as the base of a principal bundle sitting in an affine space
[St]. Combined with the Atiyah-Bott technique we obtain enough information about the
Hodge structure of the open stratum to prove our main result. When X is any SL
flag variety, the proof above does not immediately carry over. We will make use of the
already proved results for Grassmannians combined with a general statement about the
cohomology of the Hyper-Quot scheme HQuot, which we obtain using a technique due
to Ellingsrud-Stromme-Beauville [ES]. This will turn out to be sufficient to finish the

proof.

0.3. Plan of the paper. The section following this introduction contains generalities
about the spaces of stable maps. We collect there known results and we fix the notations.
We also discuss the Hodge theory needed for our arguments. We will indicate the proof
of theorem 1 in the second section. The last section presents a few conjectures. The

appendix contains a discussion of the higher genus tautological systems.

0.4. Acknowledgments. We would like to thank Alina Marian for helpful conversations
and enjoyable coffee breaks. We thank Professor Gang Tian for encouragement, support
and guidance, Professor Aise Johan de Jong for several very useful discussions, and

Professor Rahul Pandharipande for the interest shown in this work.

1. GENERALITIES ABOUT THE STABLE MAP SPACES.

The purpose of this section is to collect various facts about the geometry of the stable
map spaces which we will need later, and to fix the notations. We discuss the stratifica-

tion with respect to the dual graphs and the associated Deligne spectral sequence.

1.1. The stratification by dual graphs. To begin, we let X = G/P be a projec-
tive algebraic homogeneous space, where G is a semisimple algebraic group and P is a

parabolic subgroup. We also fix 5 € Hy(X,Z) a homology class.



6 DRAGOS OPREA

We let Mo,(X,) be the coarse moduli scheme of n pointed stable maps to X in
the class 5. A construction of the moduli scheme in algebraic geometry was achieved
by Fulton and Pandharipande in [FP]. It is shown there that the moduli scheme is a
normal projective variety with finite quotient singularities - an orbifold if we work in the
analytic category. In this subsection, we will discuss the coarse moduli schemes, but it
should be clear how to extend our conclusions to the moduli stacks.

To each stable map we associate the dual tree which carries degree labels and legs.
We agree that a vertex v has degree 3, and n(v) incident flags (i.e. edges and legs). The
moduli space M (X, 3) is a union of strata consisting of maps with fixed dual graph T.
The closure M (T') of this stratum can be described as the image of a ramified covering
of degree Aut(T"). The relevant morphism is:

Edge(T)
| ]I Mopw) (X, 8) — Mo (X, B).
veV(I)
The left hand side is a fibered product along evaluation maps at the markings on the
moduli spaces determined by the edges of I'.

There is a dense open stratum of maps with irreducible domains. Its complement is
a union of divisors with normal crossings (up to a finite group action). However, this
does not mean that the components of the boundary divisors do not self-intersect; in
fact they always do for large degrees. We emphasize this point for later reference when
we write down the Deligne spectral sequence.

The boundary strata are indexed by stable trees with one edge and two vertices. Each
vertex has legs labeled by two sets A, B with AU B = {1,...,n} and degrees 34, 5p
adding up to 8. Of course, stability means that if 54 = 0 then |A| > 2, and similarly if
Bp = 0 then |B| > 2. The corresponding boundary stratum

v: D(Ba, BB, A, B) = Mon(X, )
is the image of a gluing map

¢:M(A,B,B4,8B) = Mg auge(X, Ba)xx Mg taup(X, B8) = Mon(X, 5),

where o and % correspond to the double point of the domain curve. The following two
cases may occur:

e If the tree has no automorphisms, then ( is the normalization map of the bound-

ary stratum D(A, B, B4, 8). If both A, B # () then ( is an isomorphism. Observe

that if A =0 (or if B = ()), then the corresponding divisor may self-intersect in a

codimension two stratum of maps with three components glued at two nodes, the
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middle component containing all the marked points, the two external components
having the same degree.

e If A and B are both empty and S84 = Bp, then the corresponding dual tree has
a non-trivial automorphism. We need to factor out the Z/27 symmetry to get

the normalization map of the corresponding boundary stratum.

1.2. The Deligne spectral sequence. In this subsection, we review the main ingre-
dients of Deligne’s spectral sequence. Then, we apply the general theory to the case of
the moduli space of stable maps.

To get started, we let Y be a smooth complex projective variety (or a projective
orbifold later), D be a divisor with normal crossings in Y; self-intersecting components
are allowed. Let U denote the complement of the divisor D in Y, and let j be the inclusion
U — Y. We denote by DP the subspace of Y consisting of points of multiplicity at least
p, and we let Dp be its normalization. Locally, D is union of smooth divisors, and DP
collects the points belonging to intersections of p of them. We agree that DY = Y.
We will use cohomology with coefficients in the “orientation” local system ¢,. This local
system is defined on DP as follows. For points y belonging to p local components of D, we
set €, to be the determinant of the space of the p local components (see [D] for a complete
discussion). In the case when D is union of smooth irreducible components without self-
intersections, €, can be trivialized by choosing an ordering of the components. However,
the case we will consider will involve self-intersecting components.

The cohomology of the open stratum H*(U) carries a mixed Hodge structure which
can be described explicitly in terms of the deRham complex of logarithmic differentials.
As a consequence of this general construction, H"(U) has a weight filtration 0 C W C
wntl c ... c W2 = H*(U). We will mainly be interested in the lowest piece of the

filtration which can be computed as the restriction of the cohomology of Y:
wn" = j37H"(Y).

Additionally, there is another filtration whose role is to give the successive quotients
Wi /Wi=! a pure Hodge structure of weight i.
There is a spectral sequence relating all the ingredients of the above discussion. Its

E term iS
E, ’ —2
p,q H P‘HI(DP7 € )7

and the first differentials of the spectral sequence are a signed sum of Gysin inclusions.

One of the main results of Hodge theory is that the higher differentials are all zero, and
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then the spectral sequence collapses to Eol"? = E; % which is the piece of weight ¢ on
H?P(U) D]

It was shown by Grothendieck [Gr2] that the definition of the lowest Hodge piece
is independent of the compactification Y of U: for the purposes of defining W"H"(U)
we can pick any smooth compactification Y, maybe without normal crossings comple-
ment, and consider the restrictions of differential forms on Y. That is, for all smooth

compactifications j : U — Y, we have
W"H™(U) = j*H"(Y).

It follows immediately that if V' C U have a common smooth compactification then the
restriction map W"H™(U) — W™H"™(V) is surjective. For example, if V is Zariski open
in a smooth variety U such a compactification can always be found by Nagata’s theorem
and resolution of singularities.

A similar remark can be proved in equivariant cohomology, if both U and V are
equipped with compatible linearized actions of an algebraic group G. First, for any
scheme X with a G action, the Hodge structure on the equivariant cohomology H¢ (X))
is constructed using the simplicial schemes [X/G]e (see [D] for notation). The equivariant
version of Grothendieck’s result is obtained as follows. It is proved in [EG] that for each
n, there exists an open subset 1" of an affine G-space, equipped with a free G-action and
whose complement has large codimension compared to n. The morphism of simplicial
schemes [X x T'/G]e — [X/G]e induces a morphism of Hodge structures:

HE(X) = HY([X/Gls) — H™([X x T/Gls) = HA(X x T) = H*(X x¢ T).

It is shown in [EG] that the map above is an isomorphism. When X is smooth, the
morphism of schemes X xg T — T/G is also smooth [EG]. For our applications, the
base can always be chosen to be smooth, so X xg T is also smooth. We combine the
isomorphism of Hodge structures above with the non-equivariant Grothendieck remark
for the schemes X x¢ T when X is either U and V. We conclude that:

(2) W"HAHU) — WTHE(V) is surjective.

