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Introduction

In the last decade, a new branch of mathematics grew out of the interaction of
theoretical physics, namely string theory, and mathematics. In an attempt to find
a mathematically rigorous formulation of the fundamental paper of Witten [W]
and thus to explain some of the striking numerical predictions made for instance
by the Austin physics group of Candelas [COGP] using the so called Mirror
Symmetry emerging from string theory, the theory of Gromov—Witten invariants
and several mathematical versions of Mirror Symmetry (MS) were created.

In the physical formulation, Mirror Symmetry basically states that two string
theories with different target spaces (the so—called A-model and B-model) lead to
the same conformal field theory on the worldsheet. This has several consequences,
e.g. in an imprecise formulation that for each Calabi—Yau quintic threefold with
Hodge numbers h''' = a and h'? = b there exists a dual Calabi-Yau with the
mirrored Hodge numbers At = b and h'? = a. Much evidence of this nature was
presented in the above mentioned collaboration. In the guise of Hodge number
duality the mirror symmetry has been rigorously formulated and was proven to
exist in the case of Calabi—Yaus which can be realized inside toric spaces by
Batyrev [Ba].

A more sophisticated version of MS relates two generating functions: on the
A—side a generating function for the “number of curves” and a hyper—geometric
series which satisfies certain Picard—Fuchs equations on the B—side. The term
“number of curves” has been made precise by the theory of Gromov-Witten
invariants |G, W] which were, in the algebraic context, first introduced in [KM]
on an axiomatic basis and later proven to exist [BM, Bel] by constructing a virtual
fundamental class [M,,,(V, 3)]*"t of the moduli space of stable maps M, ,(V, 3)
introduced by Kontsevich. The above mentioned space parameterizes stable maps
of n—pointed curves of genus ¢ into a given projective smooth manifold V' and
can be viewed as an extension of the classical Delinge Mumford Knudsen spaces
of stable curves of genus g with n marked points M, . In the symplectic setting
similar results were proven by Ruan and Tian [RT] and Li and Tian [LT]. The
MS in this formulation has been proved by Givental for the case of projective
complete intersections [Gi] by using equivariant cohomology in order to enhance
the approach via torus action suggested by [K2]. A review of these constructions
can be found in [V].

The most far reaching statement of MS has been given by Kontsevich in [K3]
where the so—called homological MS is thought of as relating two triangulated cat-
egories. It is conjectured that the bounded derived category of coherent sheaves
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of one manifold is equivalent to the bounded derived category obtained from the
Fukaya category of a dual manifold.

In the present exposition we concentrate on the A—side of this general picture
and deal with the theory of Gromov—Witten invariants. The Gromov—Witten in-
variants can be regarded as a precise definition of what is meant by “the number
of curves on a variety V with certain incidence conditions”. These numbers coin-
cide under certain conditions with the actual number of these curves. Motivated
by physics, one collects “all” of these solutions to the corresponding enumerative
problems in a generating series, the Gromov-Witten—potential. The fact that the
GW-numbers can be regarded as the correlation functions of a topological field
theory or, more precisely, as the codimension zero correlation functions of a Co-
homological Field Theory (CohFT), corresponds to a mathematical property of
the GW-numbers which leads to a differential equation for the generating series,
the Witten—Dijkgraaf—Verlinde—Verlinde (WDVV) or associativity equations. In
the case of Fano varieties, these equations can be used to provide recursion re-

lations for the GW-numbers, thus reducing “all” problems to certain basic ones
(see [KM]).

So far, only the GW-numbers which represent the codimension zero correla-
tion functions of a CohFT have been discussed. The GW-invariants, however,
also furnish all higher codimension correlation functions. These correlation func-
tions are defined as maps from H*(V)®" to the cohomology of the moduli space
of stable n-—pointed curves of genus g, H*(M,,). In [KM, KMK] it was shown
that in genus zero all these maps can be reconstructed using the GW-numbers.
For the proof of this statement and the explicit reconstruction of the GW—classes
from the GW-numbers in genus zero, one needs to study the intersection theory
on the moduli space of stable n—pointed genus zero curves M,. In particular, a
basis of H*(M,) and its intersection matrix needed for the explicit reconstruc-
tion is presented in this exposition.

In genus zero the theory appears in various alternative formulations. Two
of these formulations were already mentioned: the CohFT approach and the
approach using just the codimension zero correlation functions which in a general
framework are an instance of Abstract Correlation Functions (ACFs). Thanks to
the associativity equations one can define a commutative and associative algebra
with the help of the third derivatives of the GW—potential, the so—called quantum
cohomology ring. Starting from the data of the linear super—space H*(V') together
with the GW-potential ® regarded as yielding the quantum multiplication on
the tangent space to H*(V'), one is lead to the notion of a formal Frobenius
manifold. Following this starting point or more generally analyzing topological
field theories together with their natural moduli spaces, Dubrovin founded the
theory of Frobenius manifolds [D] which forms a third vantage point for the genus
zero theory. There is yet another formulation of CohFT avoiding the explicit
mentioning of the moduli spaces via the structures of Comm.,—algebras [Gel]
which is up to a dualization equivalent to the formulation in terms of ACFs.

In the realm of CohF'T, there is a natural operation of forming the tensor prod-
uct which —translated in terms of quantum cohomology— yields the Kiinneth
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formula (cf. [KMK] and Chapter 3). Turning to the language of operads [Gel,
GK], this reflects the fact that the H,(My,) operad is an operad of coalgebras
and not just of linear spaces. In the Comm., picture, this operation is not natu-
rally seen and quite an amount of work is needed to translate this operation into
this setting.

In the present exposition, we perform an in—depth analysis of the operation of
forming the tensor product in the various formulations of the genus zero theory
(CohFT, ACFs and Frobenius manifolds) with the help of intersection theory
on the moduli space of stable n—pointed genus zero curves My, and study the
interrelation between the different presentations. In this way, we obtain a pre-
sentation of the operation of forming the tensor product in all presently known
facets of the genus zero theory.

In two additional sections, we review the results of the collaboration [KMZ]
concerning higher Weil-Petersson volumes and one-dimensional CohFT, putting
emphasis on our part of the proofs.

Pertaining to the theory of Frobenius manifolds, we provide the explicit for-
mula for the tensor product of formal Frobenius manifolds and derive the tensor
product in the enlarged category of formal Frobenius manifolds with an Euler
field and a flat identity. Furthermore, we introduce the notion of forming the
tensor product germs of pointed Frobenius manifolds and give a complete de-
scription of the dependence of this operation on the base-point. In the special
case of semi-simple Frobenius manifolds, this leads to a formula for the special
initial conditions which basically determine the structure of these manifolds.

In the setting of quantum cohomology, we derive the explicit Kiinneth formula
for quantum cohomology.

The exposition is organized as follows:

In Chapter I, we begin by recalling the necessary basic definitions concerning
the moduli spaces M, ,. After providing the intersection formula for two strata
classes of complementary dimension, we set out to prove a formula for the inter-
section of an arbitrary number of strata classes. To this end, we introduce the
new notions of trees with multiplicity and multiplicity orientations. Using these
definitions, we prove the mentioned formula. In the following section, we present
a basis for the cohomology of M, and use the results of the previous section
to derive its intersection form. We then provide a formula for the inverse inter-
section matrix, which, together with the basis, supplies a representative of the
diagonal class Agz —of M, x M, and give examples of the intersection matrices
for small values of n.

The last section of Chapter I deals with a second aspect of the geometry of
the spaces M, the study of a generalization of Weil-Petersson volumes which
has been the subject of the collaboration [KMZ]. Having defined these higher
analogs, we collect them into a generating series and derive a recursion relation
for this series in genus zero again using explicit formulas in the cohomology ring
of My,. We continue this section by quoting the further results of [KMZ] which
are used in the next chapter.
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The second chapter, Chapter I, is devoted to the study of the tensor product
in the theory of Frobenius manifolds. We begin by reviewing the basic notions of
Frobenius manifolds, formal Frobenius manifolds, semi-simple Frobenius mani-
folds, the additional structures of an Euler field and a (flat) identity and introduce
the notion of pointed Frobenius manifolds. Then, we turn to the tensor product
for each of these types of Frobenius manifolds.

In the case of formal Frobenius manifolds, the tensor product is defined via
the connection to ACFs or Comm,—algebras. Since the tensor product is only
naturally defined on CohFT, one has to first reconstruct the relevant CohFTs
from the ACFs and only afterwards can one reduce to the ACFs of the tensor
product CohFT. The theoretic framework for this construction is provided by
passing to an operadic version of ACFs which again takes the geometry of My,
into account. In this setting, we use the results of Chapter I to give an explicit
formula for the potential of the tensor product.

In the following section, we make a digression to the rank or dimension one
CohFTs and the tensor product in this subset of CohFT. The theory of these
CohFTs is equivalent to the study of the higher Weil-Petersson volumes of the
previous chapter. Translating the results into this language yields a complete
description of the tensor product for the potential as well as explicit formulas
which we quote from [KMZ].

We continue by translating the conditions for an Euler field and a flat iden-
tity into relations among the operadic correlation functions. We then present an
Euler field and a flat identity for the tensor product of two Frobenius manifolds,
if the factors also carry these additional structure. The proof that the proposed
candidate indeed satisfies the definition of an Euler field is non—trivial and, be-
sides involving the properties of the Euler field and the identity in the setting
of operadic ACFs, it additionally relies on properties of the diagonal class of
My, x Mg, under the push—forward and pull-back with respect to the forgetful
morphisms.

Using the formulation for formal Frobenius manifolds, we transfer the opera-
tion of forming the tensor product to germs of pointed Frobenius manifolds under
certain convergence conditions. We then study the dependence on the choice of
the base—point and prove a theorem that basically states that up to the mentioned
convergence conditions the tensor product for germs of Frobenius manifolds is
independent of the choice of base—points up to unique isomorphism.

In the case of split semi—simple Frobenius manifolds, these convergence con-
ditions are automatic and the above considerations provide a base-point—free
formulation of the tensor product in this class. Moreover, according to [M3] a
split semi-simple Frobenius manifold is already determined by the initial data for
a particular differential equation. Using our theorem about the tensor product
for the Euler fields, we derive the initial data for the tensor product of two such
manifolds in terms of the initial data of the factors.

In the last chapter, Chapter III, we focus on the aspect of quantum cohomol-
ogy and apply the previously established results to this situation. In particular,
as mentioned above, the explicit formula for the tensor product of two formal
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Frobenius manifolds turns into the explicit Kiinneth formula for quantum coho-
mology which expresses the quantum cohomology of a product variety V' x W in
terms of the quantum cohomology of the factors V' and W.

We end this exposition by giving several examples. Namely, we provide the
special initial conditions for a product of projective spaces and calculate the GW—
potential of a product of two and three three-dimensional Calabi—Yau manifolds.






CHAPTER 1

Moduli spaces of stable curves

In this chapter, we deal with the geometry of the moduli spaces of stable
curves Mg,n. After recalling some of the basic definitions, we present our results
concerning the intersection theory on Mg, and on the so—called higher Weil-
Petersson volumes. We will, in particular, provide formulas for the intersection
of strata classes and monomials of boundary divisors in M,. Furthermore, we
present a basis for H*(My,) and its intersection form as well as the inverse in-
tersection form. In an additional section containing the results of [KMZ], we will
reproduce the proof of a recursion relation for the generating function of higher
Weil-Petersson volumes.

1. The moduli stacks M,

The moduli spaces of smooth Riemann surfaces of a given genus were clas-
sically already studied by Riemann himself. In a more precise framework, the
respective moduli stacks to the coarse moduli problem which are denoted by
M, were introduced (see e.g. [MF]). Deligne and Mumford [DM] developed a
compactification scheme for these spaces yielding the stacks Mg. This compacti-
fication basically adds the locus of degenerate curves with simple double points as
boundary divisors. The latter author also initiated the algebro—geometric study
of the Chow ring of these spaces. In [Mu], he introduced a series of classes which
were consequently named after him and gave a complete description of the Chow
ring in the case g = 2. For higher genus explicit descriptions for g = 3 and some
results for g = 4 were obtained by Faber [Fa].

Often one additionally includes the additional structure of marked points into
the moduli problem thus considering curves of genus g with n marked points.
Following Deligne and Mumford, Knudsen [Kn] developed a compactification
Mg,n for the appropriate moduli stacks M, ,,.

An excellent detailed account of what is currently known about these moduli
spaces and and their mapping class groups can be found in the recent article [HL].
Thus, we will only repeat briefly the notions which are essential to our work.

1.1. Pointed curves and their graphs. In this subsection, we cite the
main definitions of the general geometric objects under investigation in the for-
mulation of [M2].
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1.1.1. Definition. A prestable curve over a scheme T is a flat proper mor-
phism 7 : C' — T whose geometric fibers are reduced one-dimensional schemes
with at most ordinary double points as singularities. Its genus is a locally con-
stant function on T : ¢g(¢) := dim(H(Cy, O)).

1.1.2. Definition. Let S be a finite set. An S—pointed (equivalently, S—
labeled) prestable curve over T' is a family (C, 7, z;[i € S) where 7 : C — T
is a prestable curve and the x; are sections such that for any geometric point ¢
of T we have z;(t) # z;(t) for i # j and the z; are smooth on C;. The points
x;(t),7 € S and the singular points of C; are called special points.

Such an irreducible curve is called stable, if 2g — 2 + |S| > 0 and every non—
singular genus zero component of any C; contains at least three special points. A
general prestable pointed curve is called stable, if all its connected components
are stable.

1.1.3. Definition. A finite graph 7 is a quadruple (F;, V;, 0, j,) of a (finite)
set of (of flags) F, a (finite) set (of vertices) V;, the boundary map 0. : F, — Vi,
and an involution j, F, — F, j% = j..

An isomorphism 7 — ¢ consists of two bijections F, — F,, V., — V,, compat-
ible with 0 and j.

The two—element orbits of j, form the set of edges E, and the one-element
orbits form the set of tails 7T’-.

1.1.4. Geometric realization. Given a graph 7 define for each vertex v
the set F,(v) = 0-'(v) and consider the topological space called “the star of v”
consisting of |v| := |F,(v)| semiintervals having one common boundary point.
These semiintervals are labeled by their respective flags. Then glue these stars
according to j, yielding edges and tails.

A graph 7 is called connected (respectively simply connected), if its geometric
realization ||7|| has this property.

1.1.5. Definition. A modular graph is a graph 7 together with a map g :
Vi — Z>0,v — g,. An isomorphism of two modular graphs is an isomorphism of
the underlying graphs, preserving the g—labels of the vertices.

A modular graph (7,¢) is called stable, if |v| > 3 for all v with g, = 0 and
|v| > 1 for all v with g, = 1.

1.1.6. Definition. The dual modular graph (7, g) of a prestable S—pointed
curve (C, 7, z;|i € S) over an algebraically closed field is given by the following
data:

a) F, = the set of branches of C' passing through special points.

b) V, = the set of irreducible components of C', g, = the genus of the
normalization of the component corresponding to v (which is sometimes
denoted by C,).

¢) 0;(f) = v, iff the branch f of C' belongs to the component C,.
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d) j-(f) = f, f # f, iff the two branches f, f intersect at a common double
point. In this way, the edges of the graph correspond bijectively to the
special points of C.

e) j-(f) = f,iff f is a branch passing through a labeled point of C'. This
yields a bijective correspondence between the labeled points of C' and S
which is isomorphic to the set of tails.

The combinatorial type of a curve will be the isomorphism class of its modular
graph (7, g).

1.2. Mumford classes. As previously mentioned, D. Mumford initiated the
algebro—geometric study of the Chow ring of M, in [Mu], where intersection
theory of M,, is understood in the sense of orbifolds or stacks. To this end,
he introduced certain classes, now called Mumford classes, whose definition was
subsequently extended in [AC] to the spaces M, with a slight alteration. We
will use this version of the Mumford classes.

1.2.1. Definition. Let p, : C,, — Hgm be the universal curve, z; C C,,, 7 =
1,...,n the images of the structure sections and wc,ys the relative dualizing sheaf.
Put for a >0

wn(@) = wWon(a) = puler(wen (Y %)) € H* (Mg, Q)™
i=1 (1.1)

where we used the notation of [KMK]; in [AC] these classes are denoted by ;.

We will mostly omit ¢ in our notation but not n.

WP

The class wy,(1) is actually 3z [v}"!

[Wo| and [Z]) 2—form so that

| where v;" P is the Weil-Petersson (see

/ W (1)2973" = (272)39737 x WP-volume of M, (1.2)
Mgn
(see [AC]).

1.2.2. Classical Weil-Petersson—volumes. The case of the classical WP—

volumes (1.2) of the genus zero moduli spaces was first treated by P. Zograf [Z].
Put v3 =1 and

Up 1= / wn(1)"73, n>4. (1.3)
MOn

The main result of [Z] then reads:

1n3z(n—i—2)<n—4)(n) oy
Un = 5 —| . . Vig2 Up—j n=>4.
2 n—1 1—1 1+ 1 (1.4)



12 1. MODULI SPACES OF STABLE CURVES

If one considers the generating functions

= v = v
Plr) =Y ————a", h(z)=(z)= = "t
nzzgn!(n—?))! nzz?)(n—l)!(n—?))! (1.5)
then the recursion relation (1.4) directly translates into the differential equation
zh” —h' = (zh/ —h) 1" (1.6)

for h(z) = ®'(x).
The generating series (1.5) also arises in Liouville gravity models [Ma].
Differentiating the differential equation (1.6) once more, we obtain h'h" =
zh"?. Setting y = h’ and interchanging the roles of z and y in the resulting cubic
equation yy” = xy’, it transforms into the Bessel equation
d*z
Y ay?
This observation can be used to derive an explicit solution of (1.4) via an inverted
modified Bessel function:

+z=0.

> Up, I > —1)m-1 m
yzz(n—z)!(n—s)!‘” — I:Zm(!(m)—l)!y ‘

n=3
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2. The moduli spaces M, of genus 0

Now, we turn to the genus 0 case which we will mainly focus on. We will
briefly review the known results about the structure of the moduli spaces M,
again quoting [M2], and then present our results. Most of the original work
contained in the following section can be found in [Ke] and [Kn].

2.1. Theorem.

a) For anyn > 3, there exists a universal n—pointed stable curve (7 : Cy, —
Moyn; i =1,...,n) of genus zero. This means that any such curve over
a scheme T is induced by a unique morphism T — M.

b) My, is a smooth irreducible projective algebraic variety of dimension
n—3J3.

c) For any stable n—tree T, there exists a locally closed irreducible subscheme
D(7) C My,, parameterizing ezxactly curves of the combinatorial type T.
Its codimension is equal to the cardinality |E.| of the set of edges. This
subscheme depends only on the n isomorphism class of T.

d) My, is the disjoint union of all D(7). The closure of any of the strata
D(7) is the union of all the strata such that T > o in the sense of 2.2.4.

2.2. Forgetful morphisms. Consider a stable pointed curve given by the
data (C,z1,...,zp41). Wesay that (C, x4, ..., x,) is obtained from the first curve
by forgetting the point z, 1. However, it might happen that the new curve is not
stable any more. This is precisely the case, if the component of C' supporting x,, 1
has only one additional labeled point say x;. In this situation, we can contract
the unstable component to its intersection point m; with some other component.
We call the resulting n-—pointed curve (C, w1, ..., 1,2}, ¥j11, ..., T,) the result
of stably forgetting x,, ;. Of course, regarding any S—curve, one can in the same
manner stably forget the point x, for any s € S.

2.2.1. Theorem.

a) There is a canonical flat and proper morphism m,yq : MOWH — My,
which acts on the isomorphism classes of (n+1)—pointed curves by stably
forgetting the last point. More generally, there exists a canonical mor-
phism 75 : Mos — Mo g\(s) stably forgetting the point x5 of an S-pointed
curve.

b) There ezists a canonical isomorphism ., : Mopi1 — Uo,n-

2.2.2. The dual tree of a genus 0 curve. Since we will be dealing with
genus zero curves, the graphs which will be considered will be trees, i.e. connected
and simply connected graphs.
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2.2.3. Degeneration of genus 0 curves. Geometrically, a stable genus 0
curve can degenerate in the following way: given a partition of the set of special
points of a component C, it may split into two irreducible genus 0 curves where
the special points are distributed in the way prescribed by the partition. This is
the only codimension one specialization possible for pointed genus 0 curves.

On the level of trees, this corresponds to the addition of an edge at a given

vertex v splitting the flags of this vertex into two sets corresponding to a partition
of S.

2.2.4. Notation. Given a tree 7, a vertex v € V, and a partition (Fy, Fy)
of the set F,(v), we denote by 7112 the tree obtained by replacing the vertex v

by an additional edge e which separates the flags of v according to the partition
(Fl s Fg) .

If a tree o can be obtained from a tree 7 by adding edges in the above manner,
we will write 7 > 0.

2.3. Stratification. For any set S with |S| > 3, there exist the coarse mod-
uli spaces My s and Mg classifying irreducible respectively arbitrary stable S—
marked curves. Furthermore, given any tree 7, one can consider the space

a = (T Mor.)- (2.1)

’UGVT

These spaces give a stratification of the compactified moduli space My, in-

dexed by n—trees
Mo, = H ( H MOFT(U)>- (2.2)

T veV,
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3. Trees and the cohomology of the spaces Mg

One of the main tools for the study of the geometry of moduli spaces of
curves is provided by the combinatorics associated to trees (respectively modular
graphs). It is for instance possible, as already mentioned above, to give a strat-
ification of Mg in terms of S-trees. It is, in particular, also possible to present
the cohomology of these spaces in terms of trees.

