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ABSTRACT. The workshop brought together three very different areas of
mathematics, namely singularity theory, integrable systems and quantum co-
homology. They are linked by their applications in topological quantum field
theory and by constructions of (often isomorphic) Frobenius manifolds. The
first and second are related by a version of mirror symmetry, the link of the
second and third has attracted much attention. The connection of the first
and third is the least developed and was at the focus of the workshop.
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Introduction by the Organisers

Three very different areas lead to the same rich geometry of which Frobenius
manifolds are the foundation. These are singularity theory, integrable systems and
quantum cohomology. The connection between singularity theory and quantum
cohomology via this geometry is one version of mirror symmetry, the connection
between integrable systems and quantum cohomology has also been at the focus
of a lot of activity. However, the direct connection between singularity theory and
integrable systems has been somewhat neglected until recently. The aim of the
workshop was to take up this recent work and to stimulate from different sides the
further development of this connection.

This rich geometry is a twofold extension of the concept of a Frobenius man-
ifold. In quantum cohomology Frobenius manifolds encode geometrically genus
zero Gromov-Witten invariants without gravitational descendents. This twofold
extension is given by including both Gromov-Witten invariants of arbitrary genus
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and gravitational descendents. Such extensions are naturally present in the theory
of integrable systems: higher genus data and the dependence on infinitely many
variables are naturally built into the general theory of such systems.

In contrast to this, in singularity theory only the geometry and meaning of the
Frobenius manifolds is clear. The meaning of higher data is largely mysterious.
Only the G-function Fi, which corresponds to genus one data without gravitational
descendents, has been intensively studied and been used for predictions on the
distribution of the spectral numbers of singularities.

This is unsatisfying as there is a well defined twofold extension for an arbitrary
semisimple Frobenius manifold M. This was proposed in terms of a formula for a
generating function DM in infinitely many variables called total descendent poten-
tial by Givental and Dubrovin&Zhang in 2001. The generating function is obtained
by applying a big operator to a product of n(= dim of the Frobenius manifold)
copies of the generating function D4 of the quantum cohomology of a point. The
big operator arises by a quantization (within Givental’s symplectic loop space for-
malism) of a formula arising from the flat structure connection on P! x M which
is associated to the Frobenius manifold M and which has a logarithmic pole along
{00} x M and an irregular pole along {0} x M.

The workshop was a half size workshop with many young participants. There
were 15 talks. All talks dealt with parts of the structures mentioned above and
almost all with the connection between two of the three areas mentioned above.

Three talks presented mirror symmetry results related to singularities, one for
the hyperbolic unimodal singularities, two for certain Laurent polynomials. These
were in terms of isomorphism of Frobenius manifolds. The two for Laurent poly-
nomials built on a good control of the corresponding global Gauss-Manin systems.
Other talks went to the higher genus data for singularities, one starting with os-
cillating integrals, one starting with data of semisimple Frobenius manifolds. This
one presented an impressive rather explicit (but still in an experimental status) for-
mula for the genus 2 potential with gravitational descendents. Another talk also
dealt with higher genus data for singularities, but by a construction which has
some similarity with that of quantum cohomology. It leads to a new rich picture
of connections between different sides, called Landau-Ginzburg mirror symmetry.

Several talks took a very general perspective. One resumed the Givental theory
and many different techniques to control DM. Another aimed at a categorical
construction of the central data for singularities, their Brieskorn lattices or, in
other words, their non-commutative Hodge structure. Another related in a general
way integrable systems and open symplectic manifolds.