The similar statement about the Chow groups is evident.

We want to apply these general considerations to the space of stable maps. Although
Mo, (X, B) is not a smooth variety, its singularities are mild: they are all finite quotient
singularities. There is an extension of Deligne’s results to this setting which is worked

out in [S]. All the above results carry over without change.
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In the context of stable maps, we will mainly be concerned with the differential:
LBy = @ HE T (Mo augey (X, Ba)x x Mo yun(X, B8)) = BV = H*(Mon(X, 8)).

The cokernel of this map is the weight k piece of H¥(My (X, 3)) which we will proceed
to identify in the next section when X is a Grassmannian.

The superscript “-”on the cohomology groups of the boundary divisors comes from
the orientation systems €,. If the boundary graph has no automorphisms we consider the
whole cohomology group. In the case of the Z/27Z symmetry of the boundary graph we
need to take fewer classes. In general, for any graph I, the boundary M (T") is dominated
by a product of smaller moduli spaces of stable maps. The cohomology of the product
carries a representation of Aut(I'). Each automorphism has a sign given by its action on
the one dimensional space det(Edge(T")). The minus superscript indicates that we only
look at classes which are anti-invariant under the sign representation of Aut(I'). For
the boundary divisors of nodal maps with equal degrees on the branches, these are the
7Z./2Z-invariant classes.

In particular, this discussion implies that the sequence:
(3) EPH"(M(A B,Ba,Bp) = H*(Mon(X,8)) = WEH* (Mo n(X, 8)) = 0

is exact (see also corollary 8.2.8 in [D]). The similar statement for the Chow groups is
obvious.

Once the exact sequence (3) is established, we can replace the coarse moduli schemes
by the corresponding moduli stacks. To make sense out of the lowest piece of the Hodge
structure on the smooth open stack My, (X, 5), we use the isomorphism with the co-
homology of the coarse moduli scheme (remark 1 (iv)). Alternatively, the construction
of a functorial mixed Hodge structure on the cohomology of algebraic stacks has been
outlined in [Dh].

2. STABLE MAPS TO SL FLAGS.

In this section, we establish the proof of the main result. We begin with the case
when the target space is a Grassmannian. We first identify the lowest piece of the Hodge
structure on the cohomology of the open stratum of irreducible maps. We start with the
case of three marked points, then move down to 0, 1 and 2 markings. We conclude the
argument by showing that the boundary classes are tautological. To this end, we prove
a result about the cohomology of fibered products, essentially using techniques of [D]
and [BF]. To complete the proof for general SL flags, a discussion of the cohomology of
the Hyper-Quot scheme is required.
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2.1. Stromme’s description of the Quot scheme. In the next few subsections we let
X be the Grassmannian of r dimensional quotients of some N dimensional vector space
V. We will begin with a description of the smooth scheme of degree d > 1 morphisms
to X, which we denote by Morg(P!, X). When X is the projective space, this discussion
is trivial, the space in question can be described as an open subvariety in a projective
space. However, for other flag varieties X such a convenient description is not as easy to
come by; it was obtained by Stromme for Grassmannians [St]. We also remark that when
X is a convex toric variety, the scheme of morphisms from P! to X admits a description
similar to the one for P" [Si]; similar arguments may be applied.

We will now explain Stromme’s construction. To fix the notations, we let S and Q
denote the tautological subbundle and quotient bundle on the Grassmannian, sitting in
the exact sequence:

0-S—->V0x —>Q—0.

To give a degree d morphism f : P! — X is the same as giving a degree d, rank r quotient
vector bundle F' = f*Q as follows:

V®OP1*>F*>O

Allowing quotients which may not be locally free, we obtain the smooth compactification
of Mory(P!, X) which is known as Grothendieck’s Quot scheme. We will denote this
by Quot(N,r,d). It will be clear below that the cohomology of the Quot scheme is
easier to understand than that of the Kontsevich spaces. Incidentally, we note that
this compactification was also used in [BDW] to compute the “Gromov invariants” of
Grassmannians.

We consider two natural vector bundles A_; and A on the scheme Morg(P!, X).
Their fibers over a morphism f are HY(f*Q ® Opi(—1)) and H°(f*Q) respectively.
These vector bundles extend over the Quot scheme compactification. We let F be the
universal quotient of the trivial bundle on P! x Quot, and we let 7 : P' x Quot — Quot

be the projection on the second factor. The extensions are, for m > —1:
A = 1 (F @ Op1(m)).

The relevance of these vector bundles for our discussion comes from the following
consequence of Beilinson’s spectral sequence. The bundle F' is the last term of the
“monad”:

00— H(F® Op1(—1)) @ Op1(—1) —= H(F) ® Opr —= F — 0.

If we pick bases for H?(F(—1)) and H°(F), we can identify these vector spaces with

W_1 = C% and Wy = C"*¢ respectively. We rewrite the above diagram as follows:
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V ® Op

|

0——W_ ®OP1(_1) HWO ®OIP1 — F ——0.
It is evident now that the datum of the quotient V' ® Op1 — F' can be encoded as an

element of the affine space:
H°(Hom(W_1 @ Op1(—1), Wy ® Op1)) ® Hom(V, W) = P @ H*(Op: (1)) @ Q

where P = Hom(W_1, W) and @ = Hom(V, Wp). Of course, not every element in this
affine space is allowed; we need to impose the condition that the quotient we obtain be
locally free and that the map from the trivial bundle V' ® Op1 — F' be surjective. In
fact only an open subset of this affine space corresponds to morphisms f € Morg(P!, X).
We also need to account for the GLg x GL, 4 ambiguity coming from the action on the
space of bases of H'(F(—1)) ® H°(F).

We carried out the above discussion on the level of closed points, but in fact Stromme’s

construction takes care of the scheme structure as well. We obtain:

Fact 1 (Stromme, [St]). The total space T of the bundle of GLg x GL, 4 frames of the
vector bundle A_1 @& Ay over Mory(P!, X) sits as an open subscheme in the affine space
P® H%(Op1(1)) @ Q. In fact, this description extends to the Quot scheme compactifica-
tion of Morg(P!, X).

As a consequence of equation (2) with trivial group, we conclude that the lowest piece
of the Hodge filtration W*H*(T") = 0.

To end the summary of Stromme’s results, the following result of Grothendieck is

needed.

Fact 2 (Grothendieck, [Gr]). Let E be any rank r vector bundle over a smooth compact
base X. If P denotes the bundle of GL, frames, then there is a surjective map:

H*(X) — W*H*(P)
whose kernel is the ideal generated by the Chern classes ¢;(E). The same statement

holds equivarianly for an algebraic group action, and for the Chow rings.

Applying these two facts to our setting we obtain that H*(Quot) is generated by the
Chern classes ¢;(Ap) and ¢;(A—_1). Therefore, using (2), we obtain:



12 DRAGOS OPREA

Fact 3 (Stromme, [St]). The lowest weight Hodge piece W* H*(Mory(P!, X)) is spanned
by the Chern classes ¢;(Ap) and ¢;(A_1). The same result holds for the Chow rings.

2.2. Many marked points. Our goal is to prove the following statement about the
open stratum Mg , (X, d):

Lemma 1. The lowest piece of the Hodge structure W*H*(Mo (X, d)) is spanned by
restrictions of the tautological classes on Mo, (X,d) of definition 1. The same result

holds for the Chow groups of Mo n(X,d).

In this subsection, we will consider the case of the above lemma when n > 3. We
use the results proved above about the Quot scheme. It will be useful to consider the
sheaves on the stack My, (X, 3) defined, for m > 0, as:

Gm = Teev* (Q @ (det Q)®™) .