3.1. Spaces of Trees. Let k be a supercommutative Q—algebra. Noticing
that the stability condition implies that the number of isomorphism classes of
stable S—trees is finite and that the maximal number of edges of a stable S—tree
is |S| — 3, we can define the graded free k—module over the set of isomorphism
classes of stable S—trees via

I's := The set isomorphism classes of stable S—trees with |E;| = e

V([se) := The free k-module over I'g
I5|-3

V([s) == P V(lse) (3.3)

3.2. Keel’s presentation. As was shown in [Ke|, the cohomology ring of
Mg can be presented in terms of classes of boundary divisors as generators and
quadratic relations as introduced by [Ke]. The additive structure of this ring and
the respective relations can then be naturally described in terms of stable trees
(see [KM] and [KMK]).

More precisely: The boundary divisors of Mg are in one-to—one correspon-
dence with unordered 2—partitions {Sy, So} of S, satisfying |S;| > 2 and [Ss| > 2
(stability). Let {D,|c = {S1,S2} a stable S—partition} be a set of commuting
independent variables. Consider the ideal Ig C Fg in the graded polynomial ring
Fs := k[Dys, s,1] generated by the following relations:

(i) Dysy,50)Dysy,553, if the number of non—empty pairwise intersections of
these sets equals to 4.
(ii) V distinct i,5,k,0 € S350 Do = D i Dr
where the notation of the type ijokl is used to imply that {i,j} and {k,[} are
subsets of different parts of o.

Set H; = Fs/Is.
3.2.1. Theorem [Ke|. The map
D, —— dual cohomology class of the boundary divisor
in Mg corresponding to the partition o (3.4)

induces the isomorphism of rings (doubling the degrees)
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Hi——H"(Mos, k) ~ A" (Mos)x (3.5)
where A* is the Chow ring.

3.3. Additive structure of H;. The additive structure of the cohomology
can be nicely presented in terms of trees (see [KMK]). There (Proposition 1.3),
it is proved that the set of trees with r edges is in bijection with the set of good
monomials of degree r. We will briefly quote some of the notions and results
from that paper. A monomial D,, ...D,, € Fg is called good, if the family of

2-partitions {o1,...,0,} is good, i.e. a(o;,0;) = 3, where for two unordered
stable partitions o = {51, Sa} and 7 = {1}, T} of S
a(o,7) := the number of non—empty pairwise distinct sets
among S;NT}, 4,7 =1,2. (3.6)

3.3.1. Lemma (1.2 of [KMK]). Let 7 be a stable S-tree with |E,| > 1.
For each e € E, denote by o(e) the 2-partition of S corresponding to the one
edge S—tree obtained by contracting all edges except for e. Then

mon(T) == H Dy (e (3.7)

SEET

s a good monomaal.

3.3.2. Proposition (1.3 of [KMK]). For any 1 < r < |S| — 3, the map
T —— mon(T) establishes a bijection between the set of good monomials of degree
r in Fs and stable S—trees T with |E.| = r modulo S—isomorphism. There are no
good monomials of degree greater than |S|— 3.

3.3.3. Additive relations. In [KMK] it is shown that the good monomials
span the cohomology space and, furthermore, that all linear relations between
them are generated by the relative versions of (ii);

Z mon(t') = Z mon(7") (3.8)
ijr'kl ikt §l

where {ij7'kl} and {ik7"jl} are the preimages of the contraction onto a given 7
contracting exactly one edge onto a fixed vertex v separating the flags marked
by 7,7 and k, [ respectively ¢,k and j,[ in such a way that they lie on different
components after severing e where the markings i, j, k, [ refer to flags which are
part of the edges of the unique paths from v to the tails 7, j,k,l in 7 and it is
required that the paths start along different edges.
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3.3.4. Relations among trees. For any S-tree 7, any vertex v of 7 and
four distinct flags f;, f;, fx, fi € Fr(v) set

F\,F F| F
R7-7v7(fi7fj7fk7fz) - Z Tyt Z T, (3.9)
(Fl,Fz) (F17F2)
fi,fi€F fr,fieF2 fisfk€F fi, fieF2
Let
Rs = Span{RTvvv(fivfjvfkvfl)}' (3'10)

Then we can reformulate Keel’s Theorem together with the analysis of the addi-
tive structure of H*(Myg) as follows

3.4. Forgetful morphisms and trees. The flat and proper morphisms 7y :
Mos — Moys\{s} which forget the point marked by s and stabilize if necessary
induce the maps m, and 7* on the Chow rings where we omitted the subscript s
which we will always do, if there is no risk of confusion.

We will now define the maps ., 7" on V([s) corresponding under mon to the
respective maps in the Chow rings of Mg induced by the isomorphism (3.11).

Define m, via

(7) forget the tail number s and stabilize, if the stabilization is necessary
Tlsx\T ) = .

0 otherwise (3.12)

For any S—tree 7 and any s ¢ S set

75 = the (S U{s})-tree obtained from 7 by adding an additional tail
marked by s at the vertex v. (3.13)
Now define
) = 7, (3.14)
veVs

Taking the definition of mon, it is a straightforward calculation to check that
indeed mon(7*(1)) = 7*(mon(7)) and mon(m.(7)) = m.(mon(7)). Furthermore,
one can check that these maps descend to the quotients by Rg.
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4. The intersection formula for strata classes

Starting from the tree description of the additive structure of the cohomology
ring H*(M,), we give, as a first result, a formula for the intersection index of two
strata classes. To this end, we first introduce the new notion of a good orientation
and then provide the formula.

4.1. The intersection product for H*(Mys). Consider the functional
Jz, . H*(Mo,s) — k is given by

1, if deg mon(r) =|S|— 3,

0 otherwise. (4.1)

mon(T) — {
Notice that deg mon(r) = |S| — 3 iff [v] = 3 for all v € V,, and M, is a
point in this case. We put {0y, 09) = fﬁos mon(oy)mon(oy) and set to calculate
this intersection index for the case when deg mon(oy) + degmon(os) = |S| — 3.
Generally, we will write (m) instead of fﬁos m. We can assume that all pairs of
different divisors of mon(oy) and mon(oq) are compatible, otherwise (oy, g9) = 0.
Put 7 = 01 X 0y in the category of S—morphisms. This is a tree with a marked
subset of edges E corresponding to D,’s whose squares divide mon(o;)mon(os).
We denote by ¢ the subgraph of 7 consisting of £ and its vertices.

Consider an orientation of all edges of . Call it good, if for all vertices v of
7, the number of ingoing edges equals |v| — 3 where |v| means the valence in 7.
Notice that in case v ¢ Vs, we interpret this as |v| = 3.

4.2. Proposition. There cannot exist more than one good orientation of 6.
If there is none, we have (o1, 09) = 0. If there is one, we have

(o1,02) = [ (=1)"7*(jv] - 3)! (4.2)

The proof can be found in the Appendix of [KMK]. It also follows from the more
general Theorem 6.5 below.

4.3. Remark. The above proposition gives the intersection formula in terms
of the strata—tree description. However, if one is interested in the intersection
index of any number of strata classes or of some particular type of non—strata
classes, one has to generalize Proposition 4.2. This will be the objective for the
next sections. We will, in particular, provide the above mentioned intersection
formula and, furthermore, present a basis of H*(M,) together with its intersec-
tion matrix and the inverse intersection matrix.
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5. Partitions and Trees

In order to state the above mentioned theorem, we will first introduce some
new notions to extend the combinatorics which can be handled by the trees
introduced so far.

5.1. Trees with multiplicity. To generalize Proposition 4.2, we will have
to deal with monomials which are not necessarily good; consequently, we will
extend the notion of trees to that of trees with multiplicity which can be seen as
the objects corresponding to arbitrary monomials in boundary divisors.

5.1.1. Definition. A S—tree with multiplicity is a pair (7, m) consisting of
a S—tree and a function m : £, — N.

If no multiplicity function is given, we will assume that it is identically 1.
Call a monomial D7 --- D nice, if a(o;, 05) =2 or 3.
Set

mon((T,m)) := H DZE(S). (5.1)

GEET

5.1.2. Proposition. Foranyl <r < |S|-3, the map: (1,m) — mon((7,m))
establishes a bijection between the set of nice monomials of degree v in Fg and
stable S—trees with multiplicity (1, m) with deg(r,m) ==Y . m(e) =r.

Proof. Immediate from 3.3.2.

5.1.3. Remark. Notice that unlike in the case of good monomials it can
happen that a nice monomial can represent a zero class, even if the degree is less
or equal to |S| — 3.

5.2. Rooted trees and ordered partitions.

5.2.1. Remark. If we choose a distinguished element s € S, we can define
natural bijections between the following three sets:
a) unordered 2-partitions o = {57, S2} of S
b) ordered 2-partitions o = (S7,S2) with the condition s € S,
c) subsets T'C S\ {s}.
This is due to the fact that given the first component of an ordered pair of the
above type the second one is uniquely determined.
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5.2.2. The case of n. In particular for S = m, we choose n as the dis-
tinguished element and we equivalently index the generators of H* by subsets
S C n — 1 with the restriction 2 < |S| < n — 2 (note that this excludes the set
n — 1 itself). We will denote the generator corresponding to such a set S:

Dg := Dgn\s,

for S C n—1. The relations (i) and (ii) of Section 3.2 stated in this notation
become:
(i) DsDr if SNT # () and the two sets do not satisfy an inclusion relation.
(ii") For any four numbers i, j, k, [:

Y e Y me Y e Y o
n=1>TD{i.j} n=1>TD{k,l} n=1>T'D{i,k} n=1oT'2{j.1} (5.2)
kIgT i,j¢T 1T i kg T

The expression for D% for a choice i,j € S and k ¢ S reads:
Di=- Y  DsDr— Y  DsDr. (5.3)

SOTO{i,5} ScTcn—1
k¢T

This is the formula (5.4) from [KMK] with ¢, j, k, n playing the role of i, j, k, [.
The analogs of formula (3.8) follow in the same manner.

5.2.3. Rooted trees and orientation. A rooted S-tree will be a pair
(T, Vroot) consisting of a S—tree 7 and one of its vertices v,,,; called root. An
orientation of a tree is considered to be a map or : E, — V,, with the restriction
that e is incident to or(e). We will use the terminology “e is pointing towards v”
to indicate v = or(e) (“pointing away” will be used on the same basis). The set
or~!(v) will be called the incoming edges, the remaining incident edges will be
considered as outgoing. Furthermore, notice that an oriented edge e of a tree de-
fines a subtree by cutting e and selecting the tree containing or(e). This subtree
will be called the branch of e.

5.2.4. Natural orientation for a rooted tree. For a rooted tree (T, Vo0t ),
there is a natural orientation defined by setting or(e) = the vertex of e which is
furthest away from the root (i.e. e is part of the unique path from this vertex to
the root). Notice that in this orientation there is exactly one incoming edge to
each vertex except for the root which has none. Therefore, the restriction of or
induces an one-to—one correspondence of V(7) \ {v,00 } and E(7).

e — vertex to which e is pointing
wmversely

v +— the unique incoming edge (5.4)
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5.2.5. Orientation for a n—tree. For a given n-tree, we will fix the root
to be the vertex with the flag numbered by n emanating from it. This defines
an one-to—one correspondence of n—trees with rooted n trees. Using this picture
and Remark 5.2.1, we can equivalently view a n—tree (with multiplicity) as either
given by the good (nice) collection of 2—partitions associated to its edges or as a
good (nice) collection of subsets of n — 1 associated to its vertices. In the latter
case, we associate to each vertex the set S of the 2—partition corresponding to
the incoming edge, which does not contain n. In this way, denote for given nice
o and S € o by vg (respectively eg) the vertex (respectively edge) corresponding
to S.

Adopting this point of view, we can express quantities which are defined in
the language of Remark 5.2.1 ¢) in terms of oriented n—trees. Let o be a collection
of stable subsets of 7, i. e. for each S € ¢ S Cn — 1 and |S| > 2. Define for any
Seo:

wy(S) =A{T|T C S and maximal in this respect }
depthy(S) = {T|T € 0 and T' O S}| (5.5)

The definitions of (5.5) translate in the following way into tree language:

|S| = [{tails marked by i € n — 1 on the branch of eg}|
wy(S) = {outgoing edges of vg}
depth,(S) = the distance from vg t0 Vot (5.6)

where the distance is the number of edges along the unique shortest path.
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6. The intersection form

6.1. Notation. Having introduced the notions of trees with multiplicity and
good multiplicity orientations, we can now calculate the intersection form as
a formula for two arbitrary monomials of boundary divisors of complementary
degree. Recall that for a tuple (o,m) of a nice collection of subsets of n —1
and a multiplicity function m : o — N we denote by mon(o, m) the monomial

[lseo D?(S). The degree of such a monomial is ) 4. m(S). Furthermore, let
7(o,m) be the tuple (7(c), m') where 7(o) is the tree corresponding to the good
monomial [J¢., Dg and m' : B,y — N is the the multiplicity function given by
es — m(S).

6.2. Definition. A multiplicity orientation for a tree with multiplicity (7, m)
is a map mult : F, \ T, — N such that, if v; and v, are the vertices of an edge e:

mult((vy, e)) + mult((ve, €)) = m(e) — 1. (6.1)
It is called good, if for every v € V. it satisfies:

> mudt(f) = [v] - 3. (6.2)

fe€F-(v)

This is the analog of the good orientation in [KMK].

6.3. Lemma. For a n-tree (1,m) in top degree (i.e. Y ., m(e) =n—3),
there exists, at most, one good multiplicity orientation.

Proof. Assume that there are two good orientations mult, mult’. Consider
the union of all edges on which mult # mult’. Each connected component of this
union is a tree. Choose an end edge e of this tree and an end vertex v of e. At
v, the sum over all flags f of mult(f) and mult’(f) must be equal, but on (v, e)
these differ. Hence, there must exist an edge ¢/ # e incident to v upon which
mult((v,e')) and mult'((v, €')) differ. But this contradicts to the choice of v and
e.

The next lemma gives a way to decide whether this good multiplicity orien-
tation exists and, if so, to calculate it.

6.4. Lemma. Assume that an n—tree (o, m) in top degree has a good mul-
tiplicity orientation mult. Let vg be the vertex corresponding to S € o and fg be
the flag of the unique incoming edge, then the following formula for its multiplicity
holds:

mult(fs) = |S|—2— > m(T). (6.3)

Teo|TCS

Proof. We will use induction on the distance from the end vertices (i.e those
vertices with only one adjacent edge) in the natural orientation of n—trees given
by 5.2.5; the case for the end vertices being trivial. Now let vg be the vertex
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corresponding to S. By induction, we can assume that for all outgoing flags (6.3)
holds; i.e. for all (v, er) with T € w,(5):

mult((v,er)) =m(T) —1—|T|+2+ Z

T'€o|T'CT

Inserting this into the condition (6.2), we arrive at

mult(fs) = |vs| — 3 — Z mult((v, er))

Tews(S)
=151 -1 J Tl+lw.(S)=2- > (mT)—ITI+ > m(T)+1)
Tews(S) Tews(S) T'eo|T'CT (64)

Teo|TCS

where in the last step we have used [ Uye,, 5 Tl = D oreu, (s) [1]; since o is a nice
collection.

Consider again the functional fﬁo g H*(Mys) — k is given by

1, if deg mon(t) =S| — 3,
mon(r) — {O otherwise
for any tree 7 with m = 1.

We put ((11,m1) (12, m2)) = fﬁos mon((11, m1))mon((7e, ms)) and set to cal-
culate this intersection index for the case when the two classes are of complemen-
tary degree: deg (mon((m1,m1))) + deg (mon((m2, msz))) = |S| — 3. Generally, we
will write () instead of [i; p.

6.5. Theorem. Let mon(oy,my) and mon(oq, msy) be two monomials of com-
plementary degree in H. If there is no good multiplicity orientation of (T,m) :=
T(01 U oy, my +ms), then (mon(oy, mi)mon(os, my)) = 0. If there does exist one
then:

(mon(oy, mi)mon(oq, my)) = H (=pk=? (o1 =57 )12 H

veVr HfEF( (mUZt ecF,

where mult is the unique multiplicity orientation of (T, m) provided by the Lemma
6.3 whose value is given in the formula (6.3).

Proof. Set £ := {e € E;|m(e) > 1} and § the subtree consisting of £ with
multiplicity m|g and its vertices. Consider the canonical embedding ¢, : M, —
Mos.

(mon(oy, my)mon(o, ma)) = ([ | ex(Des ™) (6.5)

ecl
where the cup product in the r.h.s. is taken in H*(M,) = ®uev, H* (Mo £, (v))-
Applying an appropriate version of the formulas (5.2), we can write for any e € E
with vertices vy, vs:

Spj'(DO'(e)) = _the - ZU2767 (66)
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where

S € H*(MO,FT(W)) ® H [MO,FT(v)] (6.7)
vF£v;
and [Moy F,(v)] s the fundamental class. Later, we will choose an expression for
Y., depending on the choice of flags denoted i, j or k,{ in (5.2).

Inserting (6.6) into (6.5), we get

(mon (o1, m1)mon(oy, ms)) =

STTIon@ -0 [T =i (-2 (68)
or((0,0))

or e€E; (v,e)EFy ’
or((v,e))>1

where or runs over all multiplicity orientations of 6. The summand of (6.8)
corresponding to a given or can be non—zero only, if for every v € Vj the sum
of the degrees of factors equals dim Mg () = |v| — 3. This is what was called
a good multiplicity orientation. By Lemma 6.3 there can only exist one such
orientation. Now assume that one good orientation mult exists. We can rewrite

(6.8) as

(mon(oy, mi)mon(oqg, ma)) =

1
(m(e) = 1)! ——— = ((=%,)"MD) . (6.9)
egE[T (Ugﬂs mult((v,e))!
mult((v,e))>1

In view of (6.7), this expression splits into a product of terms computed in all

H*(Mor.()),v € V; separately. Each such term depends only on |v|, and we want
v|— v|—3)!
. 3erF((‘u)‘(ml)th(f))!'
Let us identify F, with {1,...,m} and denote by ng) the class of a boundary
divisor in H*(M,,) corresponding to a stable partition p of {1,...,m} and set
d; == mult((v, e;)) where e; is the edge belonging to the flag i € {1,...,m}. The
contribution of v in (6.9) becomes

to demonstrate that it equals (—1) Put |v| = m, so m > 3.

m

[T(=20)%) = g(ds, ..., dw) (6.10)

i=1
where —Egm) is the element of (6.7) and the superscript (m) is again included to
keep track of the spaces involved. We will prove the following properties of the
function g(di, ..., d,,) identifying it as (—1)™3 d(lr?_;:'

a) ¢(0,0,0) = 1.

b) g(di,...,d,) is symmetric in the d;.

c) If d,,, = 0, then

g(dl, e ,dm) = — Zi:diZI g(dl, e ,di — 1, . ;dm—l)-
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6.5.1. Remarks. Notice that up to the minus sign in ¢) these are exactly the
conditions satisfied by the numbers (7,, ...7,,,) in genus zero [K2]. Furthermore,
we can always choose the flags in such a way that the flags 1,...,k (kK <m —3)
belong to the edges e with mult(f(v,e)) > 1.

ad a) We have by definition ([Mg3]) = 1.

ad b) The symmetry results from the fact that the integral in question does
not depend on a renumbering of the flags.

ad c) First, we can use relation (5.2) for any k,[ to write

- = 3" —plm. (6.11)

p: ip{k,l}
We will calculate (6.10) inductively. Consider the projection map (for-
getting the (m)-th point) p: Mg,, — Mo, and the i—th section map
T Mo,m—1 — Moym obtained via the identification of Homerg with the

universal curve. We have pox; = id, and x; identifies Mo,m—1 with D((,:.n)

where R
o ={{m,i}{1,...,i,...,m—1}};
so if we choose some k, [ # m:
S = (Y PP —wa(Moma)) (612)
p: ip{k,l} p'sip'{k,l}

We will now replace one of the ¥; for each ¢ with d; > 1 using (6.11)
with some arbitrary k,! # m. Then (6.10) reads

* m—1 —~F m —
(- 3 DY) =l (W) ) (-5
i=1 o' ap{k,l} (613)
where p’ runs over stable partitions of {1,...,m — 1}. We represent the

resulting expression as a sum of products consisting of several p*—terms
and several x;,—terms each. If such a product contains two or more
Ti.—terms, it vanishes, because the structure sections pairwise do not
intersect. We obtain

Z< H <_p*( Z Dgn—l))(—zgm))dj—1>(—xi*([H()’m_l]))(_zl(m))diq)

idi>1 jAid;>1 o o k)
* m—1 m o
+(I] (= 3. DU)(=xi)hh. (6.14)
i:d;>1 o' ip{k,l}
If d; — 1 > 0, then the summand containing an z;,—term will vanish. To
see this, again replace one of the ¥; using (6.11), but with £ = m and

some [. In case d; — 1 = 0, we can write the respective term in the sum
in (6.14) as

* m—1 PR SWa
(= > D D (aal(Moma))
o' g {k, 1}
by replacing the ¥; according to (6.12) and again using the fact that
the structure sections do not pairwise intersect. Using induction on the
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last summand in (6.14), we arrive at the situation where all ng)’s have

been replaced. And the product only contains p*(ZEm_l))fterms, but
this term vanishes, because dim Mo,m—l = m — 2. Finally, we are left
with one summand for each i : d; > 1 containing only one z;,—term and
p*—terms. Using the projection formula

(0" (X) . ([Mom-1])) = (X)

one sees that each such term equals —g(dy,...d;—1,...,dy,_1). And the
result follows.