Two talks discussed structures related to the differential geometry of Frobenius
manifolds, one gave a survey of a many different variants of the underlying geo-
metry including ¢t* geometry, another reviewed the geometry on certain varieties
which arise naturally in algebraic geometry. Another talk presented explicit global
(without singularities) solutions of the ¢t* equations and identified some of them
via their Stokes structure with examples from singularity theory and quantum
cohomology.
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One talk concentrated on Stokes structures by themselves and interpreted the
base spaces of the simple and the simple elliptic singularities as atlasses of Stokes
data. Another used quantum cohomology, algebraic geometry and numerical meth-
ods to find several 3-dimensional Calabi-Yau manifolds with surprising similarities
and differences. Finally, a lecture of double length was given by Varchenko on his
work on critical points of master functions. He has relations to integrable hierar-
chies and to quantum cohomology (for flag varieties) which might lead to possible
further applications of the main themes of the workshop.

The workshop did not solve the mystery of the meaning of the higher genus data
within singularity theory. But it made the participants aware of other aspects of
the landscape. It showed that mirror symmetry for singularities has developed a
lot in very recent years and that several techniques are maturing right now. It
makes us optimistic about a lot of progress in the near future.
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Abstracts

Gromov-Witten theory of orbifold projective lines and integrable
hierarchies

TopORrR MILANOV
(joint work with Hsian-Hua Tseng, Yefeng Shen)

In my joint work with H.-H. Tseng [6] we constructed an integrable hierarchy
that governs the Gromov—Witten invariants of the orbifold projective line equipped
with two orbifold points. Part of our work was generalized by P. Rossi [7], who
computed the quantum cohomology of P}_l,mrs. The latter is the projective line
equipped with 3 orbifold points with isotropy group Z/r;Z, where the weights r;
are positive integers satisfying:

1 1 1
Xorb(P}“l,rg,rg) = r_l + 7"_2 + 7'_3 —-1>0.
The goal of our project is to construct an integrable hierarchy that governs the
Gromov-Witten invariants of P Lra.rs- L0 simplify the exposition, I presented our
ideas for the case of r3 = 1, which corresponds to our previous work with H.-H.
Tseng. Even in that case our new construction looks quite different. Our starting

point is the Landau-Ginzburg potential of P}

r1,72,1
W(z)=2™ 4+ (Q/x)™,

where () # 0 is a complex parameter, and its miniversal deformation
q o ri—1 ) ro—1 q j
— T z .t =
f(t,x)—x 1+($) +t01+ thlz{r + thzj(z) B
1= Jj=

where ¢ := Qe'*? and the remaining deformation parameters are viewed as coor-
dinates on B := C* x CN, N = r; 4+ ro — 1. It was pointed out by B. Dubrovin
(see [1]) that the space B has a Frobenius structure, i.e., the period integrals

_ A— f(t n d
Ié n) (t, )\) = *dB / ( f( 51')) w, c Tt*)\B, W= _1'
Bin n! ’ T

satisfy a system of differential equations in (¢(,\) € B x C. The notation in
the above formula is as follows. Put fi(z) := f(t,z) and let X; := f;*()\)
be the Milnor fibers; then dP is the de Rham differential on B, the integration
cycles, when ¢ and A very, form a flat family of relative homology cycles B, \ €
H(C, X¢.; C). Let us look at the periods corresponding to n = 0 and n = 1. For
a fixed (¢, A) we have an isomorphism

IV, N) b= H (C, Xy \;C) — T}'B,

while 7(¥)(t, \) gives an embedding of b := HO(XM;(C) in T}B. The relation
between b and b is given by the standar long exact homology sequence of a pair:

0 — Hy(C*,Z) — Hy(C, Xy x;Z) — Ho(Xy2;Z) — 0

)
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The vanishing cycles in Xy 5 form a root system of type Ay. Moreover, if we
let A — oo we see that there are 3 types of vanishing cycles: 1) supported near
x = 00; 2) supported near x = 0; and 3) supported at a point near x = oo and a
point near x = 0. If we choose simple roots we get a Dynkin diagram as the one
on the figure below, where £, 57, and f, are vanishing cycles of the types 1), 2),
and 3) respectively.