Here m and ev are the projection from the universal curve and the evaluation map
respectively. We will be interested in the Chern classes of the restrictions j*G,, to the
open stratum j : Mo, (X,d) — Mo,(X,d). We show that these generate the lowest
Hodge piece of cohomology (or the Chow groups).

We consider the fiber diagram, where Cy (X, d) is the universal curve over Mg ,, (X, d):

(S

— .
C()’n (X, d) E—— Pl X Mord(]P’l, X) X
Mo (X, d) —— Mory(P!, X)

In the above diagram, g : Mo ,(X,d) — Morg(P!, X) is the forgetful map defined by
forgetting the first three points; g is defined similarly. We let p : P* x Mory (P!, X) — P!
be the projection. Since ev* det Q@ and p*Opi(d) agree on the fibers of 7, there exists a
line bundle £ on Mory(P!, X) for which the following equation is satisfied:

ev*det @ = p*Op1(d) @ T*L.
We compute:

(4) 7 Gm = meev™ (Q® (det Q)®™) = ¢ (ev*Q @ p*Opa (dm) @ #*LE™) =

= ¢ 7, (61)*@ ® p*Op1(dm) ® ﬁ*£®m) = ¢ Agm @ q*£®m.
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There is an isomorphism My ,(X,8) = My, x Morg(P!, X) whose projection on the
second factor is ¢. Kunneth decomposition can be used to understand the Hodge struc-

ture on the open stratum:

H*(Mon(X,8) = €D H'(Mo,) @ H (Morg(P', X)).
itj=k

In [Ge], it is proved that the i*® cohomology H(My,,) carries a pure Hodge structure
of weight 2i. Since Morg(P', X) is smooth, its j' cohomology carries weights between
j and 2j. Hence to get the weight k piece W*H¥ (Mg (X, 8)) we need i = 0, j = k.
Thus, this weight k piece is isomorphic to the the weight k piece W*H*(Mory(P', X))
via the pullback:

¢ WH*(Mon(X,d)) — W*H*(Mory (P!, X)).
It follows from fact 3 and the exact sequence [St]:
0= Ay = A = Ao > 0, for k >0,

that W*H*(Morg(P!, X)) is generated by the Chern classes of Ay and Ag,,, for any
m > 1. Better, we can pick as generators the Chern classes of Ag, ® L™ for all values
m > 0. To see this, observe that we can express the Chern classes of the bundles Ay,
in terms of those of Ay, ® L&™. Indeed, it suffices to prove that ¢1(L£) can be expressed
in terms of the collection of Chern classes ¢1(Agm ® L&™) for all m. This follows from

the Chern class computation:
c1(Agm @ LE™) = mey (L) rank Agy, + c1(Agm) = m2drei (L) + linear term in m.

The isomorphism ¢* above and equation (4) show that the Chern classes of j*G,, generate
W*H*(Mon(X,d)) for n > 3.

Finally, to completely prove lemma 1 when n > 3, we need to show that the Chern
classes of G, on My, (X,d) are restrictions of the tautological classes of definition 1.
We repeat the argument of lemma 17 in [O1]. There, we explain the required Mumford-
Grothendieck-Riemann-Roch computation. To conclude, we need to observe that the
Chern class of the relative dualizing sheaf ¢;(wy) is tautological. Here 7 is the forgetful
morphism. This is a consequence of proposition 1 in [O2]. One can argue differently by
using the Plucker embedding to reduce the statement to the case of a projective space
PV in which the Grassmannian embeds. Then, we invoke [Pa2]. It is shown there that

all codimension 1 classes on My ,(PV, d) are tautological.
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The statement for the Chow groups follows in the same fashion. We need the obser-

vation that for any scheme T, the map:
¢ A(T) = A(Mp,, x T)

is an isomorphism. This is well known. For example, it follows from comparing the exact

sequences:

@D, Au(D;) ® Au(T) — A (Mo ) @ Au(T) — Ax(Mon) @ A(T) = A(T) —0

| | I

@i A*(El X T) A*(M(]’n X T) A*(Mo,n X T) 0

Here D; are the boundary divisors of MO,n, which are products of lower dimensional

moduli spaces of stable marked rational curves. Since the first two vertical arrows are
isomorphisms as it is shown in section 2 of [K], the third vertical arrow is also an

isomorphism.

2.3. Fewer marked points. We will now prove lemma 1 when the domain has fewer

marked points. A case by case analysis depending on the number of markings is required.

2.3.1. No marked points. To begin, we consider the case of no marked points. We let
SLs act on C? in the usual way. In turn, we obtain an action on the scheme of morphisms
Mory(P!, X):

SLy x Morg(P', X) 3 (g9, f) = fog™' € Morg(P', X).

Since each morphism is finite onto its image, it is easy to derive that the action has finite
stabilizers. It is known that the PSLy quotient of Mory (P!, X) equals My (X,d) and
since the center in SLo acts trivially, we see that the space of SLy orbits of Morg(P!, X)
is the topological space underlying Mo (X, d). A well known result, which is proved for
example in [Br], gives an isomorphism between the cohomology of the orbit space and

the equivariant cohomology. In our case, this translates into an isomorphism:
(5) H*(Moo(X,d)) = Hip,(Morg(P, X)).

Even more, the right hand side can be given a Hodge structure using simplicial schemes
[D], which, by functoriality is compatible with the structure on the left hand side.

We now move the discussion to the algebraic category. It is easy to see using the
numerical criterion of stability that the action of SLy on Morg(P, PV) <y PNd+N+d Jhag
only stable points. The same statement then holds for Morg (P!, X) using the Plucker
embedding. In turn, this implies the existence of a geometric quotient Morg(P!, X)/SLo.
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This quotient can be identified with M ¢(X, d), since both schemes solve the same moduli
problem (see also the similar argument in [Pal]).

We will make use of the isomorphism [EG]:
(6) AF(Moo(X,d)) = Ay, (Mory(P', X)) = A¥(Morg(P', X) x g1, W).

In the topological category, we compute equivariant cohomology taking for W the con-
tractible space ESLs. In the algebraic case, we let W = W} be any a smooth open
subvariety of an affine S Lo-space, which has large codimension compared to k and which
has a free SLg action (cf. [EG], see also the previous section).

Let us write, for now, G = SLs; later, we will make use of other groups as well.
We will use the following standard notation. For any G scheme X, X will denote the
equivariant Borel construction. In the algebraic setting, X will stand for any of the
mixed schemes X xg W (cf. [EG]) where W is described in the previous paragraph.
We observed in the first section that all equivariant models X can be chosen to be
smooth. Generally, properties of equivariant morphisms such as smoothness, or flatness
and properness, still hold for the induced morphisms between the mixed spaces [EG]; we
will make use of this fact below. Moreover, any G-linearized bundle £ — X lifts to a
bundle EFq — Xg whose total space is E xg W.

We will compute the right hand side of (5) and (6) using arguments similar to
Stromme’s. We will need to extend the SLs action to the Quot scheme and to lift
it to the bundles A_1, Ag. For example, the SLs linearization of A_; is essentially de-
termined by the usual SLs linearization of L = Op1(—1). To be precise, we consider the

following diagram:

SLy x P! ——=p!

b

SLy x P! x Quot —= P! x Quot

oLk

SLy x Quot Quot

«

Here, o is the action, while the morphisms «, # and p are projections. We have

an isomorphism 7 : 0*Op1(—1) = a*Op1(—1). Writing as before F for the universal
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quotient sheaf on P! x Quot, the linearization of A_; is obtained as follows:
oA = I (FRpOp(—1)) =mo (FRp Op(—1)) =
~ 1 (*FRp o Opi(—1)) (o FQp a*Opi(—1)) =
= ma (FRpOp(—1)) =1 (FQpOp(—1)) =a*A_1.