6.6. Remark. Another approach to the theorem above is given by excess
intersection theory [F] using the formula for the normal bundle for strata given
in [HL]; as pointed out by E. Getzler who used a modular graph version of our
trees with multiplicity in calculations pertaining to the case of g = 1 [Ge2].
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7. A boundary divisorial basis and its tree representation

The work presented in this section is inspired by the presentation of a basis
of the cohomology ring of My, given in terms of hyperplane sections in [Yu] who
worked out a basis in another presentation of the cohomology ring developed by
DeConcini and Procesi [CP]| via hyperplane arrangements. Especially the notion
of the *—operation and the partial order have been adapted from [Yu] to the
present context.

7.1. Preliminaries. In order to state the basis, we make use of certain
classes

Dsy = my(D§™ Dsnygs), k>0 (7.1)
where 7y, : Mo,ﬁu fg — M, is the forgetful map forgetting the point fs.

Another way to present these classes is given by the following observation.
Consider the following decomposition of D% using (5.3):

Di=Ds(— Y Dr— Y D)= Dg(zs+ys) (7.2)
{i,j}crcs n—1>T'DS
kgT’

for any choice of 7,5 € S, k,l ¢ S. With the notation (7.2), we can write Dé“ in
the same spirit as:

YR\
kE+1 i k—1
Dt _DS(; <i)xsys ). (7.3)
In the context of the proof of Theorem 6.5, each summand of (7.3) corresponds to
a choice of multiplicity orientation. In particular, the term with z% corresponds
to the one which satisfies mult(fs) = i, mult(fsc) = k — ¢ for the flags fg and
fse of eg, so that we can identify (7.1) with the summand corresponding to
mult(fs) = k, mult(fs:) = 0.

7.1.1. A tree representation. A tree representation for a class (7.1) is
given by a choice of an ordered k + 1 element subset (f1,..., frr1) of S as the
sum over all assignments of the flags of S\ {f1, -, fre1} to the vertices of the
linear tree determined by the monomial Dy, 1y Digy 1o 151 - - Difofisn)

Dsay = (=1)"Ds > Dip payuss Dipy go,gauiss - - - Dig,o s,
(S1,..,Sk) (7.4)

S1I0---TISk=S\{f1,--, fr+1}
or more generally, let 7 given by Dp, --- Dy, be any tree with |vr,| = 3 for

i=1,...;kand TYU---UT, ={f1,..., fee1} then

Dgzt = (—1)*Dg Z Drus, - Drus,- (7.5)
(S1,..-,Sk)
SIS =S\{f1,--..fet1}
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Both (7.4) and (7.5) follow from (5.2) with the appropriate choices for the
flags.

7.2. The basis. Consider a class of the following type
p= e (D 2§ -+ D a5 ™ Doy 7Y) m(S) 20.(7.6)

n—=1"p_1
To this class we associate the underlying (n 4 1)—tree 7(u) determined by the
monomial Dg, ...Dg, D,—y. The powers m(S) then determine a unique multi-
plicity orientation in the sense of 7.1 given by mult(fs) := m(S), mult(fsc) =0
where fg and fge are the flags corresponding to the edge eg in 7(p).
Using the equations of the type (7.4), we can associate to each monomial y a
sum of good monomials which we will call tree(u).

Consider the following set:

By = {mua(Dsy ™ -+ D a5 ™ DoY) [0 < () < Jus| — 4 and
<

& n—1"n_1
0<m(n-1)<|v,=g| —3}. (7.7)

7.2.1. Proposition. The set B, is a basis for A*(Mo,).
Proof. By Lemma 7.2.2 and 7.2.7.

7.2.2. Lemma. The set B, spans A*(M,).

Proof. From [Ke|] and [KMK] we know that the good monomials span; so
it will be sufficient to show that any such monomial is in the span of B,,. Now
let 7(u) be the tree corresponding to such a good monomial p. If for all v €
V; |v| > 4, then the monomial is already in B,,. If not let 73 be a maximal subtree
of 7 whose vertices, except for the root (induced by the natural orientation), all
have valence three; call such a tree a 3—subtree and the number of its edges its
length. Furthermore, let R be the set associated with the root. Let F3(73) be
the set of tails of 73 without the ones coming from the root. The formula (7.5)
for the tree representation of Dgaly with the choice of F3(73) as the fixed set and
T3 as a 3—subtree expresses 7 in terms of trees with less maximal 3—subtrees of
maximal length whose vertices either comply with the conditions of B, or are
part of a unique maximal subtree whose root v has multiplicity 0, i.e. xr does
not divide the monomial corresponding to the tree. Notice that if the root vy of
any 3-subtree is three-valent then R = n — 1. We can now proceed by induction
of the number of such maximal 3—subtrees with the maximal number of edges (.
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7.2.3. The *—operation. We define the following involution on B,, X Zs:

Toa1e(Dg s - - Dg a8 Do ™Yy 2

\Usl\ —4—m(S1) - |vsk| —4—m(Sk)

Fusia(=1)" Dz 0Dy

- 1| 3—m(n—1)

_1 ). (7.8)

This operation preserves the underlying tree 7(u), but changes the multiplic-
ities in such a way that p and p* have complementary dimensions. More pre-

voevy T8 € H (M)
to H*(My,), then, locally at each vertex, we have a class of degree m(S). This
class is replaced under the *—operation by a “dual” class of complementary degree
dim(Mo,F, (vs)) —m(S) which is provided as a summand of ¢}, (sz‘SUS'_Ll_m(S)).

(_1) T3

cisely, consider u as the push forward of the class )

7.2.4. Lemma. For two elements u,v of B, the integral fﬁon uv* does not
vanish iff T(uv*) is nonzero and if there is one good multiplicity orientation
amonyg the multiplicity orientations satisfying mult(fs) = m*(S) + m” (S) +
1, mult(fse) = 0 or mult(fs) = m*(S) +m"” (S), mult(fs:) = 1 where fs, fs- are
the flags of the edge es. If such an orientation exists, it is unique and

/ = T] "= ] pH? (Jv] — 3)!

vV, vl [, ey (MUt () (7.9

Proof. The formula (7.9) and the conditions for  and v as well as the ones for
the considered multiplicity orientations follow from Theorem 6.5 by considering
the summands of

e(S1)+m(S e(Sy)+m(S, m(n—1
7Tn+1*(Ds(1 1)+m(S1) 'DS(l 1)+m(S1) T—(l ))’
corresponding via 7.1 to the given monomial

* e(S m(S e(S;) _m(S,
pt = 7Tn+1*(Ds(1 1)3:51( 1) Ds(l L)xSl( L)Dmx

with €(S5) € {1,2}.

Notice that in the formula (7.9) the binomial coefficients (m(elf( o )) which
appear in Theorem 6.5 are absent. This is due to the fact that these factors

(es)

m(n=1)y

n—1

stemming from the expansion of D" “®’ as in (7.3) are stripped off in the definition

of the classes Dgz¥.

7.2.5. An order. Given two monomials p, p’ of type (7.6) of the same degree
we write p < g/, if for the maximal integer k such that all sets of the depth d
vertices for 1 < d < k coincide and m(S) = m/(S) for all sets of the depth d’
vertices for 1 < d’ < k one of the following conditions holds
(a) m(S) <m/(9) for all S of depth k and the inequality is strict for at least
one S or
(b) m(S) =m/(S) and |vg| > |v§]| for all S of depth k and there is at least
one S where the inequality is strict.
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It is easy to check that this defines a partial order on B,.

The *—operation connects with the partial order < in the following way:

7.2.6. Lemma. If u,v € B, are two distinct basis elements (i # v) and
uv* #0, then < v.

Proof. We will use superscripts i, v to refer to the quantities concerning the
monomials u, v and take quantities without any superscript to refer to pur*. So
the notation |v%| is used for the valence of the vertex vg in the tree 7(v) and
|vs| without any superscript is taken to be the valence of the vertex vg in the
tree T(ur*). If pr* # 0 then the underlying tree of pv* carries a unique good
multiplicity orientation by Theorem 6.5. Furthermore, the underlying trees of
i and v coincide up to depth k; this is the first condition for k. From this,
together with Lemma 7.2.3, it follows that the good multiplicity orientation up
to depth k — 1 is given by mult(fs) = |vs| — 3. Now at depth k& we must have
mult(fs) < |vs| — 3 and, because the multiplicity orientation is fixed for all
lower depths as specified, we also have mult(fs) = m*(S) +m" (S) + dg7—1 =
m(S) + [v%| —3 —m¥(S). Combining these two relations, we find the condition:

mt(S) —m”(S) < |vg| — vl (7.10)

Furthermore, we have the inequalities |vg| < [v§], |vs| < |v§l, since 7(u) and
7(v*) = 7(v) result from 7(ur*) via contractions of edges which only increase the
number of flags at the remaining vertex. So the left—-hand side of (7.10) is less or
equal to zero:

mi(S) — m(S) < 0. (7.11)

Thus, if the inequality is strict for some .S, we arrive at condition (a), if, however,
m*(S) =m¥(9) for all S of depth k, the following inequality must also hold:

0 < |vl| — |vg]. (7.12)
Equality for all S in (7.12), however, would contradict the choice of k, since if
mlg = m% and |vg| = |v%], we have |v§] = |vg| = |v| from the above inequalities

so that there are no contractions from 7(ur*) to 7(u) and 7(v) up to depth k+ 1
and the sets of depth k + 1 corresponding to the outgoing edges of vl and v%
must also coincide.

7.2.7. Lemma. Consider the matriz T = (t,,,,),veB, given by

tuy 1= / v’ (7.13)
M()n

This matriz is unipotent and the entry t,, is determined by Lemma 7.2.3. In
particular, the set B, is linear independent.

Proof. For the diagonal entries [ pu* mult(fs) = |vs| — 3 is a good multi-
plicity orientation so that (7.9) renders ¢,,-~ = 1. Furthermore, by considering
any extension of the partial order to a total order, the unipotency is proved by
Lemma 7.2.6.
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7.3. The intersection form and its inverse for the basis 5,,. With the
help of the matrix 7" introduced in 7.2.6, we can write the matrix M for the
intersection form in the basis B,, as M = TP where the matrix P is the matrix
representation of the *—operation given by the signed permutation matrix

P,, = (=12 Ewls, .. (7.14)

2l

7.3.1. Theorem. The Gram-matriz (m,,) for the basis B,, is given by
My = (_1>n—2—|ET(u)|tW* (7.15)

and its inverse matriz (m*) is given by the formula:

mt — (_1)n—2—\Er(u)‘(5“*y + Z(_1>k+1 Z tusmtom * tr  mitrw)

k>0 pr<T <<V (716)
where the values for the t, . are given by (7.9) and the sum over k is finite.

Proof. The formula (7.15) follows from the above decomposition M = T'P.

To prove the formula (7.16), set N := id — T. According to Lemma 7.2.6, N is
nilpotent and the inverse to the intersection form can now be written as

M =PT'=Plid+N+N*+...) (7.17)

where the sum in (7.17) is finite.

7.3.2. Corollary. In the notation of Theorem 7.3.1, the diagonal class Agz, -
of Mg, x My, has the following representation in H2"=3) (Mg, x Mo,):

Azz, = Z umht @ v. (7.18)

w,vEBy

7.4. Particular cases. Writing down the results of this and the previous
section, we obtain the following intersection matrices M, for small values of n:
n =4 For the basis m5.(D123), T5:(—D1.23%1,2,3) We obtain

01
= o)

n =5 For the basis 7T6*(D1,2,374),D1,2,3,D1,2,4,D1,3,4,D2,3,4,7T6*(D1,2,374931,2,3,4),
Tow(D1,2,3477 5.3,4) the intersection matrix is:

0o 0 0 0 0 01
0O -1 0 0 0 00
0o 0 -1 0 0 00
Ms=10 0 0 -1 0 0O
o 0 0 0 —-1200
o 0 0 0 0 10
10 0 0 0 00
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n = 6 In this case, the intersection matrix also has only nonzero entries for the
integrals of dual classes under the x—operation: fﬂon pp whose values
are (—1)*1Frwl,

n > 7 For the higher values of n, the structure of the matrix 7" is not diagonal,
since entries other than those coming from the product of *~dual classes
can also be nonzero, e.g. (D xi%ijkiDijki%ijr) in MOJ. Thus, the
*—operation fails to give the Poincaré duality for these spaces.

However, on the subspace A'(Mg,)® A" *(M,), the *—operation
does provide the Poincaré duality as can be deduced from Lemma 7.2.3.
On this subspace, the matrix T is just the identity matrix so that the
restriction to this subspace of M, is given by P. In the case of small
n < 7 this subspace is already the whole space so that the matrices in
the previous cases are just given by P.
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8. Higher Weil-Petersson—volumes

As a second part in the study of the geometry of the moduli spaces of curves,
we will now consider —as an extension of (1.2)— the integrals of the type

/_ w1V wen (@)™ Y “am(a) =3g—3+n
Mg,n a>1 (8.1)

which we will call higher WP-volumes. In [KMZ] several formulas for these
volumes and their generating functions were derived. For genus zero, we proved
a recursive formula whose proof, which uses calculations of the w,(a) via strata
classes, will be reproduced below.

Among the further results of the collaboration [KMZ| is a closed formula
which expresses each higher volume in genus zero as an alternating sum of multi-
nomial coefficients and a higher genus generalization of this formula in which
the multinomial coefficients are replaced by the correlation numbers (74, ... 74,)
which are computable via Witten—Kontsevich’s theorem [W], [K1].

Encoding the values of the higher WP—volumes into a generating function in
infinitely many variables, one can translate the recursion relation into an infinite
system of non-linear differential equations for this generating function. Using a
slightly modified version of this generating function, it is shown in [KMZ] that
the above system of non-linear differential equations turn into a linear system
for its inverse power series which can be solved explicitly. This fact will be used
in the next Chapter.

Recently, the g = 1 case has been treated in [KK] following the lines of [KMZ].

We will now reproduce the proof of the recursive formula and quote the other
results from [KMZ].

8.1. Recursive relations for the generating function.

8.1.1. Notation. Let N> be the semigroup of sequences of the form m =

(m(1),m(2),...) where the m(a) are nonnegative integers and m(a) = 0 for
sufficiently large a.
Set
v wan(@)™) 8.2
o = i [, TG < 52

where the r.h.s. is interpreted as zero unless 2@1 am(a) = dim M, ,, = 3g—3+n.
In the rest of this section g = 0 and V5(m) is simply denoted by V (m).
To shorten expressions like (8.2), a shorthand notation of the following type

is utilized
m|:=> am(a), |[m|:=) m(a), ml:=]][m(a)

a>1 a>1 a>1

I]}Ugn 7nﬁl I]:Swda

a>1 a>1

(8.3)
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where s = (s1,S2,...) is a family of independent formal variables or complex
numbers. For instance, V(m) = [ w™/m!|m|! in this notation.

8.1.2. A recursive formula for V(m). Put

1
K co Ny =
(m1,a) ni(ni+mng)---(ng+ - +ng)

and denote by §, € N*° the sequence with 1 at the a—th place and zeros elsewhere.

(8.4)

8.1.3. Theorem. For any m and a > 1, we have:
a+1

(m(a) + DV(m+6,) = (m|+a+1) > K(ni,...,ng) H V(mi)(

m:Z?;Lll m;

8.5)

where in each summand of (8.5)

(N1, ..o ng) = (jmyl, ... Jmy|) + (2,1,...,1) (8.6)
(notice the absence of |m,.1|). These relations uniquely define V(m), starting
with V(0) = 1.

8.1.4. A particular case of (8.5). Applying (8.5) to V(m) := V(m,0,0,...)
and a = 1 yields:

(m+1)V(m+1)=(m+2) > L V (my)V (ms)

—5m+D) Y (o ) Vi) Vima) (87

m=mj—+mz

so that

m+3 2 (m+1)(m+3)

Vim+1) 1 (m+2)(m+4) Z V(my) V(ms)
m1—|—2 m2—|—2

m=mj-+ma2

On the other hand, Zograf’s recursive relations (1.4) can be rewritten as

m=2v, 1 (n=2)n Z (p—2)y, (¢ —2)v,

(n=3)n—1)!  2(n—3)(n—1) P=3—-D!(g=3)!(¢—D

n+2=p+q
P,q=3

These relations agree for V(n — 3) = v, /(n — 3)!? which is the correct formula in
view of (1.3) and (8.2).

We will now start proving Theorem 8.1.3.
For any stable n—tree o, we put (with notation (8.3))

Q,(m,0) = /_cr %, (8.8)

interpreting this as zero unless n — 3 — |m| = codim p,(M,) = |E,|. If 0, is
an one-vertex n—tree, we write Q,(m) := Q,(m, o,). Notice that Q,(a) from
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[KMK] is ("T_?’>‘Qn(”7_35a) in our present notation. The numbers V(m) in (8.2)
are (2, (m)/|m|!.

8.2. Lemma. We have

Qmo)= 3 ] Qum,), (8.9)

(my |vEV,): vEVS
m=>)_ m,

where the sum in r.h.s. is taken over all partitions of m indexed by vertices of
.
Proof. This follows from the fact that the w,(a) form a “logarithmic CohFT”,

a notion which was defined in [KMK]. This means that they satisfy a certain
additivity property which was established in [AC], (8. ) For any genus:

Py (wn(@) = D pri (@ (e (8.10)
wEVo
where M, is identified with [Toev, MO,M and pr, is the respective projection.
Although these identifications are defined only up to the action of ],y Sjul,
the classes pr} (wjy|(a)) are well defined since they are S, —invariant.
Hence

/Mawii(wnm)zfn B H(Zpr Wul(a )(a)

veve Mool a>1  weV,

= GO & SN
/Huevg Mo, o) E Z Hw mw(a)! wl;[/gp w( |w\( ))

(M (a)|lweVs):
m(a)=3_,, Mw (a)

o X e e

I (my|weVs): M- weV,
m=y, my

_ m! [] / \v\

(mw\weva veVy Y Mo, vl m,|
m=3) my

8.3. Calculation of w,(a) via strata classes. For a fixed n >3 anda > 1
consider labeled (a + 1)-partitions

S ﬂiz{1,...,%}251]:["']15&4_1.
Denote by 7(5) the n-tree with V.(sy = {v1,..., 0,11} and edges connecting

v; to viyq for i = 1,... a, and unpaired flags (numbered by) S; put at v;. The
stability condition for 7(S) and S is:

=S >2fori=1a+1; >1fori=2,...,a. (8.11)

In the following proof, all partitions are stable. Denote by m(S) the dual
cohomology class of the cycle @T(S)(M (s)) in Mop,.
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8.3.1. Lemma. We have

Q) = (n1 — 1)(na+1 — 1)711 - Mg n n)m
onle) = S:n:SEHSaH n{n—1) Rleem) (528.12)

where K(nq,...,n,) is defined in (8.4).

8.3.2. Notation. To state some intermediate formulas, we will need some of
the notation of [KMK]. Let T},(a) be the set of n—trees with a edges. For any flag
f denote by 3(f) the set of tails of the branch of f and S(f) the set of their labels.
Then to any set of flags T" we associate the set S(T) := U, S(f) C{L,... ,n}.
If {S(T1), S(13)} is a partition of {1, ... ,n}, we use the shorthand notation Dy, r,
for Dg(r,),s(1,)- Let T be an n—tree and let e be one of its edges, de = {v1, v2}, 0,
the corresponding partition Sy IT S5 and D, the corresponding divisor. Choosing
flags {i,j} € F(vy) and {j, k} € F(vq), we have [KM] the following formula:

Dem(t) = — Z D p (o)1 \7(T)

T:{i,j}CTCF(vy)
2<|T<|F (vg)]—1

— Z DT,F(vl)HF(vz)\Tm(T)'

T: {k,l}CTCF(vg)
28T F(v2) -1

8.3.3. Definition. A tree is called linear, if each vertex has at most two
incident edges. An orientation of a linear tree is a labeling of its vertices by
{1,...,|V(7)|} such that v; and v;,; are connected by an edge fori = 1,..., |E(T)|.

We denote by LT, (a) the set of stable linear n—trees with a edges modulo
isomorphism. Given a geometrically oriented linear tree, we number its vertices
in the positive direction.

8.3.4. Remark. The oriented linear trees in LT, (a) are in 1-1 correspon-
dence with labeled a + 1-partitions S : n := {1,...,n} = S Il --- 11 .S, which
satisfy (8.11).

8.3.5. Tautological classes and the w,(a). In the proof of the Lemma,
we will consider some additional classes in H*(M om: Q). Let &+ M,,, — C, be
the structure sections of the universal curve. Put as in [AC]:

U, = g;(cl(wC/M)) € H2( gna@) (8.13)

Here we will need them only for g = 0; see below for any genus.

Identify C' — M, with the forgetful morphism p, : M, e+l Mo,. Then
&;(My,) becomes the divisor D; = Dininyi, iy I Moiq and

Vg1 = SODZ-(—D?)-
where ¢7, denotes the pullback on the divisor D;. We know from [AC]:

Wn—1 (a) = Pn—1« (\I’Ztll)
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Combining these two formulas, we obtain:
Wa-1(a) = pu-1x 0 9p, (1) D). (8.14)
To derive (8.14) notice that

n—1S)(n—-1S|—-1
3 (n—1[S)(n—|5]-1)

Wi = =D -2)

Ds ... np\s
neSCc{l,...,n}

(see [KMK]) so that we have

11 n—|SH(n—-|S—-1 a+1
wi=( ¥ (TL —|)§)(n|—£) D)

. n—|S))(n—1[S] -1 a+l

= @Dn(< Z ( ISIX 5 )DS,{I,...,n+1}\S> D)
(n—1)(n—2)

{n,n+1}CSe{1,... n+1}

= ¢p, ((=1)"""D;"2).