Be

B B 1 a1 p3 B

The homology group b is also equipped with a monodromy action. Namely if we
have a loop in B x C based at (¢, A) and avoiding the discriminant of the Milnor
fibration (where the periods acquire poles), then the parallel transport with respect
to the Gauss-Manin connection of the vanishing homology induces a monodromy
representation. In particular, if we take a big loop around the discriminant, i.e., a
loop in {t} x C near A\ = co we get a monodromy transformation o, which can be
expressed in terms of the simple reflections as follows:

g = (Tﬁirﬁ% fee Tﬁilfl) (Tﬁ%?"ﬁg cee Tﬁéfl)'

Our main observation is that if we apply the vertex operator construction of [3];
then we obtain a Fock space realization of the basic representation of the affine Lie
algebra of type Ag\}). This realization fits into the construction of V. Kac and D.
Peterson (see [4]): they have constructed a realization of the basic representation
corresponding to a choice of a conjugacy class in the Weyl group. In our settings
the conjugacy class is the one determined by the monodromy transformation o.
Moreover, the Fock space realization leads naturally to an integrable system of Hi-
rota bilinear equations known as Kac- Wakimoto hierarchy (see [5]). We can prove
that the total descendant potential of P}“l,m,l is a tau-function, i.e., solution to this
hierarchy. Our project however is still unfinished, because the integrable hierar-
chy that we have constructed does not characterize the Gromov-Witten invariants,
since our integrable hierarchy does not have dynamical variables corresponding to
the descendant insertions of 1 € HY (IP71"17”’211; C). In other words, our conjecture
is that the integrable hierarchy that governs the full Gromov—Witten theory of P!
is an extension of the Kac Wakimoto hierarchy corresponding to o.

For the D and E cases a similar construction can be done by using the tri-
polynomials of P. Rossi [7]. The outcome is the following: . is the branching node
of the Dynkin diagram while ¢ will be the product of the remaining reflections.
Again our conjecture is that the Gromov-Witten theory of the corresponding
orbifold is governed by an integrable hierarchy which is an extension of the Kac-
Wakimoto hierarchy corresponding to o.
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Mirror symmetry between orbifold projective lines and cusp
singularities
ATSUSHI TAKAHASHI

Let A be a triple of positive integers (a1, az,a3). For the later use, we set

3 3
1
MA::2—|—E (a; —1), XA::Q—i—E (;—1).
i=1 i=1 N

We can naturally associate three mathematical objects from completely different
origins;

e an orbifold projective lines P} := IP}lha%aS, an orbifold P! with at most

three isotropic points of orders a1, as, as.

e (Qa,I) is the quiver with relations given in Figure 1.

e A polynomial fa(z1, 22, 23) := 2{* + 25> + 25° — ¢ ‘w2023, ¢ € C\{0}.
At a glance, Py, (Qa,I) and f4 are irrelevant. However, it turns out by mirror
symmetry that they can be considered as three different realizations of more in-
trinsic object behind them. We here discuss their classical mirror symmetry, an
isomorphism of Frobenius manifolds.

Conjecture.

There should exist isomorphisms of Frobenius manifolds among

® Mps, the one constructed from the theory of Gromov—Witten invariants
for PL,,

e Mg, the one (should be) constructed from the invariant theory of the
extended Weyl group /WA associated to the quiver with relations (Qa, I),

o M¢, ¢., the one constructed from the universal unfolding of f4 by the
primitive form (4.
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®2,a5—1

FIGURE 1. The quiver with relations (Q4,I). The double dotted

line denotes two generic linear combinations of three paths from
e, to e, , generating the ideal 1

Conjecture is known to hold if a; = 1 for some ¢ = 1, 2,3 by Milanov—Tseng [3],
if x4 > 0 by Rossi [4] and if x4 = 0 by Satake-Takahashi [6]. The following is our
main result.

Theorem1 (Ishibashi-Shiraishi-Takahashi [2]). There exists a unique Frobe-
nius manifold M with flat coordinates

tl, t171, AN 7t1,a1—1; t271,.