We will be concerned with the mixed space Quotgr, and the bundles ASL? which are
the lifts of the equivariant bundles A,,, for m € {—1,0}. A moment’s thought shows
that the Stromme embedding described in fact 1 is S Lo equivariant. It is immediate that
taking frames of a vector bundle commutes with the construction of the mixed spaces
and of mixed bundles over them. Then, the bundle of (split) frames of A% @ A2 is

the mixed space Tgr, and moreover, it can be realized as a subscheme
(7) Tsr, = (P® H(P', Op1 (1)) @ Q) 5L,

The latter space can be described explicitly. In the topological category, BG Ly can
be realized as the infinite Grassmannian G of 2 dimensional planes endowed with a
tautological rank 2 bundle S. Its frame bundle serves as a model for EGLy = ESLs.
In the algebraic category, we consider the truncated models of the infinite dimensional
constructions. For instance, W/GLs will be a finite dimensional Grassmannian of 2
dimensional planes. Then, W will be the bundle of GLs frames of the tautological
rank 2 bundle S over W/GLy. W/SLs is the bundle of C* frames of the determinant
det S — W/GLy. This is a consequence of the fact that any frame of S, say w € W,
gives rise to a frame det w of detS. We will denote by S the pullback to W/SLs of the
tautological bundle S.

It is then clear that the second mixed space in (7), which we are trying to describe,

can be realized as the total space of the bundle:
PSS ®0®Q— W/SLs.

Therefore, its cohomology (or Chow rings) can be computed from that of the base. In

turn, this is easily seen to be (via fact 2):
W*Hiy, = Hip, /o1 (A%5) = € [eo(8)]
Repeating the arguments of the previous subsection in the equivariant setting (making
use of fact 2 and equation (2)) we obtain two surjections:
W HGp, = W*Hg,(T), Hgp,(Quot) = W*Hg,(T).

We have explicit generators for the kernel of the second map, namely the equivariant
Chern classes of the bundles A_;, Ay. We conclude the following:
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Claim. The cohomology Hg; (Quot) is generated by the equivariant classes of
Ap and A_; together with the pullback of the Chern class 4¢3(S) = ¢2(Sym?S) from
W/SLs. Therefore, the same is true about the lowest piece of the Hodge structure of
HY,; (Morg(P', X)).

We are now ready for the proof of lemma 1. We consider the following diagram of

fiber squares:

o € ev

P(S) = P! xgp, W ~— (P! x Morg(P', X)) xgz, W c X

W/SLy Morg(P!, X) x g, W ———> Mo o(X,d) —2> Mo o(X, d)

In the above diagram, we start with the flat algebraic family 7 whose fibers are
irreducible genus 0 curves (which are not canonically identified to P* because we factored
out the SLs-action). The classifying map to the moduli stack is denoted by e. In the
same diagram, C is the universal curve, and p : Mo o(X,d) — Mo o(X,d) is the natural
morphism to the coarse moduli scheme.

We know that p and pe induce isomorphisms in rational cohomology [Be|, [EG], hence
the same is true about €. It suffices to show that any class of lowest Hodge weight on
the smooth space Morg(P*, X) xgr, W is the pullback from Mg o(X,d) of restrictions
of the tautological classes of definition 1.

We will use the conclusions summarized in the claim above. It is clear that .AOSL2
corresponds to the bundle Gy = 7, (ev*Q) under the isomorphism (5) induced by e.

We argue that the Chern classes of the bundle Aﬁ? also come as pullbacks under € of
tautological classes on Mg (X, d). Let L be the lift of the linearized bundle p*Op:i(—1)
on P! x Mory (P!, X) to the equivariant mixed space (P! x Morg(P!, X)) x g1, W. First
we note that A%L? = 7, (#ev* Q® L). Since both sides are locally free, it suffices to check

equality after pullback by the smooth morphism x of the following fiber diagram:

P! x Morg(P!, X) <= P! x Moryg(P!, X) x W —= (P! x Morg(P!, X)) xsz, W

iw : :

Morg(P!, X) B Morg(P!, X) x W —= Morg(P!, X) x g1, W
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We have:
AL = prr A =1 (ev* Q@ p*Op1 (1)) = 1, (F*ev* Q ® ' L) = k* Ty (ev*Q @ L).

To compute the Chern classes of Ai? we need to use Grothendieck-Riemann-Roch.
We need to explain that the class ¢;(L) is a pullback under € of a tautological class
on Mpo(X,d). To this end, we replace this class by a multiple of ¢j(wz), which is
tautological as explained in section 2.2. This is justified since after pullback by & the
two line bundles wz = e*w, and L®? agree.

Finally, we discuss ¢(Sym?S). We claim that on Morg(P', X) x gz, W the following
equation holds true:

(8) e mwt = q*Sym?*S*.
The Chern classes of m,wZ are tautological by the usual argument involving Grothendieck-
Riemann-Roch.

To establish the equation above, observe that we are in the particularly favorable
situation when all relative dualizing sheaves involved are line bundles over smooth bases,
hence taking duals causes no problems. We have e*m,wy = mwi = ¢*mwZi. The following

Euler sequence on P(S):
00 = #*S® Op (1) = wh =0
shows that
Here we used that W/SLs is the space of frames for AS, so the pullback of A%S —
W/G Ly to W/SLs is trivial. We immediately obtain fr,w’ = Sym?S*, establishing (8).

2.3.2. One marked point. The remaining two cases are entirely similar. For the case of

one marking, we will use the action of the subgroup N of SLs of matrices:

N:{(Saﬂ)|ae@mec}

We carry out the equivariant arguments of the previous section replacing SLo with the
group N.

We will identify EN and BN. To construct algebraic families, we will work with the
finite dimensional approximations of the topological models. As before, W/G Ly will be
a Grassmannian of 2 dimensional planes of large, but finite, dimension. We identify W
with the bundle of GLo frames of the tautological bundle S. We have seen that W/S Lo
is the bundle of C* frames in det S. Moreover, the space W/SLs comes equipped with
the tautological pullback bundle, which we denote by S. The space W can be used
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to compute the N-equivariant cohomology (or Chow groups). Then, W/N will be the
projective bundle P(S) over W/SLy. In addition, letting 7 : W/N — W/GLs be the
projection, we have P! x y W = P(7*S). The last two statements follow by observing the

map:
{frames in a 2 dimensional vector space S}/N — P!(S), frame {e, f} — line spanned by e.

The relevant diagram of fiber squares is:

€ ev

P(r*S) = P! xy W <—— (P! x Morg(P, X)) xy W C X

B 1

P(S) = W/N Morg(P', X) x y W ——= M 1(X,d) SN Moy 1(X,d)

We will denote by ¢ the dual hyperplane bundle of P(S) — W/S Ly and similarly Z will

be the dual hyperplane bundle of P(7*S) — W/N. The morphism 7 : P(7*S) — P(S) has
a canonical section Z such that 2*= = £. The flat algebraic family 7 also has a section
Z whose image in each fiber is the N-invariant basepoint [1 : 0] € PL. We let € be the
classifying map to the moduli stack Mg 1 (X, d).

The above description of W/N as a projective bundle over W/S Ly shows that

WXHY = W*H}p,[e1(€)]/(c1(€)? + 2(S)) = Clea (§), 2(S)]/(c1(€)* + 2(S)) = Clex (€))-

To complete the proof of lemma 1, we use the arguments in the previous subsection.
We only have to write the class g*ci(&) on Mory(P, X) x W as the pullback of a
tautological class on Mg 1(X,d).