8.3.6. A calculation. Denote by D,, LT (k) the set of oriented linear (n+1)—
trees with a edges whose monomials are divisible by D,, and whose orientation
is given by calling v, the trivalent vertex with the two tails n and n + 1. Also
take S to be the set of the flags of the other vertex v of the edge corresponding
to D,, without the flag belonging to that edge. Then

k_ |v1|(Jvr] — 1) R |vi] — 2 .
o TeDnZLT(a) (n—=1)(n-2) H Zfzz(|vj| ) (7). (8.15)

=2

We will prove (8.15) by induction using the following versions of (8.13). Let
7 be a tree which has an edge e corresponding to D,,, then call v, the vertex with
F(vy) = {n,n+1, f.} where f. is the flag corresponding to e.

Averaging the formula (8.13) over the set S of all flags of v; without the flag
belonging to e, we obtain:

77— 1)
D,m(t) = — TZCS WDT,{n,nH}HS\Tm(T)-

2<|T|<|F (v1)| -2

(8.16)

Fixing one particular flag f of S and averaging over the rest, we obtain:

T —1
Dam(r)=— 3 Mi_lDT,{n,nH}HS\Tm(T). (8.17)
feTrcs

2<|T|<[F(v1)[ -2
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Now, for k = 1 the formula (8.15) is clear and for k = 2 it is a consequence
of (8.17). For k > 2, we have

k—2
[oa] (s | = 1)

[vi] — 2 m(T
10— 2y L s =5

Df=D,Df'=D, >
T€D, LT (k—-1)
vi|(Jvr| —1
- Yy e
T€D, LT (k—1) fETCS
M lel-2  7-1

e =mar—

=2

Dr nn+1yus\0m(7) (8.18)

where we have used (8.17) with the distinguished flag being the unique flag of S
belonging to an edge. This guarantees that the sum will again run over linear
trees. In the second sum, there is one edge inserted at the vertex vy_; giving two
new vertices v’,v” with |[v'| + |v"| = |vk_1| + 2. Giving v',v”, the labels k — 1
and k and labeling the old vertex v with £+ 1 in the second sum, we obtain the
desired result (8.15).

8.3.7. Proof of the Lemma. What remains to be calculated is p,_1.0 ¢}
of the above formula for D2™2. The only nonzero contributions come from trees
T € D, LT (a+ 2) with |vg| = 3, so that exactly one of the flags is a tail. Hence,
after push—forward and pull-back, the sum will run over oriented linear trees
with the induced orientation given by the image of v; with a distinguished flag
at the vertex vy_o. Summing first over the possible distinguished flags amounts
to multiplication by |vg_1|. We obtain:

wn(a) = 3 (lvata| = )(Jn| = 1) 11 |vi| —2 m(r)

a+1
oriented T€LTy (a) n i=1 Z (|’U]| - 2) +1
which, using Remark 8.3.4, can be rewritten as a sum over partitions
nN1Mag+1 1
wn(a) = Z + (nl_l)n2"'na(naﬁ-l_l)jK(na_‘_l?"' 7n2)m(5)
SISy "
with n; = |v;] — 1 for i = 1,a+ 1 and n; = |v;| — 2 for ¢ = 2,...,a, which is

equivalent to (8.12).

8.3.8. Remark. Instead of using (8.17) in the induction, one can succes-
sively apply (8.16). In this case, one obtains a formula for w,(a) involving all
boundary strata. Since not necessarily linear trees cannot be handled using only
partitions, the associated generating functions and recursion relations become
very complicated.
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8.4. Proof of Theorem 8.1.3. In view of (8.8), we have

o ray= [ [, i

Ton yo1 m(b)! m(a) +1

(8.19)

Instead of wedge multiplying by w,(a), we can integrate the product w™/m! over

the cycle obtained by replacing m(S) by ¢-(s)(Mrs)) in the r.h.s. of (8.12). The
separate summands can then be calculated using (8.8) and (8.9). The result is:

(m(a) + 1)Q(m+3d,) = > (n1 — 1)(%;:11))711 M

K(?’Ll, SRR na) Z Qn1+1(ml)Qna+1+l (ma—i-l) H an+2(ml) (820)

m=mji+--+mgi1 =2

Now, the product of €2’s vanishes unless

lm;| =n; —2fori=1,a+1, |my=n,—1 fori=2,...,a
(8.21)

so that n = |[m+d,|+3. Hence, we can make the exterior summation over vector

(a+1)-partitions of m, and for a fixed (m;) sum over the set of (a4 1)-partitions

of n satisfying (8.21). Since the coefficients in (8.19) depend only on (n;) rather

than (.5;), we can then replace the summation over (S;)’s by multiplication by
nl__ This leads to

nil..ngy1!

(@) + DSBS g ST (g [] i)

m=mj—+--+mgi1 i=1

which is equivalent to (8.5) in view of (8.8) and (8.2).

We will now quote the further results of [KMZ] without proofs:

8.5. The differential equation for a generating function. Put

F(z;s) = F(x;81,89,...) = ZV(m)X‘m‘ s™ € QI[s|[[x]] (8.22)
and denote 0, = 0/0s,, 0, = 0/0x. Then the recursion (8.5) is equivalent to:

8.5.1. Theorem (1.6.1 of [KMZ]). F satisfies the following system of dif-
ferential equations:

a R
F — x( g, F) —1,2,... 2
) B ;( ) @F)Hla " a (8.23)
where we put Oy = x 0. It is the unique solution of this system in 1 + xQJ[s|[[x]]
with F(z;0) = 0.

The theorem yields the above mentioned system of non-linear differential
equations which can be used to obtain explicit formulas using a transformation
which will be presented below.
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8.6. Explicit formulas and the inversion of the generating function.

8.6.1. Notation. In this section the genus is fixed to be zero (¢ > 0) and
g is only kept in the notation for M, and V,(m), but omitted everywhere else.
To state the explicit formulas, some additional classes in H *(Mg,n, Q) need to be
introduced. Recall the definition of the W—classes

Ui =& (er(weym)) € HA (Mg, Q) (8.24)

where &; : M, — C,, are the structure sections of the universal curve.

Following Witten [W], the integrals of top degree monomials in U, ; are de-
noted

(Tay « - Tay) = / ST (8.25)
Mg.n
For g = 0, they are just multinomial coefficients:
(a4 Fay)
<7_a1 s 7_an>g=0 - CL1! - an! (826)

(see e.g. [K2]). The generating series for all the correlation numbers (7, ... 7,,)
and all g was predicted by Witten [W] and later identified by Kontsevich [K1] as
a “matrix Airy function”.

More generally, consider the relative integrals of the type (8.25). For k >,
denote by my; : M, — M, the morphism forgetting the last k£ — [ points. For
any ai,...,a, > 0 define

a ap+1 ar+-+ap) (AT
Wn(ala cee ap) = 7Tn+p,n*(‘llnl—i-—";_)%n+1 SR \Ilnz-p,n—i-p) € HPortt p)(Mg,na Q)(8 27)

Notice that whenever a; +- - -+ a, = dim M, ., also the equation (a; +1)+---+
(ap, +1) = dim M, .+, holds, and therefore

_ a1 +1 ap+1 _ [
/ wp(ay, ..., a,) = / W it Uy = (70 Tar 41 - - Tapt1)-
Mg,n

Mg ntp (828)

8.6.2. Theorem (2.2 of [KMZ]). For any g,n,aq,...,a,,a; > 0, we have

P \p—k
wn(ay) ... .wy(ay) = Z % Z wn(z Qjy ...y Z aj).

k=1 {1,..p}=Si11.-11S,  j€SI jes,  (8.29)
10

Equivalently, for any m € N>\ {0},p = ||m]|,

Vg CD s sl

As a corollary, one obtains:
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8.6.3. Corollary (2.3 of [KMZ]). Forp=|m]|, 3¢ —3+n=|m|:

1< (_1)p_k <7'(7f7'|m1|+1 -+ Tim .|+1>
Vom) = kz Kl > —
=1

| |
M=yt m, mq:...MmMg. (831)
mz-;éO

In particular, if g =0, then

- pek (M| + K 1
v =2 (") Y e

k=1 m=mj—+---+myg
m;#0

(8.32)

Finally, the generalization of (1.7) which contains the announced inversion
formula reads:

8.6.4. Theorem (2.4 of [KMZ]). In the ring of formal series of one vari-
able with coefficients in Q[s] = Q[s1,s2,...], we have the following inversion
formula

|m|+1 (_S>m
= V(m) s = x = Y .
v= 2 lm| + 1 MZZO (lm[+1)! m! (8.33)







CHAPTER 2

Frobenius manifolds

This chapter is devoted to the study of Frobenius manifolds and their tensor
product. The connection to the previous chapter is established by the very defini-
tion of the tensor product which inherently uses part of the geometry of M,. In
addition to this connection between Frobenius manifolds and the moduli spaces
M, another part of the geometry of Mg,, namely the higher Weil Petersson
volumes, appears in the study of formal Frobenius manifolds of dimension one.

We begin by introducing several types of Frobenius manifolds and their in-
terrelations. These notions have been introduced by Dubrovin who basically
developed the theory of Frobenius manifolds. Extended accounts can be found
in the books [D], [M2] and in the articles [H] and [MM]; for further examples see
[DZh].

In the second part, we will analyze the operation of forming the tensor product
in each of these guises. First, we present an explicit formula for the potential
function of a tensor product of formal Frobenius manifolds by applying the results
of Chapter I to this particular situation. In an additional section, we review the
complete description of the dimension one case following [KMZ] by reinterpreting
the results about the generating functions for the higher Weil-Petersson volumes.
Then, we extend the definition of forming the tensor product to the additional
structures of an Euler field and an identity. Furthermore, we prove a theorem on
the base—point dependence of tensor product in the case of convergent germs of
Frobenius manifolds, and finally, in the case of semi—simple Frobenius manifolds,
we give the special initial conditions for the tensor product of two semi-simple
Frobenius manifolds in terms of the special initial conditions of the factors.

1. Formal Frobenius manifolds

1.1. Formal Frobenius manifolds. We will follow the definition from [M2].
Let k be a supercommutative Q-algebra, H = @,ck0, a free (Zy—graded) k—
module of finite rank, g : H ® H — k an even symmetric pairing which is

non—degenerate in the sense that it induces an isomorphism ¢’ : H — H® where
H' is the dual module.

Denote by K = k[[H']] the completed symmetric algebra of H'. This means
that if > 20, is a generic element of H, then K is the algebra of formal series
k[[z?]]. We will also regard elements of K as derivations on K with H acting via
contractions. We will call the elements of H flat.

43
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1.1.1. Definition. The structure of a formal Frobenius manifold on (H, g)
is given by a potential ® € K defined up to quadratic terms which satisfies the
associativity of WDV V—equations:

Va, b7 ¢, d: Z (I)abegefq)fcd = (_1)6(84_6) Z (I)bcegefq)fad (11>
ef ef

where ® 4. = 9,0,0,P, g% is the inverse metric and @ := 2 = d, is the Zy—degree.
From the equations (1.1) it follows that the multiplication law given by 9, o
Op =, 90, turns Hy = K ®; H into a supercommutative K -algebra.

There are two other equivalent descriptions of formal Frobenius manifolds
using abstract correlation functions and C'omm,—algebras.

1.1.2. Definition. The structure of a cyclic Comm,—algebra on (H, g) is
a sequence of even polylinear maps o,, : H*" — H,n = 2,3, ..., called multipli-
cations, satisfying the following conditions: We will denote o,(v; ® -+ - ® 7,,) by
(71, - --,7n) and call the o,|n > 3 higher order multiplications.

(i) Higher commutativity: The multiplications o,, are S,-symmetric in the
sense of superalgebra.
(ii) Cyclitity: The tensors

Yoo HEOFD — | Yori(m® - @) == g((1, -+, n), Yns1)

(1.2)
are S,1-symmetric.
(iii) Higher associativity: ¥Ym > 0 and «, 3,7, 0q, - .. , 0, We have:
S )@ B8l € S), 7. 55]j € ) =
0:511151={1,...,n}
> ¢"(o)(a, (8,7, dili € S1), 6515 € S2). (1.3)
0:511151={1,...,n}
Here o runs over all ordered partitions of {1,...,m} into two disjoint subsets.

The signs €'(0), €’(0) are defined as follows: fix an initial order of the arguments
e.g. a,3,7,0q,...,0,, then calculate the sign of the permutation induced by o
on the odd arguments in (1.3).

1.1.3. Remark. Clearly given g, o, and Y,,; uniquely determine each other.

1.1.4. Definition. An abstract tree level system of correlation functions
(ACFs) on (H,g) is a family of S,,—symmetric even polynomials

Y,: H®" -k, n>3 (1.4)
satisfying the Coherence axiom (1.5) below.

Set A = > 9,9%9,. Choose any pairwise distinct 1 < i, 7, k,1 > n and denote
by ijSkl any partition S = {S;, 52} of {1,...,n} which separates i, j and k, [,
ie. i,7 € Sy and k,l € Sy. The axiom now reads:
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Coherence: For any choice of i, j, k, [

5 Y Vot @ © 0 s 000 @20

ij Skl a,b resSy resSs

- Z Z Y\T1|+1(® T ® aa)gabY\TzHl(@b & ® ¥). (1.5)

ikTjl a,b rely rels

1.1.5. Correspondence between formal series and families of poly-
nomials. Given a formal series ® € K, we can expand it up to terms of order
two as

=1
=) Y (1.6)

n>3

where the Y,, € (H")®". We will consider the Y,, as even symmetric maps H®" —
k. One can check that the WDVV-equations (1.1) and the Coherence axiom
(1.5) are equivalent under this identification, see e.g. [M2].

1.1.6. Theorem (II1.1.5 of [M2]). The correspondence of 1.1.5 establishes
a bijection between the following structures on (H, g).
(i) Formal Frobenius manifolds.
(ii) Cyclic Commy,—algebras.
(iii) Abstract correlation functions.

1.1.7. Definition. An even element e in Hy is called an identity, if it is an
identity for the multiplication o. It is called flat, if e € H. In this case, we will
denote e by dy and include it as a basis element.

1.1.8. Euler Operator. An even element £ € K is called conformal, if
Lieg(g) = Dg for some D € k. Here, we take the Lie derivative of the tensor g
bilinearly extended to K w.r.t. the derivation F. In other words:

VX, Y € K: Lieg(g):=Eg(X,Y)—g([E,X],Y)—g(X,[E,Y]) = Dg(X,Y).
(1.7)

It follows that E' is the sum of infinitesimal rotation, dilation and constant

shift, hence, we can write £ as:

E=Y dugx"dy+ Y 10y = Ey + Ey, (1.8)
a,bEA acA

for some d,;, € k. Specializing X = 0,,Y = 0, we can rewrite (1.7)

\V/Cl, b: Z dacgcb + Z dbcgac = D.gab- (19)
In particular, we see that [F, H] C H and that the operator
D
V:H—-H: VX):= [X’E]_EX (1.10)

is skew—symmetric.
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A conformal operator E is called Euler, if it additionally satisfies Lieg(o) =
dyo for some constant d.

1.1.9. Quasi—homogeneity. The last condition is equivalent to the quasi-
homogeneity condition (Proposition 2.2.2. of [M2])

E® = (dy + D)® + a quadratic polynomial in flat coordinates.
(1.11)

1.2. Operadic Correlation Functions. By identifying the index set n =
{1,...,n} or more generally any finite set S with a set of markings of a S—tree,
one can extend the notion of ACFs to operadic correlation functions. These are
maps from H®° which also depend on a choice of a stable S—tree 7.

Y(7): H" — k (1.12)

The relation of these operadic correlation functions to a given system of ACFs
is provided by the following Lemma.

1.2.1. Lemma (8.4.1 of [KM]). Starting from a system of ACFs {Y,},
there exists a unique extension to trees, if one requires:

(i) For the one vertex tree with n tails py,
Y(pn) =Y. (1.13)

(ii) Grafting together two trees 7', 7" at the tails i,j to a tree T corresponds
to the contraction with the Casimir element:

V()@ @9,) =
V()@ @08 ® @7, gV (T (N @ @A, @+ @7y). (1.14)
1 1

U J

(iii) The Y (1) are compatible with tree isomorphisms.

1.2.2. Remark. Given a set of ACFs {Y,} the correlation function of the
above Lemma for a stable n—tree 7 is given by the formula

Y(7)(0 ® - ®0,,) = (® Vi )(Bay ® -+ ® O, @ ASIETI),
veV; (1.15)

We will extend this definition to the whole space V(I',) by linearity. For any
element 7 =) a;7; € V(I',,), we set

Y(r) =) a;¥(r) (1.16)
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1.2.3. Remark. To shorten the formulas, by abuse of notation, we will also
denote the following function from H®!" to k by Y (7):

Q) Ve, = V(7). (1.17)

’UGVT
Which function is meant will be clear from the index set of the arguments.

1.3. Cohomological Field Theories. The structure of a formal Frobenius
manifold on (H,g) is in fact equivalent to the structure of a CohFT on (H,g),
see [KM],[KMK]. This is due to the fact that a (tree-level) CohFT is uniquely
determined by its correlation functions.

1.3.1. Definition. A CohFT on (H, g) is given by a series of S,—equivariant
maps: o
I,: H®" — H*(Mo,, k), n>3

which satisfy the relations:

Poln(n®@...® W) = €(0)(In11® In2+1)(® % ®A® ()W) L1s)

where @, for 0 = 5711 .95 is the inclusion map of the divisor D, ¢, : MO,‘ Sil+1 X
Mo,|s2\+1 — Mon, A = XA, ® Apg® is the Casimir element, and ¢(o) is the sign
of the permutation induced on the odd arguments 1, ..., 7,.

1.3.2. Equivalences of a CohFT and a system of ACFs. Given a Co-
hF'T, the associated system of ACFs is defined as follows:

MOn

Given the ACF's, one can equivalently pass to the potential

00) =3 [ I = X ™) (1.20)

n>3 n>3

The reverse direction of (1.19), i.e. the reconstruction of a CohFT from its
ACFs, is contained in the second reconstruction theorem of [KM]. In this context,
the I,, can be recovered by extending the Y,, to a set of operadic ACFs. Then
the I,, themselves can be calculated via their Poincaré duals with the help of the
formula:

YN ®...0%) = /M L ®...0%)). (1.21)

The explicit calculation of the maps I,, given a potential ® or a set of Y,, thus
depends on the knowledge of the Poincaré duality as noted in [KMK] and is made
possible by the results of Chapter 1.
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2. Germs of pointed Frobenius manifolds

2.1. Frobenius manifolds.

2.1.1. Definition. Following [M2], we define a Frobenius manifold M to be
a quadruple (M, TJ\J/;, g, ®) of a (super)manifold M, an affine flat structure TA];,
a compatible metric g and a potential function whose tensor of third derivatives
defines an associative commutative multiplication o on each fiber of 7).

For the notion of supermanifolds and supergeometry in general we refer to
the book [M3].

2.1.2. Definition. A pointed Frobenius manifoldis a pair (M, mg) of a Frobe-
nius manifold M and a point mg € M called the base—point.

When considering flat coordinates in a neighborhood of the base—point mq of
a pointed Frobenius manifold, we require that the coordinates of mq are all zero.
In other words, the base—point corresponds to a choice of a zero—point in flat
coordinates.

2.2. Euler field and Identity. Just as in the formal case, a Frobenius
manifold may carry two additional structures; an Euler field and an identity.
They are defined analogously.

2.2.1. Definition. An even vector field E on a Frobenius manifold with a
flat metric g is called conformal of conformal weight D, for some constant D, if
it satisfies Lieg(g) = Dg. A conformal field F is called Euler, if it additionally
satisfies Lieg (o) = dgo for some constant dj.

2.3. From germs of pointed Frobenius manifolds to formal Frobe-
nius manifolds. Regarding a germ of a pointed Frobenius manifold over a field
k of characteristic zero, choose a flat basis of vector fields (0, ) and set H = ®,kd,
and keep the metric g. Choose corresponding unique local flat coordinates x® s.t.
Va : x%(mp) = 0 as we demanded in 2.1.2. A structure of a formal Frobenius
manifold on (H, g) is then given by the expansion of the potential into a power
series in local flat coordinates (z®) at my. Up to quadratic terms we obtain:

(ID(X):Z% S Y (0, @ ) (2.1)

n>3 " a1,..,an€{l,... n}
where the functions Y,, are defined via
Y (0 @ -+ ®0u,) =04y + O, Plo (2.2)
® obviously obeys the WDV V—equations.

Furthermore, in the presence of an Euler field or a flat identity writing £ and
e = 0y in flat coordinates defines the same structures in the formal situation.