) t2,a2—1a t3,1) ..
satisfying the following conditions

. t3,a3—1a tMA

(1) There exists a (local) isomorphism of complex manifolds

M =~ C x Clar=Dia=DHas=1) o

= (tl(s%thl(s)v ce 7t3,a371(5), etﬂA(S)) .

(2) The unit vector field e and the Euler vector field E are given by
9 3 a;—

o E t1—+ZZ“Z

-+ XA
ti,j
o W 815

e =

at#A .
(3) The non-degenerate symmetric bilinear form 7 is normalized as

0 9 N_ (92 9)N_,
ot o, )~ "ot 0t ) ~

( a a ) ﬁ, lf’Ll:ZQ and]é:ail*jl.
N\ a5 5, ‘
atilajl atizdé

0, otherwise.
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(4) The restriction of the Frobenius potential F to {¢; = 0} is homogeneous
of degree 2 with respect to E. Namely, we have EF|t,—o = 2F |y, —0. F
also satisfies

]:|t1:O eC [[tl,la Ce atl,a1—1; t271, Ce ,tQ,az_l, t371, Ce ,tg,ag_l, €t“A]]

(5) Assume the previous condition (iv). Then, the product o can be extended
to the limit ¢t1 = t11 = -+ = t3,45-1 = 0, etra — 0 in the frame Bitl’
8%,1’ ceey ﬁrl, % of TM. The C-algebra obtained in this limit is
isomorphic to the quotient ring

Clz1, 2, z3] /(x122, T223, T3T1, A12]" — a2x5?, a2z — azxs®) ,

where 0/0t1,1,0/0t21,0/0ts,1 are mapped to x1,x2, T3, respectively.
(6) The term t1 1t2 1t3 14 occurs with the coeffcient 1 in F.
This Theorem enables us to simplify the proofs given by Milanov—Tseng [3] and
Rossi [4] and to generalize them to the case x4 < 0.
Corollary 1 (]2]). We have an isomorphism of Frobenius manifolds

(1) ]MIP’}‘x ~ Mfaca-

We also have the following uniqueness theorem, which may be known for ex-
perts. We refer to Theorem 2.1 of [1] and Proposition 5.2 of [5] for the relevant
statements.

Theorem 2 ([2]). A Frobenius manifold of rank p and of dimension one with
the following e and F is uniquely determined by the intersection form I :

o 0 =Ha-j, 0 0
2 -2 EBE=t— GimJy 7 Ty
@ T T ; ; @ o, X,

By Theorem 2, it is now possible to give an isomorphism of Frobenius manifolds
between My and My, ¢, :

Corollary 2 ([2]). Assume that x4 > 0. We have an isomorphism of Frobenius
manifolds

(3) MW\A >~ My, cas

where My; is the one constructed in [1].
A
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On the Hodge theory of differential graded categories
DMYTRO SHKLYAROV

Given a smooth complex algebraic variety X there are isomorphisms [3, 9]
(1) HPay(Perf(X)) = &, HX(X),  HPaye (Perf(X)) = @, L (X)

where Perf(X) is the differential Z-graded category of perfect complexes on X
and H P, are the periodic cyclic homology groups. The de Rham cohomology of
an algebraic variety carries a (mixed) Hodge structure, and a natural question to
ask is whether Perf(X) “remembers” any part of that structure or, more generally,
whether the periodic cyclic homology of any differential graded category carries any
functorial Hodge-like structure. The study of these questions has been initiated by
M. Kontsevich and his collaborators (see [2] and references therein) in connection
with the homological mirror symmetry program. Our aim here is to discuss one
piece of the emerging picture, namely, an analog of the Hodge filtration in the
categorical setting. We will recall the idea of the construction and present one
application, obtained in [8], to isolated singularities.