The Euler sequence on P(7*S) shows that

00— 7T"S®E - wi — 0.
Taking determinants and recalling that 7* det S is trivial, we obtain w} = Z%2. Therefore,
Z¥c1(wz) = —2¢1(27E) = —2¢1(§).
It is then clear that:
—2q%c1(&) = ¢" 2" c1(wz) = Z¥e1(wz) = € (2%c1(wr)) = €Y.

The proof is now complete, since we explained in the introduction (remark 1 (v)) the

tautology of the 1 classes.
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2.3.3. Two marked points. The argument is again similar to the case of one marked

point. We let C* act on P! as follows t-[z : w] = [t~z : tw]. We obtain the isomorphism:
H*(Mo2(X,d)) = HE (Morg (P, X)).

We compute the right hand side. W/C* will be a large projective space and W the
bundle of C* frames of the tautological line S — W/C*.

The following diagram of fiber squares will be useful in our computation:

€ev

P(S @ S*) = P! xce W < (B x Morg(PL, X)) xc» W — C X
W/C* L Morg(P!, X) xce W ——> Moa(X,d) —= Myo(X, d)

The family 7 has two tautological sections 2, such that 2*¢ = S and w*§ = S*; here, &
is the dual hyperplane bundle of P(S®S*) — W/C*. The family 7 also has two sections,
their images are the two C* invariant points of P! in each fiber.

We obtain generators for the lowest piece of the Hodge structure on Hg. (Morg(P!, X)).
In the light of the previous discussion, we will only need to explain that the class ¢*c1(S)
coming from W/C* is a pullback of a tautological class on Mg 2(X,d). The argument is
identical to the one in the previous section. From the Euler sequence along the fibers of

7, it follows that ¢1(wz) = —2¢1(§). The computation below finishes the proof:
—2q%c1(S) = —2¢"2%c1(§) = 2°¢"c1(wz) = 271 (wz) = €°2%¢1(wr) = €.

2.4. General SL flag varieties. Let us now consider the case of a general SL flag
variety X parameterizing [ successive quotients of dimensions rq,...,r; of some N di-
mensional vector space V.

Pulling back the tautological sequence on X
9) 085 —>.. 085§ —->V0x -9 —...> 9, —0.
under a morphism f : P! — X, we obtain a sequence of locally free quotients
VeoOp - F—...—> F—0

of ranks r; and degrees d;. Allowing for arbitrary (not necessarily locally free) quotients,
we obtain the Hyper-Quot scheme compactification HQuot of the space of morphisms
Morﬁ(]P’l,X ). We will use the more explicit notation HQuot(N,r,d) when necessary.
Here r = (r1,...,7) and d = (dy, ..., d;).
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Since HQuot is a fine moduli scheme, there is a universal sequence on P! x HQuot:
0—=&—>... 252 VRO F1— ... F =0

We seek to show that:

Lemma 2. The cohomology (and the Chow rings) of HQuot(N,r,d) is generated by the
Kunneth components of c¢;j(F;).

Unfortunately, the arguments of the previous subsections do not extend to the present
case. FEven though a description of the Hyper-Quot scheme similar to the one in subsec-
tion 2.1 does exist [Kim], nonetheless we obtain an embedding of a principal bundle over
HQuot into a singular affine variety. The existence of singularities is a serious (and not
the only) obstacle in extending the proofs in subsection 2.2 to our new setting.

Nevertheless, the proof of the lemma stated above should be well known, but we could
not find a suitable reference. To prove it, we will use a well-known trick of Beauville-
Ellingsrud-Stromme [ES]. Some of the details appear in the next subsection. There are
difficulties in applying the same argument equivariantly. Instead, we will use a combi-
nation of the Leray spectral sequence and the already established equivariant results for

the Quot scheme. We prove the following:

Lemma 1. (bis) For any flag variety X and any degree 3, the lowest piece of the Hodge
structure W*H* (Mo (X, B)) is spanned by the restrictions of the tautological classes on
Mo (X, B) of definition 1. The same results hold for the Chow groups.

To see this, we will assume lemma 2. We consider the following product of forgetful
morphisms:
1= Hij : HQuotpi (N,r,d) — HQuot(N, 5, dj).
J J
We put together lemma 2, and the observation that the universal quotients on P! x
Quot(N,r;,d;) pull back to the universal sheaves F; on P! x HQuot. We conclude that
the pullback map

i*: H*(] [ Quot(N,r;,d;)) — H*(HQuot(N,r,d))
J

is surjective. The results of section 2.1 imply that in fact the cohomology of HQuot is
generated by the Chern classes ¢;(Aj,) for m € {—1,0}. Here A;,, = R, F;(m) for
m > —1, and 7 : P! x HQuot — HQuot is the natural projection. Of course, this change

of generators could also be seen more directly.
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When n > 3, the statement in lemma 1 (bis) follows by the same argument we used
in section 2.2 for Grassmannians.

To deal with fewer marked points, we will explain that the map i* is surjective in
G-equivariant cohomology. Here G denotes one of the groups SLo, N or C* which we
used in section 2.3. Surjectivity is a consequence of the collapse of the Leray spectral
sequence in equivariant cohomology as proved for example in [Gi]. Strictly speaking, the
group N is not covered by the results of [Gi], but the argument in the algebraic category
presented below takes care of this case as well.

We obtain the diagram:

EY? = HY, ® HY (Hj Quot(N, 1, dj)) = HE (Hj Quot(N, rj, dj))
ESY = H, @ H1(HQuot) = H2+q(HQu0t)

Surjectivity of the equivariant cohomology restriction map iy, follows now from the non-
equivariant statement. Indeed, it suffices to observe that the collapse of the spectral
sequence shows that the equivariant groups on the right admit filtrations such that *
induces surjections between their associated graded algebras.

We dedicated the previous subsection to the computation of the equivariant coho-
mology of the Quot schemes. From the above, we obtain a generation result of the
equivariant cohomology of HQuot in terms of the equivariant tautological Chern classes
of the bundles A;,,. Now the arguments which occupy the rest of section 2.3 can be
used to finish the proof of lemma 1 (bis).

The argument in the Chow groups is slightly more involved, but we will include it here
for completeness. For simplicity, let us write X and Y for HQuot and || y Quot(N,rj,d;)
respectively, and then ¢ : X — Y is the forgetful morphism. We know that the pullback:

i ALY) = ANY) S A*(X) = A, (X) is surjective.

We want to derive the same statement equivariantly for the action of the groups S Lo, N, C*.
As before, let W be an open smooth subvariety of an affine space with a free action of G.
We claim that the map i}, : A.(Y x W) — A(X x W) is also surjective. This follows

from the surjectivity of i* and of the following two maps:
AY) @ Ae(W) = A (Y x W) and Au(X) @ A (W) — A (X x W).

To see that the exterior product maps are surjective, we make use of the fact that both X

and Y are smooth projective varieties admitting torus actions with isolated fixed points
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[St]. Such torus actions are obtained from a generic torus action on P! and on the fibers
of the sheaf OH]X whose quotients give the Quot schemes. Therefore, the theorem of
Bialynicki-Birula shows that X and Y can be stratified by unions of affine spaces. For
affine spaces surjectivity is clear. Our claim follows inductively, by successively building
X and Y from their strata.

To finish the proof, it suffices to explain the surjectivity of the map:

iy s AS(Y) = A (Y xg W) = Au(X xg W) = AY(X).
We have a fiber diagram:
XxW Yo Yxw

ﬂ'xl ”Yl
XxaeW 95 Y xgW
where the vertical arrows are principal G bundles. Let o be any class in Ag(X xg W).