We stress again that we are dealing with pointed Frobenius manifolds. Due

to this a zero in flat coordinates has been fixed and {Y,,}, £ and e are uniquely
defined.
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On the other hand, the functions in (2.2) are dependent on the choice of the
base—point. Choosing a different base—point mq with x—coordinates x(mg) = x§
in the domain of convergence of ® yields the new standard flat coordinates % =
x* — z§. The corresponding functions Y transform via:

V(0o @+ ® 0y,) = Oy - . . O, Play

1
=Y 5 X A Yn(On ® @0y 0, 00,
N>0""" (by,...,bn):b;€A

1
=Y Y bl Yn (O © 800, © 0 © - @ D)
N>0 """ (by,....bn):bi€A (2.3)

where €(b|a) is a shorthand notation for €(0y, - - - Opy|Day - - - Oa, ) Which we define
as the superalgebra sign acquired by permuting O, ..., 0y, past the 0,,,...,0q,:

Ony O Dy -0, = €(b]0) D, - 0u Dy, O (2.4)

2.4. From convergent formal Frobenius manifolds to germs of poin-
ted Frobenius manifolds. Starting with any formal Frobenius manifold (H, g)
with a potential ®, we can produce a germ of a manifold with a flat structure
by identifying the x® as coordinate functions around some point mg, choosing H
as the space of flat fields and considering g as the metric. To get a Frobenius
manifold, however, we need that the formal potential & has some nonempty
domain of convergence. If

O(y) = %Ym@") (2.5)

n>3

with v = >~ 2*A, is convergent, we can pass to a germ of a pointed Frobenius
manifold. If necessary, we can, in this situation, even move the base—point as
indicated above.
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3. Semi-simple Frobenius manifolds

3.1. Semi—simple Frobenius manifolds and Schlesinger equations.
We will briefly recall the main notions of semi—simple Frobenius manifolds as
explained in [M2]. For other versions see [D] or [H|. A Frobenius manifold of
dimension n is called semi—simple (respectively split semi—simple), if an isomor-
phism of the sheaves of O,,;—algebras

(Zar, 0) ~ (O}, componentwise multiplication) (3.1)

exists everywhere locally (respectively globally).

If a Frobenius manifold M is semi—simple, one can find so—called canonical
coordinates u; —unique up to constant shifts and renumbering— s. t. the metric
and the three—tensor A defining the multiplication become particularly simple.

Let €, = %, Vv, = dui, then

9= Zm(%?), (3.2)
A= Zm(u;”’). (3.3)

If in addition an Euler field exists, then it has the form £ = > (u’ + ¢')e;. In
this situation, we will normalize the coordinates in such a way that

E=> ue;. (3.4)

This normalization fixes the ambiguity in the coordinates u’ and renders them
unique up to the S,—action.

3.2. Definition. In the above situation, we will call a point m € M tame,
if it satisfies u;(m) # u;(m) for all i # j. In other words, the point m is tame, if
the spectrum of the operator Eo on 7,; is simple.

3.3. The extended structure connection and the second structure

connection. As exhibited in [M2], the structure connection V, which is defined
by

Vax(Y)=Vox(Y)+AX oY (3.5)

where V) is the Levi-Civita connection for g, gives rise to two extended structure
connections:

¥V on the sheaf pr’,(7;;) on M=M x P} \ {0,1, 00} (3.6)
and

V on the sheaf 7 = pr},(Ty ;) on M = U(M,\ x {\}) C M x P}
A (3.7)

where M, C M is the open subset defined by Vi : u® # A.
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Since it can be shown that the poles of V are all of order 1, this connection
can be regarded as an isomonodromic deformation of a meromorphic connection
on P!. These deformations are governed by the Schlesinger differential equations
[Sch], [Mal], thus providing a link between Frobenius manifolds and solutions of
the Schlesinger equations; the details can be found in [M2] and [MM].

3.4. Definition. A solution to Schlesinger’s equation consists of any datum
(M, (u"), T, (A;)) where M is a complex manifold of dimension m > 2, the tuple

(u',...,u™) is a system of holomorphic functions on M with the properties that
for any i # j,x € M, we have u'(z) # u/(x), and du® freely generate Q},, T a
finite dimensional complex vector space and the A; : M — End(T), j=1,...,m
are a family of holomorphic matrix functions satisfying

, d(u’ — u?)

Summing the above equation over all j shows that > ;Aj 1s a constant matrix
which will be called W.

The main definition w.r.t. to the theory of Frobenius manifolds is:

3.5. Definition. A solution to Schlesinger’s equations is called special, if
dim(7) = m = dimM; T is endowed with a complex non—degenerate quadratic
form g; W = =V — %Id where V € End(T) is a skew—symmetric operator, w.r.t.
g, and

1

where P; : M — End(7T) is a family of matrix functions whose values at any
point of M constitute a complete system of orthogonal projectors of rank one
w.r.t. g.

A solution is called strictly special, if the operators

AV = A; 1 tP; (3.10)

also satisfy Schlesinger’s equations for any t € C.

3.6. Identity. Call a vector e in T" an identity of weight D, if

D
Vie)=(1- 5)6 and (3.11)
e; := Pj(e) do not vanish at any point of M. (3.12)
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3.7. Theorem (2.6.1 of [MM]). Let (M, (u'), T, (A;)) be a strictly special
solution and e an identity of weight D, then these data come from a unique
structure of semi-simple split Frobenius manifold M with an identity (dy = 1)
and an Euler field via

T =T(M,T;) (3.13)
(u') :  the canonical coordinates (3.14)
Ai(e;)) =0 fori#j (3.15)

1 i
o) = —geit 3 (u —uf) (3.16)

g ‘

The operator V is given by:
D

V(X) = Vox(E) - §X. (3.17)

Here, the manifold M only has tame points which means that by definition
u'(m) # u?(m),Vi # j,m € M. M should be regarded as a splitting cover of the
subspace of tame points of a given Frobenius manifold.

3.8. Special initial conditions. Fixing a base—point in a solution to Schle-
singer’s equations and taking the coordinates e; for T' call a family of matrices
A9 .. A% € End(T) special initial conditions, if there exists a diagonal metric
g and a skew—symmetric operator V s. t. A? =—-V+ %Id)Pj, where P; is the
projector onto Ce;.

In the case of semi—simple Frobenius manifolds with an Euler field and a flat
identity, the special initial conditions are given by the value of the structures
listed in 3.7 at a fixed tame point mgy € M with coordinates (uf); more precisely,
the metric is given by the 7;(my) and the operator V by the matrix (v;;);; defined

by (Vo (E) — F(e)(mo) = (X; vije;) (mo)-
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4. The tensor product of formal Frobenius manifolds

The tensor product of two formal Frobenius manifolds is defined via the corre-
sponding sets of CohFTs. Looking at all CohFTs together with the operation of
forming the tensor product, we can regard them naively as an infinite dimensional
algebraic variety with a structure of a semigroup on it. In this setting, a natural
question in view of Theorem 1.1.6 is the behaviour of the potential as a function
on this moduli space. In particular, we would like to understand how to express
the potential function ® 4 4~ associated to the tensor product of two CohFTs
A" = (H',¢,I') and A” = (H",¢",I") in terms of the potential functions ® 4
and ¢ A

Due to the fact that not the functions themselves, but rather the CohFTs they
represent are tensored, the operation of forming the tensor product incorporates
a part of the geometry of the moduli spaces My, which will be explained below.

Using our results of Chapter I, we derive an explicit formula expressing the
potential of a tensor product via the potentials of the factors answering the above
question.

4.1. The diagonal of M, x Mj,. Denote the class of the diagonal in
A"3(Mo, x My,) by Agz,, and choose an inverse image of this class in V(I',) ®
V(I',,) under the map mon of Section 1.3.3.1 which we —by abuse of notation—
also denote by Ag; . We can choose the inverse image in such a way that it has
an expansion:

Ay, = Y. o9 @1 eV(l,)@V(I,) (4.1)

o, 7EB,
where the 7 € B,, are homogeneous elements of V(I',,), {mon(7)|T € B,} is a
basis of A*(M,) and ggr = fﬁon mon(o) Umon(T). Notice that
g°T =0 unless o@T e V(L) @ V(Lhn3-) (4.2)
We can and will use the basis B,, of Chapter I for this purpose.

4.1.1. Remark. Note that the 7 need not be trees. However, they can be
chosen as a linear combination of trees of the same degree, and furthermore gen-
eralizing the spaces V(T') to trees with multiplicities V (I'™") a basis of A*(Mo,)
can even be chosen in basis elements of V (I'"™%)  as was shown in Chapter 1.

4.1.2. Tensor product for CohFT. In the language of CohF'T, the tensor
product of (H', ¢', {I},}) and (H", g", {I}) is given by the tensor product CohFT
on H' @ H"” which is naturally defined via the cup product in H*(My,, k):

LRI ® - ®7,Q7,) =
Y ANLN® @) AL ®---®7,) (4.3)

where €(v/,7") is the superalgebra sign.
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Using 1.3.2 and Theorem 1.1.6, one can formally transfer this definition of
the tensor product onto any of the other structures (Y, Y (7), ®, 0,,o(7)).

4.2. The naive tensor product. For any two sets of ACFs {Y,} and {Y,/}
and any element 7 ® o € V(I',,) ® V(I',) set:

Y'Y )(ree)(Meon)® - ®(,Q,)) =
(VAN T @ @)Y (o) @ @q,). (44)

4.3. Tensor product for ACFs. Translating (4.3) into the language of
ACFs, we obtain the following formula for the tensor product of Y, and Y,

(VO Y)h o © @78 ) =

) [ LehEe s ALG e @) (45)
MOn

4.3.1. Lemma. The tensor product for two systems of ACFs (77, A’ {Y})
and (77, A", {Y.'}) is the system of ACFs (T"®@ T", A" @ A" {Y,}) where

Yo (o) @ @0, @7) =
eV, YNY' @Y")(Am, (M @) @+ @ (v, @70)- (4.6)

4.3.2. Definition. Given two formal Frobenius manifolds (H’,¢’,®’) and
(H",g",@"), let {Y,/} and {Y,”} be the corresponding ACFs. The tensor product
(H,g,®)of (H',g',®") and (H", g", ®") is defined to be (H' @ H", ¢’ ®¢g", ) where
the potential ® is given by:

(1) = 3 (V@ V) (Agy, o). (1.7

n>3

As in 1.1.5, to make sense of (4.7) one should expand v = 3" 2% 9, in
terms of the tensor product basis (9yqr := 0, @ 9”,) of the two basis {9/, } and
{0",} and the dual coordinates 2" for this basis.

The results of Chapter I now allow us to calculate (4.7) explicitly:

4.3.3. Corollary. The explicit formal Frobenius manifold structure for the
tensor product of two formal Frobenius manifolds (H', g',®") and (H",g",®") is
given by potential ® on (H' @ H”, ¢ ® ¢") corresponding to the ACF's:

Vo) (@@ - @7, ®7,) =
€' 7" 3. YR @ @y )mu Y () (1 @ @), (4.8)

w,vEB,

where B, is the basis of Chapter I and the i,V are the duals to p,v.
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4.4. Examples.

4.4.1. Higher order correlation functions. Using the calculations of the
Section 1.7.4 and omitting the supersign, we obtain the following formulas for
the tensor product of the first higher order correlation functions and higher order
multiplications of (H',¢',Y)) and (H",g¢",Y.)).

/ Let S AL gYY AL and 3 0 AL, """ All, the Casimir elements for g and
qg.

n=3

(Y3 ®@Y5) (11 @91 © 72 ©15 ©75®73) = Y5(11 @12 ©73)Y5(1] ® 75 ® 73)
(4.9)
n=4
Y/ @Y )nen® - @7 ®7)) =
V(M@ @7 > Yi () @9 @ Au)g"™" Y3 (A @ 45 @) +

a//’b//

D Vi @9 @ AL)g™ VY (A @ % @ Y)Y () @+ @94)  (4.10)

al b
n=>
YY) men @ - @7e95) =
> Y @ @ ALYV (A @ 4 @ AL)g" Y (A @4 @)
a’ b "
xYs(m®- - ®7)
= 2 DN Q) eAgTY(A, @y @)

1€{1,2,34} o' ' i€{1,2,3,4N {1}
al/7b//

VI Q@AY (A 94 @)

1€{1,2,3,4}\{l}
+ Z ZK}\H(@%{®A;/)9/abyé—|1|( v ® Vi ®s)
(1,2)CIC{1,2,3.4} o/ b/ icl je{1,2,3 401
Y @ e MY @ e
(1,2)CJC{1,2,3.4} o’ b icJ je{1.2,341\J

+ ) V(7 @9 @ AL)g™ YA @5 ® AL) g Y (AL ® v, @)

a' bl d!

XY (1 ® - @95). (4.11)

4.4.2. Higher order multiplications. By applying equation (1.2), again
using the notation (vy,...,7,) for o,(7 ® -+ ® v,), we find:

n=2
(M ®7,7%®7) = (11,7) © (1, 72) (4.12)
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n=3
M O®M, @7, 7)) =
(Y178, 73) @ (1 79), 7)) + ((71:78),73) @ (1,79, 75) - (4.13)
n=4
(M@, @) =
(Yo 70) © (V5 79),78)574) + (V15 7%), 7). 78) © (V- - 74)

- > (i 75 ) ) © (75975 )0
(i, k I{1}={1,2,3,4}

+ Z ((7}% %1,2,3,4}\1) ® Z ((Wf],)a ’7«,{/172,3,4}\J)> (4-14)
{1,2}C1c{1,2,3,4} {1,2}CJc{1,2,3,4}
where in the last expression we have used the abbreviation () to denote
o111(®ieri)-
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5. Potential of the invertible Cohomological Field Theories

We now make a digression to the space of formal Frobenius manifolds or
equivalently CohFTs of dimension one and the operation of forming the tensor
product in these theories following [KMZ]. In this special situation, there are
even more results with respect to the general problem of expressing the potential
function ® 4 4 associated to the tensor product of two CohFTs A" = (H', ¢, I")
and A" = (H”,¢”,1") in terms of the potential functions ® 4 and ® 4. This is
achieved by using a connection to the theorems about the higher Weil-Petersson
volumes of Chapter I. In fact, see [KMK], the genus zero generating function for
higher WP—volumes is the third derivative of the potential of a generic invertible
CohFT of dimension one written in coordinates additive with respect to the tensor
multiplication.

5.1. The moduli space of one—dimensional CohFTs. We will consider
CohFT structures on one-dimensional spaces. In [KMK] such a theory was shown
to be invertible with respect to the tensor product, if the map I35 from H®3 =
k to H*(Mos, k) = k is an isomorphism. A one-dimensional theory is called
normalized, if a basis of length one is fixed, H = kAg, (Ao, Ay) = 1, and
I3(Ag ® Ay ® Ag) = 1. Equivalently, I,(A§") = 1, + terms of dimension > 0
for all n > 3, where 1,, € H°(Mg,, k) is the fundamental class. In this case, the
potential function has the form

D 4(z) = ZC"Z_T (5.1)

where C3 = 1 and the other coefficients are arbitrary, since the associativity
equations are empty in this case and they are the only restriction by virtue of
Theorem 1.1.6. Regarding the space CohF T (k) of all normalized and invertible
1-dimensional CohF'Ts, we thus see that it is canonically isomorphic to %x?’ +
z* k[[x]] and has canonical coordinates C, (n > 4). The goal is now to describe
the tensor product in terms of these coordinates which encode the potential.

In [KMK] where these 1-dimensional CohFT structures were previously stud-
ied, a different set of coordinates was given which behaves nicely with respect to
forming the tensor product.

Namely, for each sequence si, So,...;8; € k there is an element A(s) €
CohFT, (k) given by

L(AS") = wys1, 89,...] = exp(z Sawn(a)) (n > 3). (5.2)

In [KMK] it was shown that the map s — A(s) yields a bijection between kY and
CohFT(k) and that A(s') @ A(s") = A(s' + "), i.e.
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5.2. Theorem (3.2.1 of [KMK]). The parameters (s1, Sa,...) form a co-
ordinate system on the space of normalized 1-dimensional CohFTs. The tensor
product becomes addition in these coordinates.

Let ®(x;s) denote the potential associated to the theory (5.2). The third
derivative of the potential ®(z;s) associated to the theory (5.2) is just the gen-
erating function for higher WP—volumes, connecting the present consideration to
what has been presented in Section 1.8.

Looking at the definition for the potential we see:

m(a)

(I)(SL’, 81,5’2,...) :Z%/ Z Hwn(a)m(a);;(a>! ’

n=3 Mon S am(a)=n—3 a>1

and the third derivative of this function ®(z; s1, se, .. .) is obviously the function
F(x;s) = > V(m)z/™/s™ defined in 11.8.5. This observation can be used to
describe both the tensor product and the coordinates on the space of invertible
1-dimensional CohFTs explicitly.

5.3. Theorem (3.4.2 of [KMZ]). Define the bijections

CohFT, (k) «—— %3+:c4k[[x]] — 1+nk[n]], (5.3)

where the first map assigns to a theory A its potential ® 4(z) and the second map
is defined by

d(z) « U(n) :/ e~ )/ g (5.4)

0
or alternatively by assigning to ®(x) = ia° + ... the power series U(n) =
Yoo o Bun™ where v = ZBn(ZLTT)I = y + .-+ is the inverse power series of
y=®"(x) =x+---. Then the tensor product of 1-dimensional CohFTs corre-

sponds to multiplication in 1+ nk[[n]] : Uxgar(n) = Ua(n) Uar(n). The coeffi-
cients of —logU4(n) are the canonical coordinates of A .

5.4. Explicit formulas. The above theorem can be used to give explicit
formulas for the coefficients of U(n) in terms of the coefficients of ®(x). Substi-
tuting (5.1) (with C3 = 1) into (5.4), expanding and integrating term by term
yields:

_ Z (214 + 3ns + -+ )] . N
Bn - 2!714 3|n5 ce 714! n5! . (_04) (—05) e
n47n57---20
na+2ns+---=n

Applying the same argument to the inverse power series yields the reciprocal
formula:
Z (2n1 4+ 3ng +--+)! . .
= ol 3Inz ... Iny! - - (=B1)™ (—By)™* - - -
ny,nz,...20
n4+2n5+~~~:n_3
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The explicit law for the tensor product of two normalized invertible CohFT's in
terms of the coefficients of their potential functions can be derived by combining
these formulas with the identity Uaga(n) = Ua(n) Uar(n):

Cy=Cy+CY,

Cs = C, 4+ 5C,CY + Cy

Co=Ci+(8CY+Ch) Cy + CL8C +CY) + CY |

Cr = O+ (35C,CL +14C4) O + (61 C42 O + 33 C12CY + 33 CL Oy

+19CLCY) + € (35 CY CY +14Cf) + C7
Finally, the values of the genus zero Weil-Petersson volumes V' (m) can be

calculated numerically alternatively from the recursion relation (I1.8.5), the dif-
ferential equation (I1.8.23), the closed formula (I1.8.32) or the generating function

formula (I1.8.33).
The generating function (I1.8.22) up to |m| = 5 reads:

2

s x? s
F(z,s)=1+4 s1x + (5514-81)? + (61€1—I—95132—|—53)

3 1.3

6

s 5259 52 x?

1379 2L + 161 222 + 14 192 -

+ ( 51t o+ 14siss+ 2+s4)24
5 3 2 2

+ (49946 s + 4822 712 1 344 ZLE 4 470 22 4+ 20050 + 3355 + 55)

+ 0(2%).

25
120

gm olm]

The coefficient fﬁo w™ of — W is integral for every m, because the co-
m m! |m|!

homology classes w, ,(a) are integral for g = 0.
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6. The tensor product for Euler fields and flat identities

In this section, we extend the operation of forming the tensor product to the
additional structures of an Euler field and an identity. In order to achieve this,
we first rewrite the quasi-homogeneity condition and the defining relation for an
identity in terms of operadic correlation functions.

6.1. Quasi—homogeneity condition in terms of correlation functions.

6.1.1. Lemma. In terms of the abstract correlation functions Y, the quasi—
homogeneity condition (1.11) is given by

YO a0, @ ® 00, @+ @ By, @ 0a) +1Y41 (0, @ -+ @ Do,y @ 0a))

acA =1

= (do + D)Y(04y ® -+ ® 8,,). (6.1)

Proof. Applying the vector field £ in the form (1.8) to (1.6) and making a
coefficient check yields (6.1).