The negative cyclic homology HN (D) of a differential Z-graded category® D
is the cohomology of the complex (Co(D)[[u]]®",b + uB) where (Co(D),b) is the
Hochschild chain complex of D, B is the Connes differential, v is a formal variable
(of degree 2), and Co(D)[[u]]®" is the subspace in Co(D)[[u]] (:= formal series
with coefficients in Co(D)) spanned by homogeneous series. The periodic cyclic
homology HP,.(D) is defined similarly but with Ce(D)[[u]] replaced by formal
Laurent series Co(D)((u)) (since u is invertible now, all the groups H P (D) resp.
HPs41(D) are isomorphic to each other).

With some obvious changes the definitions of the negative and periodic cyclic
homology extend to the case of differential Z/2-graded categories. Instead of
the individual groups HN, and H P, one gets C[[u]]-modules HN 1 and C((u))-
linear spaces HPy. A standard example of a Z/2-graded category is the category
MF(w) of matrix factorizations of a series w € R = C|[yo, . - ., Ym]] with an isolated
singularity at the origin (see [1] and references therein). The negative and periodic
cyclic homology of MF(w) also have a geometric meaning: by [7] there is a quasi-
isomorphism from the cyclic complex of MF(w) to the formal twisted de Rham
complex associated with w

(2) (Ce(MF(w))((u)), b+ uB) =~ (Vgpec r((w)), —dw + ud)

which maps Ce(MF(w))[[u]] to Q.. pl[u]].

For simplicity, we will assume from now on that the periodic cyclic homology
groups of our categories are finite-dimensional?.

In the case of differential Z-graded categories the analog of the Hodge filtration
is a filtration on the periodic cyclic homology groups defined via an analog of the
Hodge-to-de Rham spectral sequence, in complete agreement with the classical pic-
ture. Namely, the complex computing H P4(D) comes equipped with a canonical

LAl our categories will be C-linear.
2over C in the Z-graded case and over C((u)) in the Z/2-graded case
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decreasing filtration by the sub-complexes u™C,(D)[[u]]®", and the induced filtra-
tion on HP,.(D) is what we need. To see the connection to the classical case, note
that the above filtration on the cyclic complex gives rise to a spectral sequence
with Fy = HH.(D)((u))8" where HH, is the Hochschild homology. Given that
HHj,(Perf(X)) ~ T, ,— HY(X,Q%)(cf. [3, 9]), this spectral sequence is a close
relative of the classical Hodge-to-de Rham spectral sequence.

In the example D = Perf(X), where X is a smooth projective variety, the above
filtration on, say, H Py(D) transforms under the isomorphism (1) into

" (@pH?ij(X)) = @p—g2nH"(X)

Note that on each H%,p »(X) it differs from the usual Hodge filtration by a shift.
Let us explain now how all the filtered vector spaces HPo(D) can be encoded
in one simple additional structure on the cyclic complex. Let D, as before, be
a differential Z-graded category. Let us treat it as a Z/2-graded category with
the following additional property: its Hochschild complex carries an operator ~y

such that [y,b] = b and [y, B] = —B (v is just the grading operator). Then the
differential operator 0, := = + -L on C4 (D)((u)) satisfies the property

1
(3) [0u, b+ uB] = o~ (b+uB)

u

and therefore descends to HP1(D). Recall (see, for instance, [5]) that given an
integer N there is a functor from the category of triples (H,V,H°), where H
is a finite-dimensional vector space over C((u)) equipped with a regular singular
connection V and a lattice H°, to the category of finite-dimensional filtered vector
spaces (over C) defined as follows:

(4) HN = ®%*1<a§%HUJ7 FnHN = @%*1<a§%un7{0 N Va/unHO N V>a

where® H® := UnKer(uV% —a)", V= Dg<pear1M[[u]], and V> i= Ups o VO,
A simple computation shows that for N = 2k (resp. 2k + 1), H = HP (D) (resp.
HP_(D)), Vd% = 0y, and H® = Im(HN, (D) — HP, (D)) (resp. Im(HN_(D) —
HP_(D))) the functor reproduces H Pay (D) (resp. H Paj41(D)) with its filtration.