Then, our assumption and theorem 1 in [V2] respectively show that there are classes
and SonY x W and Y xg W such that:

T = Z'V[/B and B = 7} 5.
Therefore,
o = iy = i,
We first assume G is either SL,, or GL,, and use theorem 2 in [V2]|. Then,
a:i!Gﬁ+Zchﬂai
i>1

for some classes «; € Ap4i(X xg W) and for some operational classes cZ-X on X xg W.
Moreover, by [V2], we find classes ¢! operating on A.(Y xg W) with igel = cX.
Inductively on codimension, we know a; = Z'GBZ The following computation concludes

the proof:
a= i!GB—i-Zi*Gc}/ Nigf; = ig (,6’—1— Zcz/ OBZ-) .
i i

There is one remaining case needed for our arguments, namely that of the group N.
Let E — X X@gr, W be the vector bundle associated to the principal G Ly bundle:

XXW—)XXGL2W

Then X xgr, W is total space of the bundle of frames in det E. It is equipped with a
projection 1 : X xXgr, W = X Xqgr, W. More importantly, X x W is the projective
bundle P(n*E) over X xgr, W and comes equipped with a tautological bundle 7x. Then
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A, (X xn W) is generated by the class ¢;(7x) and A.(X Xgr, W). The analogous

discussion holds for Y. From here, the surjectivity of z'N follows from that of Z'S Lo

2.5. The Cohomology of the Hyper-Quot scheme. In this section we will prove
lemma 2 using the diagonal trick of Beauville-Ellingsrud-Stromme [ES]. We will express
the class of the diagonal embedding A : HQuot — HQuot x HQuot as a combination of
classes mia - 53 on HQuot x HQuot, where o and 3 are among the tautological classes
listed in lemma 2. Here 71, 7wy are the two projections HQuot x HQuot — HQuot. This
will establish lemma 2 completely. Since such arguments are well known, we will only
sketch some of the details.
Let K be the kernel of the natural sheaf morphism on P' x HQuot x HQuot:
! -1

@ Hom (77&;, m5F;) — @Hom (m7&, w5 Fiv1) — 0.

i=1 =1
Let p : P! x HQuot x HQuot — HQuot x HQuot denote the natural projection. It
can be shown that p, K is a vector bundle whose rank equals the dimension of HQuot,
essentially by showing that there are no H'’s along the fibers of p. In turn, this can
be observed via the following argument borrowed from [CF]. Assume we are given two

geometric points of HQuot:
0= Ee > V®R0p - Fa—0, 0= E,—>V®Opm — F,—0.

These define a morphism P! — P! x HQuot x HQuot and we let K be the pullback of
K. We have a natural map from a trivial bundle:
! -1
Hom (V,V) ® Op1 — €D Hom (E;, F}) — ) Hom (E;, F},,)
i=1 i=1
which factors through K. One easily checks that the map Hom (V,V) ® Opr — K is
generically surjective. Therefore H!(P!, K) = 0.

Moreover, a section of K is canonically obtained from the natural morphisms:
&=V 0O = mF;.

We also obtain a section of the bundle p, K on HQuot x HQuot. This section vanishes
precisely along the diagonal. Therefore [A] = c¢;op(p«/KC). A Grothendieck Riemann Roch
computation expresses the Chern character/classes of p, as combination of classes

mia - 753 where o, B are among the candidates we listed in lemma 2, as desired.
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2.6. Cohomology of fibered products. To finish the proof of theorem 1 we need to
understand the cohomology of the boundary strata. To this end, we will need to make

use of the following result about the cohomology of fibered products.

Lemma 3. Assume there is a fiber square where py and ps are proper morphisms of

projective orbifolds with surjective orbifold differentials, and B simply connected:
Z=XxgY ——=Y

i lpz

X B
The cohomology of H*(Z) is generated by the image of H*(X) ® H*(Y).

P

Proof. We reformulate the statement as follows. We have a fiber diagram:

s 2

I
T T
where 7" = B,T = B x B,S" = Z,S = X x Y. We observe that i* : H*(T) — H*(T")
is surjective. We want to prove that (i')* : H*(S) — H*(S’) is also surjective. This will
follow from a more general argument.

There are two Leray sequences corresponding to the maps 7 and 7’. Their collapsing
is a well known result of Deligne [D]. To apply it we need to know that the differentials
of both maps are surjective. Strictly speaking, Deligne works with smooth projective
varieties, but his result extends to projective orbifolds (the main ingredient in the proof
is the Hard Lefschetz theorem, which holds for orbifolds - see [S]). There are natural

morphisms between these spectral sequences:

HP(T,Rim,Q) = HPTIS)
"l (i) 4
HY(T',R'w,Q) = HPT(S)

We claim that the second vertical arrow (i')* is surjective. We first observe that the
first vertical arrow * is surjective. Indeed, i* : H*(T) — H*(T") is surjective. The
two local systems given by the direct images RIm,Q and RI7',Q on T, T" are trivial,
these spaces being simply connected. Surjectivity of ¢* follows. Because the two spectral
sequences degenerate, there are suitable filtrations F'* and F’® of HP14(S) and HP™4(S’),

compatible with the map (¢')* such that the map (i')* : Gry, — Gr}, is surjective. It
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follows inductively that (i)* restricted to the successive pieces of the filtrations is also

surjective, hence (i')* : H*(S) — H*(S") is surjective. This completes the proof.

2.7. The main result. Let X be an arbitrary SL flag variety. In this subsection we
will conclude the cohomological proof of our main result, theorem 1.

We will apply the lemma proved above to the evaluation maps ev : Mo n+1(X,8) — X.
Then, the cohomology of the fibered product Mg auqe1(X, B4) Xx Mo pug (X, Bp) is
generated by classes coming from each factor. To place ourselves in the context of the
lemma, we need to show that the (orbifold) differentials have maximal rank i.e. that these
differentials are surjective. Recall from [FP] the construction of Mg ,4+1(X, 3). First,
one rigidifies the moduli problem. Consider an embedding of X into an r dimensional
projective space P(V), and fix t = (tg,...,t,) a basis of V*. We define a moduli space
of t-rigid stable maps to P(V'). This space parametrizes stable maps f : C' — P(V) of
degree d with n 4+ 1 markings; in addition to the n + 1 standard markings of the domain
pi, we also fix d(r + 1) markings ¢; ; (0 < i < r and 1 < j < d) stabilizing the domain
curve, such that we have an equality of Cartier divisors f*t; = ¢;1 + ... + g q-

We consider the closed subscheme of the scheme of ¢-rigid maps to P(V') which factor
through the inclusion of X in P(V)). The moduli space of such t-rigid maps M; is a
smooth variety. To get to the Kontsevich moduli space, we need to quotient out the
action of a finite group. It suffices to show that the map ev : My — X which evaluates
at the last point has maximal rank. This is essentially explained in [FP] and it is quite
straightforward. Let (f,C,p1,...pn+1,¢i5) be a t-rigid map and let p = f(pnp41). The
differential of the evaluation sends the deformation space of the rigid stable map, Def,
to T, X. This map factors as the composition of two surjections Def — Def — T,X.
Here Def = HO(f*TX/Tc(—pny1)) is the deformation space of the triple (f, C,pni1).
The second map is simply the fiber evaluation. It is surjective because for any genus 0
stable map f, f*T'X is generated by global sections [FP].