6.1.2. Lemma. The correlation functions (1.17) obey the following relation.
For a given n—tree 7:

DO dY (O Q) 9p) @a) + 1Y (7 (1) (X 95) ® D))

a€A fEF, f’eFT\{f} feF:
= Vo (D +do)Y (1)(X) 97). (6:2)
fer:

Proof. Recall that by definition Y (7*(7)) = >,y Y(7,"!). By applying
(6.1) at every vertex v of 7, we obtain

SN dp YO Q) 95)®0)

JeFr a F'eFA\{f}
=3[ 4 @re)( Q 0r)©d)
vEV: feF,(v) VeV, J'eFA\{f}
=D (D +d)Y()(Q) ) = D rY (R ) @ )] (6.3)
veVr fer: acA feF,

= V(D +do)Y (r)() 9) = > _ rY (7 (1)) ((X) ) ® D).

feF, acA fer:
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6.1.3. Proposition. For the operadic correlation functions {Y (1)} the quasi
homogeneity condition is equivalent to

n

ZZdaiaY(T)(aal Q- ®5a\i ® - ® 0, ®aa) - |E'r| doy(T)(aal Q- ®8an)

i=1 a€A

+) Y (7 (7)) (Oay @+ @ Bay, @ ) = (do + D)Y (1) (D, @ -+ @ 0y,). (6.4)

a€A

Proof. Writing out the Casimir elements A = > 0,¢??0, and applying
Lemma 6.1.2 yields:

D daaY ()0 @+ @ 0oy @+ ® Doy @ D) + | B DY (7)(00, @ -+ @ )

i=1 a€A

=33 Y ()00 © 08 @ © 0, @)

i=1 acA
|Ex|
+EAD Y (R VRO @@, @ Q)97 ©0y,))
(P1,--p| B | )PiEA VEVT =1
(q1,--q1B, )2 €A
- - ||
(*:) Z [Z Z daiaY(T)(a‘h@' ) '®aai®' ) '®aan ®8a®®(apjgquj®8lh))
(P1,---P| B, )PiEA =1 a€A i1
(q1,--q B, ) €A
|| B | N
+ Zd ia(® Vi )(Bay @ -+ ® 04y, & ® (B, g™ @ 0y,) @ Tpug™ Dy, @ )
i=1 a€A veEVr j=1,j#i
|Ex| X N
+ Z dl’j“(® Yr,) (00 ® -+ ® s, ® ® (Op, 0" " @ 0y,) @ 0y, g™ 0y ® Oy
i=1 a€A veVr i=1,i#£j

= (1Bl + DD+ do)Y(7)(0a) ® -+ - © O,
= Y (7 (7)) (00, @ -+ @ Oa,, ® Da). (6.5)

acA
The equality (*) holds due to (1.9). Rewriting (6.5), we obtain (6.4). Vice
versa postulating (6.4), we see that it reduces to (6.1) for the one-vertex tree

(pn)

6.2. The identity in terms of correlation functions. As previously re-
marked, we will assume that the identity is a flat vector field e = 09y. As the
semi—simplicity of E this restriction is satisfied in the case of quantum cohomol-

ogy.
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6.2.1. Remark. From Corollary 2.1.1 of [M2], we have that

}/3(8&7 857 80) = Gab (66)
and

Yi(0p @ -+ ®0,, ,®0)=0  Vn>3 (6.7)
are equivalent to the fact that 0, is a flat identity.
In terms of operadic ACF's one obtains:

6.2.2. Proposition. For a flat identity e = 0y and for any stable n—tree T
withn > 3

Y(T)(acu - ® aanfl ® (90) = Y(W*(T))(acu - ® aan—l)' (68>

Proof. From (6.7) we know that Y (7)(0,, ®- - -®0,, ,®0) = 0, if the valence
of the vertex vy with the tail marked with n is greater than three or, in other
words, if the vertex remains stable after forgetting the tail n. Assume now that
the vertex has valence three. Noticing that for a flat identity Y3(9,, 9y, 90) = ub
the result follows by direct calculation. There are two cases: either vy has two
tails marked n and i for some 4 and is joined to one other vertex v’ by the edge e
or vy just has one tail and is joined to two other vertices by the edges e; and es.
In the first case we get

Y(7)(00, @ - @ B, ® D @ AIE-])
=( Q) (R Yew) ®Yrw)
veVr\{vo} fEF-(v)
0y ® R0y ® ®0, , A1 @A, ®8, ®0)
>R (R Yrw)
pq veV\{vo} feF-(v)
(O @+ @y @+~ @ Dy, @ AL 9 P19, )
= (X (R Yew)( @ ®0,,_, ® A%

veV\{vo} fEF-(v)
=Y(m(7))(0a, @ -+ ® O _,)
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likewise in the second case

Y (7)(0ay @ -+ ® By, _, @y @ APIF])
= ( ® ( ® Y (0) ® YE, (v))
veVr\{vo} fEF-(v)
(8[11 ® T ® aanfl ® A®‘ET‘_2 ® Ael ® Aez ® 80)
=2 Q (&R Yrw)
pg;rs veVr\{vo} fEF-(v)
(Ouy @ -+ @ a,, @ A2 @ 9,979, @ D)

=( Q) (R Yew) 0 @ - ®0,,_, @ A®FI)

veV\{vo} fEF-(v)
=Y (m(7)) (00, @ -+ ® Do,y )-

6.2.3. Remark. In the setting of operads and higher order multiplications
([Gel],|GK]), the formulas (6.6) and (6.7) for a flat identity e = 0y correspond
to the statements that e is an identity for oy and acts as a zero for all higher
multiplications o,,n > 3. The contents of Proposition 6.2.2 is the extension of
these properties to any concatenation of these multiplications.

After these preparations, we come to the main result of this section:

6.3. Theorem. Given two formal Frobenius manifolds (H', g, ®') and
(H",g",®") with Euler fields

E = Z d '™ 0y + Z 9, of weight D" and (6.9)
ab e a'e A
E" = Z A" O + Z ", of weight D"
a’b' e A a’ € A" (6 10)
and with flat identities €', €” of the same weight dy = dj = d, then
e=0y=¢ ¢ (6.11)
and
E= Z [Z (d;’b’xa/bu) + Z (dZ”b”fbla”) - dxb,b”] Oyt
(b/7b//)€A/><AH a/eA/ a//GAH

+ Z 7”“/8@/0 + Z 7‘”“”80&// (612)
a/eA/ a//eA//
define a flat identity of weight d and an FEuler field of weight D' + D" — 2d on
the tensor product (H, g, ®) of (H',¢',®") and (H",g", ®").
Before we can prove the above theorem, we need one more Lemma about the
properties of the diagonal class Az .
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6.4. Lemma.

(id, 7 ) (Azz,,) = (77, id) (Agz,. ) (6.13)
and

(0, ) (Agz, ) = 0. (6.14)

Proof. Consider two any strata classes D, € A*(My,), Dy € A*(Mg,_1).
Using the projection formula twice, we obtain

DTUW*(DU):/ 7.(D,)UD,

MOn MO'nfl
& (DX 7*(Dy)) U Agz, = / (me(D7) X Do) U Agz,
M()n ><MOn MOnfl XMOTL*I
& (D, ® D,) U (id, 7.)Agz, = / (D, R D,) U (7", id) Ay, .-
MonxMon—1 MonxMon—1

Since the intersection pairing is non-degenerate and the classes D, X D, generate
A*(Mop—1 X My,), the formula (6.13) follows. Using the same type of argument
for

/ (D, R D,)U (.. m)Axr.
M()nfl ><MO'n,fl
_ / (7, 7)(Dr B D) U Ay
Mon—1xMon—1

:/ W*(DT)UW*(DU):/ (D, UD,) =0

Mon Mon
where the last zero is due to dimensional reasons, we obtain the second claim
(6.14).

Proof of the Theorem.

Asin 4.3.2, we choose the coordinates 2% corresponding to the basis 0y @0,
The metric for the tensor product is given by

Ja'v' 0"y = g(aa’ ® 8a”a ab’ ® 817”) - g/(aa’a ab’)g//(aa”a ab”) - gtlz’,b’gc/z/”,b”'
(6.15)

FEuler field.

First we check that E is conformal of weight D’ + D” — 2d. On the basis of
flat vector fields we calculate:

g( [8a/a//’ E] s ab/b//) + g(aa/a//’ [ab’b” s E])
== g dill C/ gé/ b/ g;//lb// + g dg/lcll gé/ bl gé/l/bl/ + g d/ /Cl g(/:bl Cl g(/::/lb// _'_ é dg//cll g;/b/ g(/l/”C”
¢! et o ol

— 2dg,a,/b,g;///b//
— (D' + D" — 2d)gurarr . (6.16)
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We will prove the fact that E is indeed an Euler field by verifying the quasi-
homogeneity condition (1.11).
Set D=D'+ D" —2d and v =179, @ d",:

—BEY 6T =B Y %(Y’ ® Y") (A, ) (1)
n>3 n>3
_Z / // alal < Z Zd Y/l (AMOTL)
n>3 a’eA’ =1

(O ®O)®- @ (a;;é\agg,) ® @ (O ®0y) @ (0 @ )

+ Z Zdﬂ” . Y/ ® Y/,)(AMOn)

(O @) @@ (0, © ) @+ ® (T © ) & (D © )
A (Y O YA, (O @ ) © - (0 @ 3y)
(:)Z%x“ L gahal <(D’ D" —d)(Y' @ Y") (A,

n>3
(@ @ ) @@ (3, © )
= > Y @Y (i) (A, DBl @ D) @+ @ (D, @ ) @)

a’eA’

= > YR Y)((id, 7)) (Axg, )y @ Aly) @ -+ @ (D @ Lfy) @ a;',,)>

/leAII
=3 ( (D+ (Y ®Y") Ay, )(7°")

n>3 n!

=) YY) ((nid) (A, ) (" © Oy
a’eA’

- Y M"Y @Y ((id, 7)) (A, ) (7P ® 8;’//))- (6.17)
[l”EA”

To obtain (x) write Az = > 79" ® o as in 4.1 and apply Proposition 6.1.3
to both tensor factors of each summand. Furthermore, notice that the 7, o are
homogeneous and g7 =0 unless o @ 7 € V(') @ V([ n—s5—c) (4.2).

On the other hand, applying Proposition 6.2.2, we obtain up to quadratic
terms
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B0 =30 e (3 0 @Y ) b, )0 @ @ 0)

— 1)
= (T DR i

+ Y Y YAy, )0 T 0 g @ d)

/leAII
=y (Z ®Y")(id, 7.) (A, ) (15" © Oly)
n>3 n! a' €A’
+ Y3 (@Y (rid) (A, ) (0% @ ) (6.18)
a/leAII

Applying the formula (6.13), we see that the sum of (6.17) and (6.18) is just
the the quasi-homogeneity condition for £ and therefore F is an Euler field.

Identity.
The proposed identity ) ® Jf is a flat field by definition. Furthermore,
Y3(0y ® 05 ® Oy @ Oy @ 0y ® 0y) = Yy (0 ® Oy ® 0p)Y5' (0 @ Oy ® 0p)
R (6.19)
and for n > 3 by Proposition 6.2.2 and (6.14)

Yo((0 @ 0y) @+ @ (9, ® 0y ) @ (8 ® )
e ( / ® Y”)((Tr*’ W*)AMO7L)((8;/1 ® (/]’llll) ® . e ® (8;’,”’71 ® ;,// ))
=0

n—1

(6.20)

which proves that d) ® 9] is indeed an identity by Remark 6.2.1. The weight of
this identity can be read off the Euler field as d+d —d = d, proving the theorem.

6.5. Remarks. The condition that the weights of the identities are equal can
be met by a rescaling of the Euler fields as long as not only one of the weights
is 0. In the following, we will always assume this when considering the tensor
product.

Since, given a metric and the multiplication on the fibers of a Frobenius
manifold, the identity is uniquely determined —cf .[M2]—, the above identity is
the only identity compatible with the choice of the tensor metric (6.15).

The theorem, however, contains no such uniqueness property for the Euler
field, but there are several reasons for the choice of this particular type of Euler
field. If the Ej—part is regarded as providing the operator V of (1.10), then our
choice of F; for the tensor product is equivalent up to the shift by d which is
necessary to accommodate the dependence of the tensor product on the diagonal
in H*(Mg, x My,) to the natural definition:

V=V ®id+ideV". (6.21)

As remarked in [M2], if the action of ad(FE) is semi-simple on H, there is a
natural grading of H induced by the action of ad(F£), shifted by dy. This grading
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basically fixes the F; component. In the setting of quantum cohomology, this
grading is just (half) the usual grading for the cohomology groups. The additivity
is just the fact that under the Kiinneth formula the total degree of a class is the
sum of the degrees of the two components. The natural grading on the space
of H ® H" is consequently given by the grading operator ad(E’ ® id +id ® E")
shifted by d, so that the tensor product of 9/, and J; of degrees 6., and 4/, is of
degree 6!, +d + ¢!, + d — d. Recalling that d, was the eigenvalue of —ad(E), we
obtain da/a// = d;/ + dZ// —d.

In the physical realm of topological field theories [DVV], the above argument
for the choice of E; just reflects the additivity of a U(1) charge.

The choice for Ej is motivated by quantum cohomology where the Ey—part
corresponds to the canonical class. Thus, the definition of Ey = E{ ® )+ 9 ® £
corresponds to the formula Kx.y = Kx ® 1 +1 ® Ky. More generally, it
corresponds to the map H*(V)x H*(W) — H*(VxXW) : (v,w) — pri(v)+pri(w)
which can be extended to the Frobenius structure, cf. Section 7.2.

Furthermore, in view of (6.17) and Lemma 6.4, Fy seems to be the only
possible choice, if one postulates (6.21).
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7. Germs of pointed Frobenius manifolds and the tensor product

First, we consider the definition of the tensor product of two germs of pointed
Frobenius manifolds by the passage via formal Frobenius manifolds and the pos-
sible obstructions. Then assuming convergence, we investigate the dependence of
this procedure on the chosen base—points.

7.1. The tensor product. Given two germs of pointed Frobenius mani-
folds, we can define their tensor product in the category of formal Frobenius
manifolds. To retrieve an honest germ again, however, we additionally have to
postulate the convergence of the tensor potential.

7.1.1. Definition. Given two germs of pointed Frobenius manifolds (M, my))
and (M"”,mg), let (H',¢’,®’') and (H", g", ®") be the associated formal Frobenius
manifolds. If the tensor product (H,g,®) of (H',¢',®") and (H", g",®") has
a convergent potential, we define the tensor product (M, mg) of (M’ my) and
(M”,m{) as the associated germ of a pointed Frobenius manifold.

7.1.2. Remark. As will be discussed in the next paragraph, the convergence
condition is automatic in the case of semi—simple Frobenius manifolds, if the base—
point is tame, i.e. the spectrum of the multiplication with E is non—degenerate
at this point.

7.2. Base—point dependence of the tensor product. The above defini-
tion of tensor product depends on the choice of the base—point, since this choice
determines the ACFs which will be tensored and, as we already noted in Section
2.3, the choice of a different zero in flat coordinates will lead to a different system
of ACFs (see (2.3)) and thus to a different germ.

7.2.1. Lemma. Let {Y,,} be the ACFs corresponding to the base—point my

as zero in x—coordinates and {?n} be the ACFs corresponding to a new base—point
mo which lies inside the domain of convergence of the potential with x—coordinates
x%(mg) = xf, see (2.3), then the operadic correlation functions transform in the
following way:

For any stable n—tree 7:

- 1
Y(T)(am@"'@aan)zzﬁ ST ella)aly ol

N>0 (b1,...,bn):b;€A
Y(ﬂ-j{kn—i-l,...,n—i-N} (7))(801 Q- ® aan ® 81)1 Q- ® abN)' (71)

Proof. Inserting (2.3) into the definition of Y'(7) (1.15), we see that the
correlation functions having a prefactor z¥ --- 2% are those belonging to trees
with NV — n tails added in an arbitrary fashion to 7. The sum over all of these

trees is just 77, ., . ny(7), whence the Lemma follows.
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In order to investigate the base—point dependence of the tensor product, we
need a Lemma about the diagonal Az = which extends Lemma 6.4.

7.2.2. Lemma. For any two disjoint subsets S, T C {1,... ,n}

(573 (ATt son) = (710 T (A, ) (7.2)

Proof. Writing (7%, 75) as (7§, id) o (id, 7}), we obtain, after repeated ap-
plication of Lemma 6.4 in an appropriate version, that

(71-;7 W;)(AMO{L ,n}\(SUT)) = (ﬂ-; © 7TT*7 Zd) (AMO{L... ,n}\S)'

Since mg and 7 commute if T'NS = (), we can prove the equality (7.2) again by
Lemma 6.4.

This Lemma enables us to prove that tensoring at the points mg and my
and then shifting the base-point to g with non-zero z—coordinates 2% (o) =
xpe” 270(Mg) = o corresponds to tensoring at the shifted base-points M, with
1a'

. / ~ . .
mg—coordinates z(" and my with m{—coordinates z{

More precisely, let (M, m()) and (M”, m{) be two germs of pointed Frobenius
manifolds. Assume that their tensor product as germs of pointed Frobenius man-
ifolds according to 7.1.1 exists and denote it by (M, mg). Additionally, consider
the two germs of pointed Frobenius manifolds (M’, m() and (M",mg) obtained
from (M', m{) and (M", m) by shifting the base-points to m, and my inside the
domain of convergence of ®" and ®” respectively and assume that their tensor
product (M, my) exists. Let the shifted base-point 7 have the coordinates z|®
in (M’,m}) and ) have coordinates z{® in (M” m{). Finally, let (M, ) be
the germ obtained from (M, my) by shifting the base—point to the point my whose
non-zero coordinates are z% (y) = 24" and 29°(Mmg) = o for a’,a” # 0 and
2%(Mmg) =z + 2, if this point is inside the domain of convergence of ®.

7.2.3. Theorem. With the notations and conditions as stated above, the
two germs of pointed Frobenius manifolds (M, mg) and (M, mg) are isomorphic.
Furthermore, if (M';my) and (M",m{) also carry Euler fields and flat identi-
ties, then the corresponding structures E,€ on (M, ) and E, € on (M, mg) are
identified under the isomorphism.

Proof. Denote the ACFs corresponding to (M', my) by {Y,} and the appro-
priate coordinates by a’. Likewise denote the ACFs corresponding to (M”, my)
by {Y,/} and the appropriate coordinates by z”. Using the Definition 7.1.1 and
then shifting to the new base point with non-zero coordinates 2% (fmg) = 24"
and 29°(Mg) = " in the coordinates  of the tensor product denoting the cor-
relation functions of the tensor product by {Y,,}, we obtain the following formula

for the shifted ACFs {Y,,} given by the new base—point:
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}/} (aa'a” ® .. ® 8[1/ a”)

N ny'! ! .
- Z N Z ( l e(b'0la’a”)e(0b"|a'a") xy N7 xy tagt g
N>0 =0 (v, ,b’ bre A’
(07,65 _ " e A”

Y'® Y”)(AMO NM)(@/ o) @ @ O0uan @O0 ® ... o @ Oopy ® -+ @ Oy, )
N / /! /! " / " /! /!
= Z Z | ) €Wla)e(¥"|a")e(V'|a")e(v"|a)
N>0 N =0 (b),...b)|b'eA’
(blll’ ’bll )|b// A/l
//bxf 1 //blll /b; 1 / 1
Lo Xy Tt '350 Y'®Y )((W{n+l+1,...,n+N}*v 7T{n+1,...,n+l}*)(AMO’N+n))

(Oaar @ @ Oyt @Oy @ ... 0y @Oy @ -~ @y ) (1.3)

due to Proposition 6.2.2. On the other hand, tensoring the ACFs {)A/,;} and {)A/,;’ }
which corresponds to shifting to the points my and my and then performing the
tensor product, and then utilizing Lemma 7.2.1 yields the result:

?n(aa’ aff IR aa’ a”) = (?, ® ?”)(Aﬁm)(&lﬁaﬁl Q- & 8@%%’)

= ZZ Z mE(b’|a/)e(b//|a//)€(b/|a//)€(b//|a/)

N>01=0  (b},....b])|b'€A’
(bl7 ’b// )‘b//eAH

oy noy  1by vy / " * *
X Iy cemy xy (Y Y )((W{n+l,...7n+l}77T{n+l+1,...,n+N})(AMOJ\H”))

(8a’1a’1’ ® -+ ® Oaray @Oy @ .. .8(,; R Oy @ -+ @0, %71). (7.4)

Applying Lemma 7.2.2 with S={n=1,....n+},T={n+1+1,...,n+
N}, we see that (7.3) and (7.4) and thus the multiplications, respectively the
potentials up to quadratic terms, coincide. Since the flat structures and the

metrics are not altered by a shift in the base—point, the first part of the theorem
follows.

The equation for the identities is clear, since flat vector fields remain invariant
under a different choice of zero.

For the Euler fields, we find, keeping the notation of Theorem 6.3 and iden-
tifying the coordinates of (M, mg) and (M, mg):
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E= Z [Z (™) + Z (dlpnz” ") — dz®"] Dy

(b bYEA X A" al €A a'e A"
! 1
+ § /r,/a aa’O + § /r,//a aOa”
a’'eA’ a’e A
— E dx()“@alo — E dl'gaaoa//
a’'eA’ a'’e A"
+ E d;/’b/xgaab/() + E d;///’b//xgaaob//
a/ €A’ a’cA”
b/eA/ b//eA//
—E. O (7.5)

7.2.4. Remark. Looking at the Theorem 7.2.3 from the viewpoint of defor-
mations of the algebra structure over the base—point, it identifies the possible
deformation parameters from the two factors of two tensored multiplications as
special directions in the tensor product. We point out that in the presence of
a flat identity, the number of possible deformation parameters for a Frobenius
manifold M is dim(M) — 1 where possible deformation parameters are those for
which it is not a priori clear that all third derivatives of the potential including a
derivative with respect to this parameter are constant. The theorem hence identi-
fies n+m —2 of the nm —1 possible deformation parameters of the tensor product
of M"™ and M'™ as deformations coming from deforming the algebras before ten-
soring. In the direction of the identity the multiplication itself is not deformed.
The coordinate 25’ = zf + z(" is determined by the Euler fields which do depend
on the direction corresponding to the identity. The rest of the parameters are
new parameters and correspond to “coupling” the algebras.

If one does not deform into these new directions, the resulting multiplication
has the simple structure

aa/ ® 81)/ O,Y/®e//+e/®,y// aa// ® ab” —= (8(1/ O,y/ ab’) ® (80,” O,Y// ab”)' (76)

7.2.5. Corollary. In the setting of Theorem 7.2.3, let 4" and +” be points
inside the domain of convergence of the potentials of the factors and v = 7' ®
e’ + ¢ ® " be a point inside the domain of convergence of the tensor potential,
then the multiplication over the point v is simply the tensor product of the
multiplications over the points 4" and ~”.
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8. The tensor product for semi—simple Frobenius manifolds

8.1. The tensor product for semi—simple Frobenius manifolds with
Euler field and flat identity. In Section 7, the operation of forming the ten-
sor product was introduced for germs of pointed Frobenius manifolds under the
condition of the convergence of the tensor potential. More precisely, it is stated
that in the case of semi—simple Frobenius manifolds with an Euler field and a flat
identity, the split cover of the subspace of tame points M is already determined
by any germ near any given tame point my € M in terms of initial conditions for
Schlesinger’s equations. In particular, given such a tame point we may extend the
potential to a neighborhood of this point. Thus, we may define the tensor prod-
uct for two germs of tame semi-simple Frobenius manifolds M’, M” depending on
the choice of two tame base-points my, m(, if the tensor product provides special
initial conditions. Since the algebra in the tangent space over the base—point of
the tensor product is just the tensor product of two semi-simple algebras, it is
itself semi—simple, so the only possible obstruction to obtaining special initial
conditions is that the new base—point may not be tame. This condition, however,
is not very restrictive, as we will show later. But first, we conditionally define:

8.1.1. Definition. The tensor product of two germs of semi-simple Frobe-
nius manifolds M', M" relative to the tame points mg, m{ is defined to be the
semi-simple Frobenius manifold given by the initial conditions corresponding to
the germ of pointed Frobenius manifold given by the tensor product of (M, my)
and (M”, m{), if the base-point of the tensor product is tame.