Theorem 1. Let D be any differential Z/2-graded category. There is an operator
Ou = 2L + A(u) on Cx(D)((u)) such that, firstly, the property (3) holds (in par-
ticular, 0, descends to HP1(D)); and secondly, the induced operator on HPy (D)
coincides with the one considered previously when D s Z-graded.

An explicit formula for 9, can be found in [8]. In general, the induced connection
on the periodic cyclic homology has a pole of order 2 with respect to the lattice
given by the image of the negative cyclic homology. For instance, in the case
D = MF(w) one has:

3Let us assume for simplicity that the a’s for which H® is non-trivial are all real.
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Theorem 2. ([8]) Under the quasi-isomorphism (2) the operator from the previous
theorem transforms into the operator

(5) go= L v 1

du  u? 2u
on Q%,..p((w)) where w is the operator of multiplication with w and 7 is the
grading operator on QgpecR'

This result has a curious Hodge theoretic meaning. Let w be a germ of a holo-
morphic function. It is a classical fact (cf. [4, Sec.6]) that the connection on the
formal twisted de Rham cohomology induced by (5) is, up to a shift, a Fourier-
Laplace-like transform of the Gauss-Manin system of w (in particular, it has a
regular singularity). Then Theorem 2, together with [6, Sec.5], implies that the
construction (4), when applied to H Py (MF(w)), reproduces (again, up to a shift)
the Steenbrink Hodge filtration on the vanishing cohomology of w. Moreover, the
connection (5) encodes other invariants of the singularity (e.g. its spectrum or,
rather, a shifted version of it) and, thus, Theorem 2 provides a natural way to
extract those invariants from the category MF(w).

On a final note, the correct point of view seems to be that the connection
(together with the lattice) from Theorem 1 should itself be viewed as a kind of
“non-commutative Hodge filtration”. For a review of the origin and development
of this and related ideas see [2, 5].
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Different interpretations of the Givental group action
SERGEY SHADRIN

Givental group action is nowadays one of the most important and useful tools in the
theory of Frobenius manifolds, and it deserves a study on its own. Indeed, many
of its interpretations come from completely different points of view on Frobenius
manifolds and their applications. The interaction of different ways to define the
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Givental group action reflect the interaction of different areas of mathematics,
most notably geometry of the moduli space of curves, resolutions of BV algebras,
and integrable hierarchies.

Here we briefly discuss four different ways to think about the Givental group
action. To be more precise, we consider only a half of it, the action of the so-called
upper-triangular group. In fact, it is the most interesting part since it is exactly
the one that changes the underlying Frobenius structure. On subtlety related to
differences in exposition below: in the first two interpretations we have decided
to ignore the scalar product, for simplicity of the exposition, therefore we have a
bigger group than in the last two interpretations.

TRIVIALIZATION OF THE BV OPERATOR

The most essential part of the structure of formal Frobenius manifolds is the
so-called hypercommutative algebra. That is, for n > 2 we have n-ary (graded)
symmetric operation m,: V" — V, and these operations satisfy the WDVV
relations. The operations m, should be thought of either as the representation
of the fundamental class of the moduli space of curves m071+n, or as the opera-
tions whose structure constants are given by expansion of the prepotential of the
Frobenius manifold in flat coordinates.

The BV/A-structure on a vector space W is the structure of a differential Zo-
graded commutative associative algebra with the differential Q: W — W and the
product p: W®2 — W. There is an extra odd operator, A: W — W, satisfying the
conditions A? = 0, [Q, A] = 0, A is an operator of the second order with respect to
. This would be a BV -algebra structure. We add an extra piece of the structure
in order to homotopically resolve the BV operator A. That is, we have operators
¢i: W —W,i=1,2,..., such that d + zA = exp(— Y .= ¢i)dexp(X_ioq ¢i)-

In a recent preprint [5] with A. Khoroshkin and N. Markarian, we constructed
an explicit quasi-isomorphism of the two operads behind these structures. This
means that for any hypercommutative algebra V' one can find a BV/A algebra
W such that V = H*(W, Q) and the hypercommutative algebra structure on V
comes from a higher BV/A structure on W. Moreover, there are explicit formulas
that relate these two structures.