We are now ready to prove theorem 1. The statement is proved by double induction,
first on the degree 5, and then on the number of markings. In degree 8 = 0, the
result follows from Keel’'s theorem. Next, we consider the indecomposable classes [
and n < 1. When X = G(k,V), the result is a consequence of the description of the
moduli space Mo (X, 1) as the flag variety FI(k — 1,k + 1,V) of two step flags in V of
dimensions k£ — 1 and k + 1 respectively (this is explained for example in [STi] lemma
3.2). For n = 1, there is a similar description of the moduli space as the flag variety
Fi(k — 1,k,k +1,V). For general flags X, the class 8 is Poincare dual to ¢1(Q;), for
some i. There exists a flag variety Y (obtained by skipping the i*® quotient in X) and a
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projection morphism 7 : X — Y such that m,5 = 0. All stable maps to X in the class
are entirely contained in the fibers of © which are Grassmannians. Therefore, the moduli
space My (X, 3) maps to Y, the fibers being flag varieties as above. The main theorem
follows immediately.

All other moduli spaces for higher values of n or 8 have nonempty boundary divisors
D(A, B, 34, Bg), where either 84 and Bp are both smaller than 3, or A, B have fewer
than n points. The cohomology of the fibered product scheme M (A, B, 84, 35) (and
hence of the fibered product stack) dominating the boundary is computed by lemma
3. Tt is spanned by tautological classes in the light of the induction assumption. We
apply the Deligne spectral sequence, specifically the exact sequence (3). We start with
an arbitrary codimension k class a in Mo, (X, 8). Its restriction j*a on Mg, (X, 3)
has Hodge weight k. By virtue of lemma 1 (bis), we derive that j*« is equal to the
restriction j*a’ of some tautological class o’. Then (3) shows that a — o is supported
on M(A, B, 84, 8B), hence inductively it is sum of tautological classes. This proves the
theorem.

3. SOME OPEN QUESTIONS.

The results discussed in this paper should hold for general flag varieties over any field

(see remark 1(iii)). We conjecture:

Conjecture 1. If X = G/P is a general flag variety, where G is a semisimple algebraic
group and P a parabolic subgroup, then all rational Chow classes of Moy, (X, ) are

tautological.
We also propose the following conjecture based on computations in [Pal] and [O2]:

Conjecture 2. If X is any flag variety, (the dimensions of ) the Chow rings of the open
part Mo (X, B) are independent on the degree (3, provided that /3 is a linear combination

of the indecomposable classes with positive coefficients.

Since the number of tautological classes is huge compared to the dimension, it would be
interesting to find a universal way of producing relations. For instance, relations can be
obtained using Mumford’s method: one exploits the vanishing of higher Chern classes of

tautological bundles which can otherwise be computed by Grothendieck-Riemann-Roch.

Question 1. (i) Find a universal (and complete) way of obtaining relations in the

tautological rings.
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(ii) Find a concrete description of the cohomology ring when the target is any flag

variety.

In [O2] we show that in codimension 1, all relations are essentially consequences of
the topological recursion relations coming from Mg,. This is a manifestation of the
fact that the tautological systems are generally insensitive to the geometry of the target
space. One may hope that all relations between the tautological generators belong to the
system of tautological relations preserved by the natural pushforwards and containing,
in addition to the usual relations in Gromov-Witten theory, the topological recursion

relations. We will make these concepts precise elsewhere.

Question 2. Is it true that all (non-trivial) relations between the tautological classes
(or better, stabilized cohomology classes in the sense of [BH]) are consequences of the

topological recursion relations?

Finally, one can define the higher genus tautological systems. It is beyond the scope of
this paper to discuss this case, but its study in the context of Gromov-Witten theory will
be of interest. One possible application of these ideas concerns reconstruction of Gromov-
Witten invariants. A genus 0 example is worked out in our paper [O2] exploiting the

relations between the tautological classes.

APPENDIX A. THE HIGHER GENUS TAUTOLOGICAL SYSTEMS.

To define the tautological systems R for non-convex targets or higher genera we need
to make use of the virtual fundamental classes. As the moduli spaces involved are not
necessarily smooth, we will ignore any possible ring structure R may have.

We let R C A,(Mon(X,)) be the minimal system satisfying the requirements:

o eviay .. .cevray Pt inN [ﬂgm(X,B)]mr € R, for all a; € A*(X), a; > 0;
e The system is closed under pushforward by the forgetful morphisms;

e The system is closed under the gluing maps.

To define the gluing maps (1, we fix a stable modular dual graph I" of genus g, degree
B8, with n legs. For each vertex v, we write g,, 8y, 1, for the corresponding genus, degree
and total valency (half edges and legs). The boundary stratum M(T") of maps with fixed
dual graph T is obtained from the fibered diagram below, where E(I') and H(I") stand
for the set of edges and half edges of I', and Ar is the natural diagonal map:
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J— glp —

Mgn(X, B) <— M([T) —=1I, Hgvﬂ'bv (X, Bv)

L.

XE(F) XH(F)
The gluing map (r is obtained as composition of the gluing pushforward, the Gysin

morphism and the exterior product (which we will omit from the notation):

¢+ Q) Au (Mg, n, (X, B0)) = A (Mgn(X.8)) ., Cr = (gIr) At

Lemma A.1. In genus 0 and for convex targets, we recover the definition proposed in

the introduction.

The issues are of course closure under multiplication and the v classes. To begin, we

define the x classes using the forgetful pushforward:
En(Qnats oy Qngp) = Th(€U) 1 Qg1+ - - ev,’;+pan+p N [ﬂo,n+p(X, ﬁ)]mr)
More generally, we can define the operational classes Ry (Qn41,--.,0ntp) as the opera-
tional proper flat pushforward [M] of monomials in the evaluation classes. Then
Fn(Qntts - oy Qngp) N [Mon (X, B = kn(Qnits - Qngp)-

We let ST = ng C Ay (Mon(X, B)) be the following collection of descendant classes:
(10) O =-eviag ... evfan it Y8 N Kp(ngts - - Qngp) € Ad(Mon(X, B)).
We let S? be the collection of classes:

Cr(fr), where fp = H 0y, and 6, € 8§ ..,

for all stable dual graphs I'. We define the similar collections of primary classes SP and
SP only allowing a; = ... = a, = 0 in equation (10).
The lemma will follow from the facts below:
(1) For all targets X, S is preserved by the natural pushforwards.
(2) For convex targets X, 8% is closed under the multiplication in the Chow ring.
(3) For all targets X, St = Sp; consequently, both collections give additive generators

for the tautological systems.

To prove (1), we first observe that closure of S? under the gluing pushforwards is ob-
vious. We check closure under the forgetful morphism 7 : Mo (X, 8) = Mon-1(X, B).
Letting I” be the graph obtained from I' by forgetting the n'* leg, we obtain:

Tl (0r) = T (glr)« A0 = (gl )x T ALOr = (gl ) Ab (m,0r) = (v (m,0r).
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Special care must be taken when the graph I" is unstable. At any rate, we reduce our
check to classes in SP. Then, let 6 be a class as in (10), with a; = ... = a, = 0. The

projection formula shows:
* *
Tl =eviog ... ev;_jom—1 Nkp_1(0n,...,0np) € SP.

To check (2), we follow an idea of [GP]. We fix two classes (r(fr) and (p(0p/) sup-
ported on M(T') and M(I’). Their product is computed by the excess intersection
formula. The excess bundle will be distributed over the components M (I"”) of the stack
theoretic intersection of M(I") and M(T”). These are indexed by dual graphs which are
given additional structure. The graph I'” is endowed with two collapsing maps I — T’
and I — T which replace whole subgraphs of IV with vertices of either I" or I/, also col-
lecting the incident legs and the degree labels. Moreover, we require that each half-edge
of I'” correspond to a half edge in either I" or in I". Just as in equation (11) in [GP], we
derive that the excess normal bundle splits as sum of line bundles which are expressed

in terms of the cotangent lines. The top Chern class of the excess bundle equals
H(—% - ¢w)
e

where v, w are vertices lying on an edge e which “comes” from both I and I'". Therefore,

the excess intersection formula shows that:
Cr(0r) - o (Or) = > (o (Bpn).
Fl/
We argue that fp» is an exterior product of classes in S%. To this end, we observe that:

(i) Pullback under the gluing morphisms glr preserves the evaluation classes ev*«
and the v classes.
(ii) The pullback of a x class under gluing is sum of  classes.