8.1.2. Remarks.

(i) The dependence on the points relative to which the operation of tensor
product is performed, is explicitly described in Section 7.2. In particular,
when we pass to a split cover of the subset of tame points, the solution
of the Schlesinger equations will be independent of the chosen points due
the uniqueness statement of Theorem 3.7.

(ii) In 8.1.4 we will show that it is always possible to perturb the base-
points in such a manner that the base-point of the tensor product is
indeed tame.

8.1.3. Canonical coordinates. Since the definition of the tensor product,
as introduced in Section 7, makes extensive use of the flat coordinates, a natural
question to ask in the setting of semi—simple Frobenius manifolds is: Is there a
nice formulation in terms of canonical coordinates? Generally, one can not expect
simple formulas, since the algebra in the tangent space over a given point in the
tensor product manifold is generally not a tensor product of algebras, see 7.2,
and the “coupling” of algebras results in a destruction of the pure tensor form of
the idempotents.

Using the definitions of the tensor product for formal Frobenius manifolds,
we can, however, calculate the idempotents of the tensor product in terms of flat
coordinates in the formal situation. They are given by the following Lemma up
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to terms of order two in flat coordinates which is the precision needed to calculate
the special initial conditions.

8.1.4. Lemma. Given two semi- simple Frobenius mam’folds M’ M" let the
idempotents near the base—points mo, o have the expansions e}, = e’0+z 2’ el
O(z?), and e = €0+ 5" z"" e + O(x ”2) in the flat coordmates x' and x”, then
the idempotents e;; of the tensor product of (M',m() and (M", mg) in the formal
sense have the following expansion in the flat coordinates x of Definition 2./:

eij(m) =ef @+ > a (N @0 + M\ e @ ¢f") + O(2?)
a’,a’ (81)
where 8, = Y A€l and 9], =3 A€l
Furthermore, the respective coordinate functions for the tensor metric 1;; :=

n(eij, €ij) have the expansions:

mij (x) = 13 (mg )17 (mg) + Z (N () (m)nf (miy) + Xl () (D (mi)))

(8.2)
and their derivatives n;; i = ewni; have the following values at the base—point
mo.

Mijga(mo) = 05mi(mo)nj (mg) + 0 kn; (mo) gumy (M) (8.3)
where 0; 1, 1s the Kronecker delta symbol.
The canonical coordinates of mq are:

u (mo) = " (mg) + u"? (mg). (8.4)

Proof. To check the formula (8.1), expand the potential ® up to order four
in the flat coordinates and verify the idempotency by direct calculation. The
formulas (8.2) and (8.3) then follow by substitution into the definition of the
tensor metric. Finally, (8.4) can be derived from the expansion of the equation
E =" u"e;; with the Euler field F given by Theorem 7.1.1. Since the calculation
is lengthy, but fairly straightforward, we omit it.

8.2. Tensor product of special initial conditions. In the Lemma 8.1.4,
we have calculated all of the structures (3.17) necessary for the determination of
the special initial condition. Another approach using the Euler field is given by
the following observation:

8.2.1. Remark. To give the special initial conditions for a tensor product
with the choice of tensor metric and the Euler field (6.12), it suffices to determine
the operator

D
V:V(X)=Vyx(E)— EX (8.5)
in the tangent space to the base-point 7y ,,. Since V is an Oy linear tensor,

its value on a vector field X is already determined by X }moe TN mg, O that,
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if we are only interested in the operator V restricted to Zys,,,, we can use any
extension of the vector X ‘mo to a vector field in a neighborhood of mgy. Choosing

a flat extension X/, the formula (8.5) simplifies to

D

V(X)|,.= (X Bl - §Xf) | (8.6)

mo

In particular, in the situation of Theorem 6.3, we can extend the idempotents
€ij ‘mo to flat vector fields e£ ; and use the formula (8.6) to calculate the special
initial conditions via the operator V for the semi-simple tensor Euler field. Now
it is clear that (e;;) ‘moz el my, @ ey e since the algebra over my is just the
tensor of the algebras at the chosen zeros m( and mg. Recalling the form of E
given by (6.12), we find for flat XY

(X@Y,El=[X,E1eY +X@[V,E"| —dX®Y. (8.7)
Thus,
D
V(e = el B = el =
Dl D/l
(e B - Sel) e +el @ (e B - —-¢f). (88)

2

Using the explicit formulas of Lemma 8.1.4 or the Remark 8.2.1, we obtain:

8.2.2. Theorem. Let (M',my) and (M",m{) be two germs of semi-simple
Frobenius manifolds with tame base—points which satisfy u'(mf) + u"7(mf) #
u(mf) + " (my) for i # k and j # 1 and let the corresponding special initial
conditions be given by (V',n') and (V",n"), then the special initial conditions for
the Schlesinger equations corresponding to the tensor product with the flat identity
and the Fuler field of the product chosen as in Theorem 6.3 are given by:

Tij = M1 (8.9)
Vijht = OjtViy, + 0invyy. O (8.10)



CHAPTER 3

Quantum Cohomology

As we will explain below, one can regard quantum cohomology as a formal
Frobenius manifold structure with Euler field and identity. Taking this viewpoint,
we can apply the results of the previous chapter to this situation. In particu-
lar, the formula for the tensor product of two formal Frobenius manifolds turns
into the explicit Kiinneth formula for quantum cohomology. Furthermore, if the
H%V’s of the factors are zero, we find a particularly simple structure for the small
quantum cohomology ring using the results on the base—point dependence. In
the semi—simple case, we can calculate the special initial conditions for a product
manifold and, if the H'’s of the factors are zero, we can calculate the special
initial conditions in a first order neighborhood of H? if the respective data is
given for the factors, again using the results on the base—point dependence.

In the last section we will present some examples. First, we calculate the
special initial conditions of a product of projective spaces by combining the results
of [M2] with the ones from the previous chapter. And as a final example, we
study the product of two and three three—dimensional Calabi—Yaus and give
their potentials.

1. Gromov—Witten invariants and quantum cohomology

1.1. GW-invariants. The Gromov-Witten invariants are defined for any
smooth projective variety V over C by means of the space of stable maps. We
will not go into details here, since they can be found in [KM, K2, Bel, BM,
FP]. We take the viewpoint of [KM] and regard the GW-invariants of a variety
V' as maps, depending on the parameters g (genus), n (number of points) with
29 — 2+ n > 0 and the choice of a class § € Hy(V,Z):

Lyng: H(V)®" — H* (M) (1.1)

These maps satisfy certain properties which were called axioms in [KM].

1.2. GW—-numbers. Given a set of GW-invariants, the GW-numbers are
defined by

(1, () = /_ 17, 4(7). (1.2)

g,n

Using the Second Reconstruction Theorem [KM], it can be shown that the
GW-numbers already suffice to define the whole set of GW—classes.

75
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1.3. Quantum Cohomology. Restricting to genus zero invariants, one can
encode the information of GW-invariants into an algebra structure. The quantum
cohomology of a projective manifold V' will be regarded as a formal deformation
of its cohomology ring with the coordinates of the space H*(V') being the param-
eters. The structure constants are given by a formal series ®" which is defined in
terms of Gromov—Witten invariants [KM]. One can regard the quantum cohomol-
ogy as a structure of a Frobenius manifold on (H*(V'), g) where g is the Poincaré
pairing with the GW-invariants playing the role of the I,, and the potential ®"
being the potential of (II.1.20).

1.4. Preparation. Let A be a Q—algebra of and choose a character
B— A B—4¢° (1.3)
where B is the closure of the cone of effective algebraic curves.

The choices for A are basically
(i) A=C,¢° =e 15, for a choice of w € H2(V,C)
(ii) A = the Novikov ring and ¢° = qlﬁ1 co.qPr for (B=P,...,05).

1.5. CohFT. Summing over all 5 € B C Hy(V,Z), set
Iy => 41}, 4 (1.4)
B

if (1.4) is convergent as a map
H*(V) — H*(Mg,, \). (1.5)
In this case the I}, (1.4) form a CohFT see [KM].

1.6. GW—potential. According to the general framework, we can associate
the potential

() = 30 ) (16)

n>3

to the above CohF'T, cf. 1.3.

1.7. Quantum multiplication. Since the I} form a CohFT, we equiva-
lently have that the above potential satisfies the associativity (WDVV) equations
and thus defines a formal Frobenius manifold structure on (H*(V'), g) where g is
the Poincaré pairing. This structure is called the big quantum cohomology ring.
Explicitly, let (A,) be a basis of H*(V') and x* the dual basis. Write out the GW-
potential (1.6) for a generic v = > x°A, = v + 0 where § = Za|Aa€H2 A,
and set

Ngoly =) 04A, (1.7)

with
oo € K = A[z°]]. (1.8)
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1.8. A more explicit form of the potential. Due to the identity and the
divisor “axiom” for GW-—classes one can give a more precise description of the
potential for quantum cohomology.

First, we decompose ~ into its H°, H? and H*,i # 0,2 components:

r k
i=1 i=r+1
where A;,i =1,...7r is a basis for H?.
Let (3, ... 03, be a dual basis of H,, then we can write the potential as

(I)V(’y) _ 6(73> + Z qﬁeﬁl 1+ +Br T(I)ﬁ (1.10)
peB\{0}

where

yan R yal
Dy=> Y I (D, @ @ Ay, (1.11)

and the Igfnﬂ for n < 3 are defined as

Ignp() = (8,0) "Iy i g(c @ 6°™) (1.12)
for any 6 € H? with (3,4) # 0.

The summands contributing to ®4 are constrained by the condition that the
virtual dimension should be zero:

S (A ria] —2) = 2(~Ky - B+ dimeV - 3). (1.13)

In particular, in case H' = 0 we see that ®" is a polynomial in e” and y;, if
Ky is ample or V is a Calabi—Yau with dim > 3. In the latter case, the restriction
reads:

> (Arsa] = 2) = 2(dimcV - 3). (1.14)

On the other hand, the left hand side of (1.14) is greater or equal to n, so that
we find the following restriction for n:

n < 2(dimcV — 3). (1.15)

1.9. Quantum cohomology as a formal pointed Frobenius mani-
fold. As shown above, when we are considering the case of quantum cohomol-
ogy of a projective manifold V' from the vantage point of Frobenius manifolds,
the Poincaré pairing and the GW—potential define a formal Frobenius manifold.
This formal Frobenius manifold comes equipped with the natural base-point
0 € H*(V) whose tangent space is identified with H*(V). We will denote this
formal Frobenius manifold by (H},,..(V),0).

quant
(Hyyunt(V),0) also has a flat identity e provided by the identity in the usual

cohomology ring 1 = [V], the Poincaré dual of the fundamental class, and a semi-
simple Euler—field E of weight D = 2 — dim(V'); cf [M2]. Choose a homogeneous
basis {A,} of H*(V) with Ay = 1 and let 2% be the dual coordinates. These
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coordinates define the flat vector fields d,. The degree d, of 0, being d, = 1— @
where | .| is the usual grading of H*. Let Ky denote the canonical class of V' and
expand —Ky = Zb:\Ab|=2 7°Ay. Then

e = (90 = [V], E = Zdal’aﬁa + Zrbﬁb. (116)

1.9.1. The small quantum cohomology ring. Restricting the formal
Frobenius manifold to the subspace H? C H, we obtain a multiplication on
H with parameters in H2. To give an explicit formula decompose v = vy + &
where § = 37 A ey T°A, and set

Ago Dy = 08| —0A, (1.17)

with
¢, € K = A[[z°]|A, € H?). (1.18)
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2. The Kiinneth formula in quantum cohomology

2.1. Quantum cohomology of a product. The quantum cohomology of
a product V x W regarded as a Frobenius manifold is just the tensor product of

the formal Frobenius manifolds: (H*(V) ® H*(W), Poincaré pairing, ®"*") as
can be shown [Be2] using [Bel].

More precisely, in terms of formal pointed Frobenius manifolds
(H},unt(V x W), 0) = the tensor product of (H,,.:(V),0) and (H]

quant quant quant

(W), 0).
(2.1)

Furthermore, as already mentioned, the canonical Euler field and the identity

for the quantum cohomology of a product coincide with the ones given in Theorem
I1.6.3.

2.2. The explicit Kiinneth formula in quantum cohomology. Putting
together the formula for the potential (I1.1.6) and Corollary 11.4.3.3, we obtain
the explicit Kiinneth formula:

2.3. Corollary. The potential ®V*W

1s given by the formula:

0 @)= 3 VR Im Y 0. (22)

n>3 ,u veBn

of the quantum cohomology of V. x W

(I>V><W

2.4. The small quantum cohomology of a product. In the case that
(x) H(V) = H(W) =0

we can apply the results of Section I1.7.2 to find a particularly simple struc-
ture for the small quantum cohomology of a product. Recall that the small
quantum cohomology ring is the restriction of the deformation space of quantum
cohomology to H?2. From the general theory we know that the small quantum
cohomology ring of a product is the tensor product of the CohFT, and since
H2(V x W, k) = (H*(V,k) @ H' (W, k)) & (H*(V, k) @ H*(W, k)) if (x) holds, we
may apply Theorem I1.7.2.3. Specializing Corollary 11.7.2.5, we obtain:

2.4.1. Corollary. If H' (V) = H'(W) = 0 then the small quantum coho-
mology ring of the product V' x W is the tensor product of the small quantum
cohomology rings of V' and W as k—modules.
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2.5. Semi-simplicity and quantum cohomology. Over the canonical
base-point 0 of Hp,,..(V) the multiplication is always nilpotent, since it is just
the usual cohomology with cup product. But if the potential ® of Hp,,..(V') con-
verges in some domain, one can look at different base—points and in some cases
the multiplication is generically semi—simple in this domain. This is the case for
complete intersections, [TXu]. In this situation, we can change the base—point
to a tame semi—simple point and continue the potential analytically, using the
formalism of Schlesinger equations.

2.6. Semi—simplicity and the Kiinneth formula. The Kiinneth formula
(2.1) involves a priori non—semi-simple base—points. If, however, we have conver-
gence of all of the potentials in some big enough domain, we can use the Theorem
I1.7.2.3 to move the base—points of the factors into tame semi-simple points, if
they exist, and then tensor. In fact, we can then even analytically continue after
forming the tensor product, if the base—point of the tensor product is tame, using
the Schlesinger equations due to the uniqueness statement of Theorem I1.3.7.

2.6.1. Special initial conditions in the first order neighborhood of
H?. When considering the special initial conditions given by the quantum coho-
mology of a manifold, it is usually sufficient to move the base—point only into
the space generated by H?. In order to consider an arbitrary base-point in H?2,
one can calculate the relevant structure in the first infinitesimal neighborhood of
H?. Recall that the formal Frobenius structure restricted to H? is just the small
quantum cohomology.

If we again assume that H' (V) = H'(W) = 0 then we see that the dependence
on HY(V x W) and H*(V x W) = (H*(V) @ H*(W)) @ (H*(V) @ H'(W)) is
given by Theorem I1.7.2.3 respectively Corollary 11.2.4.1.

As an illustration, we give the formula for the idempotents of the tensor prod-
uct in a first order neighborhood of H? under the condition H*(V) = H*(W) = 0.

Denote the ideal generated by the 2%°|dy, # 0,2 by J and define J’ and J” anal-
ogously, then decompose the idempotents

e, = el + Z e+ O(J?)
a'|z'e e J’
and
6;/ _ 6;/0 + Z I//a”eéla” + O( J//2),
a'' |z e g1
Then the idempotents of the tensor product are given by:
ej(m)=ef @0+ > 2"\ @l + M\ e @) + O(J?).
a ' |ze'e eJ (23)



3. EXAMPLES 81

3. Examples

3.1. Special initial conditions for P" x P™. Using Section I1.8.2, we can

calculate the special initial conditions for P x P™ using the results of [MM]. Set
27

Cn = eXp(n+1)'

3.1.1. Proposition. The point (z°°,2'° 2,0, ...) has canonical coordinates
i 110 . 101
g = 2+ G+ Derdt £ G (m+ ems
The special initial conditions at this point corresponding to H gyani(P™ x P™)
are given by
Gt L G

— (- k(sﬂl + ﬂﬁ_l

'Uij,kl = ( 5zk) (31)

and

GLCr]n —xlO%_ 201 _m

EDICED o (3.2)

Ny =

Proof. Taking the results of [MM], we can use Theorem I1.7.2.3 to move the
base—point in an appropriate way and then apply Theorem I1.8.2.2 to calculate the
special initial conditions. The formula for the canonical coordinates is contained
in Lemma I1.8.1.4 and the fact that in the presence of an Euler field 2% = 2/04-2"°,
is again given by Theorem I1.7.2.3.

3.2. The potential for a product of Calabi—Yaus. From (1.15) we see
that, if we are considering a Calabi—Yau manifold which is a product of two
Calabi—Yau manifolds, we only need to consider a finite number of n’s in order
to calculate the potential. Thus, if the potentials of the factors are known, we
can use the explicit computations of the previous chapter in order to calculate
the potential of the product.

3.2.1. Restrictions for a product of Calabi—Yaus. In the case of a prod-
uct of Calabi~Yaus, there are additional restrictions besides the restriction (1.13)
for the Calabi—Yau W on the total degree of the cohomology classes. We choose
the basis (A;) of H*(W) in such a way that A; € HI(V})@ HE(Vy), k+1 = |A;] ==
d; and consider the bidegrees (d}, d?) := (k,1).

Since Ky = 0, we find that ® is homogeneous and the homogeneity condition
for the naive tensor product of abstract correlation functions for a bihomogeneous
element c @ 7 € V(I'y,,) ® V([ e,) —where we used the notation of Chapter
[.3.1— reads:

YV @Y)(e@n) (A ®@--®A,)=0
unless

Z(dilj —2) = 2(dim¢ V4 — 3 —e1) and Z d2 2(dime Vo — 3 — e3).
7 (3.3)
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3.2.2. The product of two three—dimensional Calabi—Yaus. As an
example of a higher dimensional Calabi-Yau we will consider a product of two
three-dimensional Calabi-Yaus W = V; x V, with H*(V}) = H?*(Vj) = 1 for
simplicity. In this situation Hs is generated by =7 (5;) and 75(52) and B =
{(dy,ds)|dy,dy > 0}. We will consider the basis formed by the elements A;; =
Agl) & A§2) and denote the respective dual coordinates by z;,x19 and y;; for
i+j > 2. Let k; :=dim H*(V}).

Using the formula for the potential (1.10) and the restriction (1.15) we find
for Vi and Vs:

OV =2+ Y eI ) (%) (3.4)
a>1
B=dc1(O(1))

where (%) denotes the empty product and

_ L5 de 0y (AT Ni(d)
Tgh,s)(x) = =220 == (3.5)
with N;(d) = (I’ 4, 01y for all d > 0.
First, we list the summands of ®3 which may contribute. Using the restriction
(1.13) we find that independent of 3, n < 6. The following tuples of d,,’s might
lead to nonzero contributions:

{days - da,y € {481,137}, {4, 6}, 15,5}, {3, 3,6}, {3, 4,5}, {4, 4,4}
{3,3,3,5},{3,3,4,4},{3,3,3,3,4}{3,3,3,3,3,3}}. (3.6)

Furthermore, we have the conditions on the bidegree imposed by the homo-
geneity (Ky = 0) condition for ®" which are given by:

Z dl-lj =2(n —e;) and Z d?j =2(n — e3). (3.7)
J J
For n < 3 we find the following table of bidegrees where we have expanded

the cases with n < 2, and possible 3 for which (I(% ;) (Aq, ® Ag, ® A,) is not
necessarily zero:
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Let {7,7,k} ={1,2,3}
doy, do, o, | dLdL dL o d2d
2,2,8

g "k

N
Y
)
S| @™

9

2,3,7

2,4,6

N ODNWWODONWNERENPRO O WNOD &

NN WO WO WONONDNDONODONODNDN-
NOOHREOOWWNDNON OO WoOoNO
N WN WD OWN ERERNEAEDNOOWEREODN K-

2,5,5

NN TN TN
NENE
oo
S N N

[evlievii el ev iR el

3,3,6

3,4,5

0
(d1, d>)

The cases where 3 = 0 is the only possibility for a non—zero contribution are
not relevant, since we have the condition 8 # 0 in the sum over the ®5. These
cases are only listed for completeness and future reference.

In the case n =4 and {i, 7, k,l1} = {1,...,4} the possible list reads:

4,4,4

9

0,2
0,0
2,2
0,3
2,0
2,4
0,0
2,0
0,4
0,2
2,2
0,3
2,2
0,0
3,3
0,3
3,0
0,4
2,4

2

Y

do, doy, Aoy do, | db,db dLdh @2 02 d2 d2 | er, e
3.3,3,5 0,3,3,2 3,0,0,3 0,1
3,0,0,3 0,3,3,2 1,0

3,3,4,4 3,3,0,0 0,0,4,4 0,1
0,0,4,4 3,3,0,0 1,0

0,0,2,4 3,3,2,0 0,1

3,3,2,0 0,0,2,4 1,0

All these cases yield zero contributions due to Proposition 6.2.2, since 7, (H%(My4)) =
0.

In the case n = 5 we get
alal.,daj,dak,dal,dam‘d1 dt . dbodldl o d2 L d? d3dR dP ‘61,62

a;’ aj’ ag? 'ap? Tam ai’ —aj’ Tag’ Tap) Tam
3,3,3,3,4 0,0,3,3,4 3,3,0,0,0 0,2
0,0,3,3,2 3,3,0,0,2 1,1
3,3,0,0,0 0,0,3,3,4 2,0
All these cases also only yield zero contributions, since 7, (H®(Mg5)) = 0 and

iy (H (Mos)) = 0.
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And finally for n = 6 the possible bidegrees for {dq,, ds;, da,, do,, da,,, , da, } =
{3,3,3,3,3,3} are:

dbodlodlodlodl oA d? AR d? L dR 2 dP ‘61,62

a;) aj) Tag) ap) am? Tap a;) "agj) ag’ ap) am? ap
0,0,3,3,3,3 3,3,0,0,0,0 0,3
3,3,0,0,0,0 0,0,3,3,3,3 3,0

which also just give zero contributions, since m,(H°(My5)) = 0.

Collecting the results, we see that there are only contributions for n < 3 and
with the notation introduced above the potential reads:

1 1 Ni(d) 1 Ni(d)
q)W (A3 - SV - B
() 6(7 )+ d§>1 [6yl,k2 a2 + 3y1,1y1,k2 1=
B:(dvo)

1 Na(d) ,
Y gyt g Ul Ni(@))g Dt

1
(i,5)€{2,....ka—1} d 6

1 No(d) 1 Ny (d)
_I— ; [6yk5171 d2 _I_ Byl,lykl_l,l d

ﬁ:(o,d)

1 Ni(d) 1 ’
D g+ g (@t

y d 6
(i.5)€{2,....k1—1}

1
+ > su (di) No(dy)q' ) ehonordaon,

d1,d>>0,(dy ,d2) #(0,0) (3.8)
ﬁ:(dl 7d2)

3.2.3. Remark. Regarding (3.8) we notice that the quantum multiplica-
tion is still only dependent on H? and is thus completely determined by the
small quantum cohomology ring. In comparison to the case of a single three—
dimensional Calabi—Yau, a new feature emerges, however. Although there are no
deformation parameters outside H?, there are instanton or quantum corrections
to the multiplication of odd dimensional classes. Of course, there are no such
corrections in the case of classes from H?, since due to the fact that H' = 0 the
dependence on these classes is already determined by Corollary 11.7.2.5.

3.3. The product of three three-dimensional Calabi—Yaus. Since there
were no contributions in the last example for n > 3 and therefore no difference
between the information carried by the small and the big quantum cohomology
ring appears, we will consider the product of three three—-dimensional Calabi—
Yaus W = ((V x V) x V) with the same conditions as above H*(V) = 1 for
simplicity. The basis of H*(W) is again chosen to be the triple tensor product of
the basis for H*(V') with dual coordinates 19, Zo10, Zoo1 and y;j; for i +j+1> 2
and B = {(dy,dy,ds}|d; > 0}. As indicated by the parentheses, we will view W
as the product of a six—dimensional Calabi-Yau U =V x V whose GW-numbers
were calculated above and a three-dimensional Calabi—Yau V.
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3.3.1. The classes ](%,5. From the general theory we see that

(Ios 5= (d o)) Vi gn e @ Vin o ks @ Visjaks) =
<[0 3 d1>(721 ® i ® 7k1><[0 3 d2> (722 ® Vi ® 7/62) <[0 3 d3> (723 ® Vis ® 7/63) (39>
and the list for the () ;) (up to permutations) is simply:

dllv d227 d ﬁ <]0‘f3,ﬁ> (%1 ® iz ® %3)
0,0,6 0 1
0,2,4 0 1
07373 0 Giz iz
2,2,2 0 1
2,2,2 | dei(01)),d >0 N(d)

Inserting the table into (3.9), we get the contributions to ®z with n < 3.
Note that the condition 5 # 0 implies that at least one of the triples has to be
2,2,2. The final list is rather long and is obtained by simple combinatorics; thus
we omit it. The list for only two factors was given in the previous paragraph.

Since the restrictions for U and V provide a rather lengthy list of possibilities
for n > 3, we work out an additional restriction.

3.3.2. Claim. Lety be a class in H3(W) then

I s(Y®a)=0 Vn>3. (3.10)

Proof. First we remark that since H'(V) = H' (U) = 0: H3(W) = H(U) ®
H3 (V)@ H*(U) @ H°(V) and we decompose v =7 ® Ay + Ay ® 7" accordingly.
From the previous calculation we know that for v/ € H3(U)

1,5y ®a)=0 ¥n>3 (3.11)
and by (1.13) for 7" € H3(V)

Iy s(y" ®a)=0 Vn>3 (3.12)
as well. Now for n > 3 using the results of the last chapter we find:

Ions(y®a) =
Y @ Y") (A, )7 @Ay @ a) + (Y @ Y")(Ag, ) (Ao @7 @ )

eV id) (A, . ) @)+ (V@Y id,w) (B, ) ©a)

(3.13)
By the previous remarks (3.11) and (3.12) Y'(7)(7 ® «) and Y"(7)(7" ® a) can
only be nonzero, if 4/ or respectively +” is assigned to a three-valent vertex by
(3.11) or (3.12). On the other hand, due to stability no summand of the pull-
back 7 = (o) contains a three—valent vertex with the flag s emanating from

it. Thus we find that I}%, (v ® a) = 0 which proves the claim. Alternatively we
could have also used Corollary I1.7.2.5.
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3.3.3. The possible list of degrees for n > 3. If we use all restrictions,
we see that we should not have any classes of degrees 1,2,3 for n > 3 and n < 12.
Putting everything together, we obtain the following list of possible degrees in
@%V for n > 3 with > d,; = 12+ 2n:

{dCLl’ R dan} = {{47 47 47 8}7 {47 47 57 7}7 {47 47 67 6}7 {47 57 57 6}7 {57 57 57 5}7
(4,4,4,4,6),{4,4,4,5,5),{4,4,4,4,4,4}}. (3.14)
Looking at (3.14), we see that effectively we only have to deal with n < 6. As in

the previous example we will tabulate the possible bidegrees. The conditions on
the bidegrees are given by:

Z d}j =2(n+3—e) and Z d?j =2(n —ey) (3.15)
J J

From the previous calculation we know that for n > 3 the If, ; are not zero
for degrees

{de,....do Y e{{2,...,2,8},{2,...,2,4,6},{2,...,2,5,5},{2,...,2,4,4,4}}
(3.16)

and the IS/; 5 are not zero only for degrees

{d2,....d2 }y={2,...,2}. (3.17)

ai’

A last restriction is given by the inequality for the degrees of the classes in
H*(V): #{+"|deg(v") = 0} < eq for e < n — 3. This is due to the property
that Y (7)(a®Ay) = Y (m.(7))(«) for any 7 with more than three tails. Recalling
that 2(n — ey) = > deg(y”), we see that the only possibility for the degrees of
the arguments of 1§, 5(7) with |E;| = e < n —3 is e, times zero and n — e, times
two.

3.3.4. Claim. For V as above and any 7 in V([',,.), e <n — 3:

Iy s(T)(n ® - @7,) #0 (3.18)
only if

e times n—e times
[P
2, ..., 2}

{nl, sl =10, 0, (3.19)
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3.3.5. The tables for n = 4,5,6. Since the formula for the whole potential

is very long we will also list the contribution to ®3 with each case.

In the case n = 4, we have the following possibilities:

d,, dy, d? e1 ey 3 contribution to ®g
4 4 4 8 2 2 2 8 2 2 2 010 1 (dl,o,dg) y101y1k0d1N(d1> (dg)
(07 d2> d3) yOllyk10d2 ( ) (d3)
2,2,4,6 2,2,0,2|0 11 (dq,0,d3) %ylolynoylk 11d1N(d1)N(d3)
(0, dy, d3) | 590119T10Y1k-11d2N (d2) N (ds)
2,4,4,4 2,0,0,4] 0 1| (di,d2,0) | 3(digron +d2y011)?/110?/11k 1N (d1)N(dy)
4,4,4,2 0,0,0,6 | 0 1| (dq,ds,0) (dlylok + dgymk)yuo (dq)N(d2)
2,2,2,6 2,2,2,21 1 0] (di,0,ds) d3( Yio1Yok1 + y101?/011y1k 11) N (d1)N(ds)
(0,da, d3) d3(6yo11yk01 + 2y011y101yk 111) N (d2) N (ds)
4,4,5,7 2,2,5,5 2,2,0,2 O 1 (dl,o,dg) dl 22]6{2 k—2} y101y120y1j0gﬂN(d1)N(dg)
(0, da, ds3) 2d2 Zi,je{?,...k—2} ygllyiloyjlogjiN(d2)N(d3)
4,4,2,4 0,0,3,310 1 (dh da, O) % Zi,je{2,...k—2} (dlyIOi + d2y01i)y%10y11j9ﬂ
N(di)N(d2)
27 27 37 5 27 27 27 211 0 (dh 07 d3) %d?) Zi,je{2,...k—2} y%OIinlyljlgjiN(dl)N(d3>
(0, da, d3) %d?) Zi,je{2,...k—2} 31811yi01yj119jiN(d2)N(d3)
4,4,6,6 2,4,6,2 2,0,0,410 1 (d1> 0, 0) dlylolylloylk—loylok—lN(dl)
(0,d2,0) | dayor1y110Yk—110Y016—1 N (d2)
2,2,4,6 2,2,2,0 0 1 (dl,o,dg) ldly%()lylllylk—ION(dl)N(d3)
(0,ds, d3) | 5d2ydi1y111Yk—110N (d2) N (d3)
4, 4, 4, 2 0, O, 2, 4 0 1 (dl, dg, O) —(dlymk_l -+ d2y01k_1)y%10y111N(d1)N(dg)
2,4,4,4 2,0,2,210 1 (dl, dy, ds) §(dly101 + d2y011)ylloy%nN(dl)N(dz)N(dg)
2,2,4,4 2,2,2211 0 (07 0, d3) d3y101y011yOk—llyk—lolN(d3)
(d1,0,ds) | 3dsyipyin1yoe—11N(di)N(ds)
(0,d2,ds) | 5dsyd11y111Yk—101N (d2) N (ds)
(dy,dy, ds3) | 3dsyr01Yo10yt11 N (dr) N (d2) N (ds)
4,5,5,64,2,2,6 0,3,3,01 0 1| (d1,0,0) [d13; cqo k) Y10i¥110410;Y1%—1095:N (d1)
(0,d2,0) | dad’; icqo,. ko) Yori¥110Y01Yk—11095: N (d2)
2,5,5,2 2,0,0,4| 0 1| (d1,0,0) | did2; jeqa. p_oy Y101Y1ioy1joYior—195i N (dv)
(0,d2,0) | dad’; ico,. ko) Yor1¥ir0Yj10Yo1k—195: N (d2)
2,3,3,4 2,2,2,211 0 (07 0, d3) 3 240 je{2,. k—2} yiOlyj01y011y0k—llgjiN(d3>+
ds Zi,je{g,mk_g} inlijlylolyk—lolgjiN(dB)
5,5,6,5(2,2,5,5 3,3,0,0| 0 1| (d1,0,0) |di32;;, seqa. ko3 Y10iY10;Y1r0Y15095i9sr N (di)
(0,d2,0) | dad’ ;. seqa. b2y Yo1:Y013Yr10Ysi0gjigsr N (d2)
3,3,3,3 2,2,2,2| 1 0| (0,0,d3) |ds>2;;,scqa k2y YiorYjorYor1Yosi gjigsr N (d3)
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In the case n = 5, we obtain the following table in which we omitted the

summations of the type Zi,je{?,...k—2} due to lack of space.

d,, dy, dz. e1 e I&; contribution to ®4
4,4,4,4,6 2,2,2,4,6 2,2,2,0,0 0 2 (dl,o,dg) ld%yi)olylloylk—lON(dl)N<d3)
(0,ds, ds) §d§?/811?/110yk—110N(d2)N(d3)
2,2,4,4,4 2,2,0,0,2] 0 2 | (di,do,d3) | 5(3d370, + didayrioryoro + 3d3Y310)
Xy%IOylllN(d1>N(d2)N(d3)
4,4,4,2,2 0,0,0,2,41 0 2| (d,d2,0) | #(d¥y101y106—1 + d3Yo11Y016-1+
+dida(Y101Yo1k—1 + Yo11Y10k-1))
xyt1oN (di) N (da)
4,2,2,2,4 0,2,2,2,2| 1 1| (dy,da,d3) %d?,(dlylol + daYo11)Y101Y110Y111 Y011
XN (di)N(d2)N(d3)
(d1,0,ds) | £dvdsyiyr10y0k—11N (dr) N (ds)
(0,ds, ds) ?d2d3y011y110yk 101N (d2) N (ds)
2,2,2,2,6 2,2,2,2,0 1 1 (dl,o,dg) ?dlylolylk 10y011d3N(d1)N<d3>
(0,ds, ds) d2y011yk—110y101d3 (dg)N(ds)
2,2,2,2,4 22,2222 0] (dq,0,d3) ymlyony% 11d N(dy)N(ds)
(0,ds, d3) | cyio1Yor1Yor—11d3N (d2) N (ds)
(dy, da,d3) ?/101?/011?911161 N(dy)N(d2)N(d3)
4,4,4,5,5 2,2,2,5,5 2,2,2,0,0 0 2 (dl,o,dg) dlylolylzoyljogjiN(dl)N(d3)
(0,ds, ds) d5yo11Yi0Y51095: N (d2) N (d3)
4, 4, 4, 3, 3 O, 0, O, 2, 210 2 (dl, dg, O) g(dfyloiymj + dldgyloiymﬁ
+d3y01:9015)Yi1095: N (d1) N (da)
2, 2, 2, 3, 5 2, 2, 2, 2, O 1 1 (dl, O, dg) ldly{)OlylilyljlgjidgN(dl)N(dg)
(0,da, d3) | sday 1Yy g;idsN(dz) N(ds)
4,2,2,3,3 0,2,2,2,2|1 1 0
2, 2, 2, 3, 3 2, 2, 2, 2, 21 2 0 (dl, O, dg) ld?’,y%()lylilyljlgjiN(dl)N(di’))
(0,da, d3) | §d39y011Yinyin195:N (da) N (d3)
The last case n = 6 renders {d,, } = {4,4,4,4,4,4}:
dy, dz. €1 ey 6] contribution to ®4
2,2,2,4,4,4 2,2,2,0,0,0[ 0 3 |(di,da,d3) | 2(2 dlyml + 3didayioiyort + 3d1d3y101Y51,+
35 dzyon)ylloN(dl)N(d2)N(d3)
27272727474 272a272a070 1 2 (dlad2ad3) %(_d1y101y011 + 2d1d2y101y011+
+5 d2y101y011)y110d3N(d1>N(d2>N(d3)
2,2,2,2,2,4 2,2,2,2,2,0 2 1 (dl,dg,dg) 12 (d1y101 + d2y011)y101y011y110
Xd2 (dl) (dg)N(dg)
2,2,2,2,2,2 2,2,2,2,2,2 3 0 (dl,dg,dg) %y%()lyglldgN(dl)N(dQ)N(dg)
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Summing up all n = 4 contributions:

&

contribution to ®g

(dl,0,0)

(0, ds,0)

(07 07 d3)

(dh d27 0)

(d1707d3)

(07d27d3)

(d17 d27 d3)

dlylolylloylk—loylok—lN(d1)+
dy Zmegwk_g} lez’ylloylojylk—logjz‘N(dl)‘|‘
di Y25 jeo,. h—ay Y101YrioY1j0Y10k—195:N (di)+
A1) i rseto, k) Y10iY10;Y1r0Y15095i9sr N (d1)
d2y011y110yk—110y01k—1N(d2)+
ds Zi7je{2,,,,k_2} yOliy110y01jyk—1109jiN(d2)+
ds Zme{zmk_g} yOIIinOyjIOyOIk—lgjz'N(d2)+
do Zi,j,r,se{Q,...k—2} yOli?/OljyrlOyslogjiger(d2)
dsy101Y011Yok—11Yk—101V (ds)+
d3 Zi,j€{2,mk—2} Yio1Yj01Y011 Yok—114V (ds) +
d3 Y25 je o, h—ay YoirYo1Y101Yk—10195: N (d3)+
d3 Zi,j,r,se{z,...k—Q} yiOlijIyOrlyOSIjSger(d3)
siy10vyi10N (di) N (da)+
%dlylolylloyllk 1N (d1)N(da)+
5d1Y10k— 1y110y111N(d1) (d2)+
d2901ky110 (di)N(d2)+
sdayo11y710Y118—1 N (d1) N (do)+
%dzymk 1i10y111 N (di)N (do)+
22]6{2 k—2} dlylozynoylljgﬂN(d )N (d2)+
2 Zz ]6{2 k—2} d2y012y110911J9ﬂN(d1)N(d2)
sy yieo N (dv ) N (ds)+
sdiyinyi0yie—11 N (di) N (ds)+
SdiyZo1y111yie—10N (di )N (ds )+
—dsyi)’myomN(dl)N(d?,)*'
~d3yZo1yo11yie—11) N (d1) N (ds)+
%d3y101y111y0k 11N (dy)N(d3)+
dl 2”6{2 k—2} ylolylzoyljongN(dl)N(d3>+
§d3 Zue{z k—2} lelyOZlyljlgﬂN(dl)N(d3>
d2y()11yk10N(d2) (d3)+
dzyony11oylk—11N(d2)N(d3)+
Sy y111Yk—110N (do) N (ds )+
—d3y811yk01N(d2)N(d3)+
d3y011y101yk 11) N (d2) N (ds)+
%dsyonymyk 101N (d2) N (dg)+
dz Z”e{g k—2} y011y210yj109jiN(d2)N(di’»)+
2d3 Z”E{Q k—2} ySnyzo1yg11ggzN(d2)N(d3)
—d1y101ynoy111N(d1)N(d2)N(d3)
—d2y011y110y111 (di)N(da)N(d3)+
§d3y101y01oy111N(d1) (d2)N(d3)
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Summing up all n = 5 contributions:
16} contribution to ®g

(dv,d2,0) | sdiyi01Y10k-1y310N (d1) N (d2)+
Diiel2, k2) t 3100107931095 N (d1) N (d2)+
édgyouy01k—1y101y01k—1y§10N(d1)N(d2)+
D ije(2 k—2) L d3y01Yo1Y31095i N (d1) N (d2)+
tdidayr01yo1k—1310N (di) N (do)+
sdayoriyron—19710N (d1) N (da)+
L je(2 k—2} §d1day10:901;Y31095: N (dr) N (da)
(d1,0,ds) | gd3ydo1yr10y1k—10N (di) N (ds)+
i je(2, k—2) L3y y1i0y15095i N (dy) N (d3)+
td3yo yor1yor—11 N (di ) N (ds)+
Zi,je{Q,...k—2} édgy%lylilyljlgjiN(dl)N(d3>+
%d1d3y%01y11090k—11]\[(d1)N(d3)+
sdidsyoryik—10y011N (dy) N (ds)+
Zi,j€{2,...k—2} %dldf‘iy%lylilylﬂgﬂN(dl)N(d?’)
(0,da, ds) | 2d3yd 1 y110Uk-110N (d2) N (ds)+
Zi,je{2,...k—2} %dgy(?)’nyiloyjlogjiN(d?)N(d3>+
td3y3o1yo11Yoe—11 N (d2) N (ds)+
lzi,je{Qé,,,k_z} T3y y1195i N (do) N (d3)+
§d2d3y011yk_11oy101N(d2)N(d3)+
5dadsyd y110Yk—101N (da) N (d3)+
D jeiz k2 §%2dsyonyinyngsiN (do) N (ds)
%d%y%ly%walN(dl)N(d2)N(d3)+
‘dgygloy%wylll]v(dl)N(d2)N(d3)+
%dgy%mygllylllN(dl)N(d2)N(d3)+
_dld2y101yOlOy%wylllN(dl)N(dQ)N(d3)+
5d1dsy101Y101Y110Y111Y011 N (d1) N (d2) N (ds)+
§d2d3y011)y101y110y111y011N(dl)N(dz)N(d3)+

Finally the contribution to ®4 for 8 = (d;,ds, d;) and n = 6 is:
(13% (Czii’yi)’ozly%lo +g§y311?é%1oy§10)9%0129(?)’11d§+ , ,
ﬁ(d1d2ylo1yony11o + did3yi01Y011Y110 + d1d5Y101Y101 Y11 Y110+

Cllldgylolygny%lo + d3dsyr01Yi1 Yo + d2d3yo11) Yo ¥o11 Y1)+
Zd1d2d3y%01ygny%10)N(dl)N(d2)N(d3)

NN

(d17 d27 d3)

3.3.6. Remark. Since the final formula for the potential is rather long, we
refrain from writing it down explicitly. It can, however, be easily produced from
the presented tables.

We would like to emphasize that the above example shows that the product
of two manifolds, whose quantum cohomology is already determined by the small
quantum cohomology ring, may have a quantum cohomology ring which cannot
be read off from the small one.
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