(iii) Product of k classes is a k class.

Finally, for the last item on our list, it suffices to check that S% C SP, since SP is

invariant under the gluing morphisms. This will follow if we show that:
PN SP — SP.

Using the projection formula for the boundary maps, observation (i) and the compati-

bility of Chern classes with the Gysin morphisms, it suffices to prove that:

1/)1:Sp—>‘§p.
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Let 6 be given by (10). The projection formula for the morphism 7 : Mo n4p(X, 8) —
Mo (X, B) shows that 11 N @ is the 7-pushforward of the class:

Yy eviag - ... eV pCntp N WO,n+p(X> ,8)]”" )
Using the invariance of SP under the forgetful pushforward by m established above, it

suffices to prove that this class belongs to SP. It is an immediate consequence of the

commutation between Gysin morphisms and flat pullbacks that:
evia; N _: SP — SP.
It remains to prove that:

P10 EKZQn+p(}(7B)]MT e SP.
When X = P7, this is a consequence of the equation VI 6.17 in [M] which expresses
m*1p1 — b1 as sum of boundaries, and lemma 2.2.2 in [Pa2] which expresses 1 in terms of
boundaries, evaluation and operational s classes. The general case follows pulling back
under the closed embedding i : Mo n1p(X, 3) = Mo nip(P",ix3) induced by a projective

embedding of X. Then, to finish, we cap with the virtual fundamental class.

REFERENCES

[Be] K. Behrend, Cohomology of stacks, Lectures at MSRI and ICTP. Available at
http://www.msri.org/publications/video/ and http://www.math.ubc.ca/ behrend/preprints.html.

[Br] M. Brion, Fquivariant cohomology and equivariant intersection theory, Representation theories and
algebraic geometry (Montreal, 1997), 1-37, Kluwer Acad. Publ., Dordrecht, 1998, AG /9802063

[BDW] A. Bertram, G. Daskalopoulos, R. Wentworth, Gromov Invariants for Holomorphic Maps from
Riemann Surfaces to Grassmannians, J. Amer. Math. Soc. 9 (1996), no. 2, 529 - 571, AG/9306005.

[BF] G. Bini, C. Fontanari, On the cohomology of Mo »(P',d), Commun. Contemp. Math 4(2002), 751-
761.

[BH] K. Behrend, A. O’Halloran, On the cohomology of stable map spaces, Invent. Math. 154 (2003), no.
2, 385-450, AG/0202288.

[CF] I. Ciocan-Fontanine, The quantum cohomology ring of flag varieties, Transactions of the AMS, 351
(7) (1999), 2695-2729.

[D] P. Deligne, Teorie de Hodge II, III, Publ. Math. LH.E.S, 40 (1972), 44(1974), 5-58 and 5-77.

[Dh] A. Dhillon, On the cohomology of moduli of vector bundles, AG/0310299.

[EG] D. Edidin, W. Graham, Equivariant intersection theory, Invent. Math. 131 (1998), no. 3, 595-634.

[ES] G. Ellingsrud, S. A. Stromme, Towards the Chow ring of the Hilbert scheme of P?, J. Reine Angew.
Math. 441 (1993), 33-44.

[FP] W. Fulton, R. Pandharipande, Notes on stable maps and quantum cohomology, Algebraic geometry
- Santa Cruz 1995, 45-96, Proc. Sympos. Pure Math., 62, Part 2, Amer. Math. Soc., Providence,
RI, 1997, AG/9608011.

[Ge] E. Getzler, Operads and moduli spaces of genus 0 Riemann surfaces, The moduli space of curves,
199-230, Progr. Math., 129, Birkhuser Boston, Boston, MA, 1995, AG/9411004.

[Gi] V. Ginzgburg, Equivariant cohomology and Kahler geometry, Funktsional. Anal. i Prilozhen. 21
(1987), no. 4, 19-34, 96.

[GP] T. Graber, R. Pandharipande, Construction of non-tautological classes on moduli spaces of curves,
Michigan Math. J. 51 (2003), no. 1, 93-109, AG/0104057.



32 DRAGOS OPREA

[Gr] A. Grothendieck, Quelques proprietes fondamentales en theorie des intersections, Seminaire Cheval-
ley Anneaur de Chow et applications, 1959.

[Gr2] A. Grothendieck, Le groupe de Brauer II. Diz exposes sur la cohomologie de schemas, North
Holland, 1968.

[K] S. Keel, Intersection theory on the moduli space of stable n-pointed curves of genus zero, Trans.
Amer. Math. Soc, 330 (1992), no 2, 545-574.

[Kim] B. Kim, Quot schemes for flags and Gromov invariants for flag varieties, preprint, AG/9512003.

[M] Y. Manin, Frobenius manifolds, quantum cohomology and moduli spaces, A.M.S Colloquim Publi-
cations, vol 47, 1999.

[MM] A. Mustata, A. Mustata, On the Chow ring of Mo,m(n,d), preprint, AG/0507464.

[O1] D. Oprea, Tautological classes on the moduli spaces of stable maps to P” via torus actions, to appear.

[02] D. Oprea, Divisors on the moduli spaces of stable maps to flag varieties and reconstruction, Journal
fiir die reine und angewandte Mathematik, 586 (2005).

[Pal] R. Pandharipande, The Chow Ring of the nonlinear Grassmannian, J. Algebraic Geom. 7 (1998),
no. 1, 123-140, AG/9604022.

[Pa2] R. Pandharipande, Intersection of Q-divisors on Kontsevich’s Moduli Space Mo (P",d) and enu-
merative geometry, Trans. Amer. Math. Soc. 351 (1999), no. 4, 1481-1505, AG/9504004.

[Pa3] R. Pandharipande, Three questions in Gromov- Witten theory, Proceedings of the International
Congress of Mathematicians, Vol. IT (Beijing, 2002), 503-512, AG/0302077.

[S] J. Steenbrinck, Mized Hodge Structure on the Vanishing Cohomology, Nordic Summer School -
Symposium in Mathematics Olso, 1976, 525- 563.

[St] S. Stromme, On parametrized rational curves in Grassmann varieties, Space curves (Rocca di Papa,
1985), 251-272, Lecture Notes in Math, 1266, Berlin- New York, 1987.

[STi] B. Siebert, G. Tian, On quantum cohomology rings of Fano manifolds and a formula of Vafa and
Intriligator, Asian J. Math. 1 (1997), no. 4, 679-695, AG/9403010.

[Si] B. Siebert, An update on the (small) quantum cohomology, Proceedings of the conference on Ge-
ometry and Physics (D.H. Phong, L. Vinet, S.T. Yau eds.), Montreal 1995, International Press

1998.

[T] B. Totaro, Chow groups, Chow cohomology, and linear varieties, Journal of Algebraic Geometry, to
appear.

[V1] A. Vistoli, Intersection theory on algebraic stacks and their moduli spaces, Invent. Math. 97 (1989),
613-670.

[V2] A. Vistoli, Chow groups of quotient varieties, J. Algebra 107 (1987), 410-424.
DEPARTMENT OF MATHEMATICS
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

77 MASSACHUSETTS AVENUE, CAMBRIDGE, MA 02139.
FE-mail address: oprea@alum.mit.edu