Now we consider an arbitrary formal power series R(z) € End(V) ® C|[[z]],
R(z) = Id+ Ryz + .... We can lift it to a series R(z) € End(W) @ C[[z]] in
such a way that d = R(z)"1dR(z). Then we can replace the series Y ;= ¢;z" with
P ¢iz' = log (R(z) exp( iy ¢z))

This way we obtain a new BV/A-structure on W. It induces a new hypercom-
mutative algebra structure on V', and it is the first possible interpretation of the
Givental group action on the space of hypercommutative algebra structures on V.

More details are available in [5].

MuLTI-KP FORMALISM

The structure of a formal Frobenius manifold can also be reduced to a pencil
of flat connections, that is, the s x s matrix of the germs of 1-forms A(uq, ..., us)
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such that d + (71 A is a pencil of flat connections (here ¢ is a formal variable).
The equations are then dA =0 and AN A =0.

We associate a particular matrix A to a formal power series of s X s matrices
R(z7Y) =exp (3272, me2 ") using the formalism of multi-KP hierarchies.

Let V = (eq,...,es) be an n-dimensional vector space over C. Let z be a formal
variable. We denote by V the vector space A>/2 (V ®Cl[z71, z]) spanned by the
semi-infinite wegde products

w=(e;, 2) A (e, 2%) A (e, 2%) A ...
such that the tail of w coinsides with the tail of vacuum vector
0) := (e122) A - A (es2®) A(erz') Ao Aleszh) A ...

By tail of w we call another basis vector in V that is obtained from w by removing
the first few factors in the wedge product.

We consider the matrices 7,2~¢ as the local Lie algebra elements acting on
vectors in V by the Leibnitz rule. We denote by «a; the local Lie algebra element
E;z. All basic objects that we are going to consider are some matrix elements of
the operator R := exp(}_;_, a;u;)R(z~'), where uy,...,u, are formal variables.

We denote by (¥o);; = (Po)ij(R), 4,5 =1,...,s, the following matrix elements
of R:

(52~ A10) [R [(eiz™") A 10))
(10) [R110))

Then the formula for a matrix of the germs of 1-forms A satisfying the property
that d + (1A is a pencil of flat connections is simply W' (3°_; Eiidu;) Wo.

More details are available in [6, 7, 1, 9].

(Wo)ij =

DEFORMATION OF CLASSES OF A COHFT

Formal solutions of the WDVV equation that has no terms of degree less than
3, satisfying the additional property of having a unit, are in one-to-one correspon-
dence with cohomological field theories in genus 0. The formal definition is the
following. We fix a vector space V = (e1, ..., es) (e1 will play a special role) with
a non-degenerate scalar product 7. A cohomological field theory is a system of
cohomology classes C,, € H*(My, ) @ VO satisfying the properties:

(1) Cy, is equivariant with respect to the action of S,, on the labels of marked
point and component of V&,

(2) For any map p: Mo.n,+1 X Mo ny+1 — Mo, that realizes a divisor in My ,,
sewing the surfaces at the last marked points into a nodal surface, we have:
pC, = (Cn1+1 - Chyt1, 77*1) (we contract with the scalar product the two
components of V' corresponding to the two points in the preimage of the
node under normalization).

(3) For the map 7: Mo ,+1 — Mo, that forgets the last marked point, we
have: 7*C,, = (Cp41,e1) (we contract the component of V' corresponding
to the last marked point with e1). Moreover, (Cs,e1 ® e; ® e;) = 1.
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Consider a series Y= r¢z%, r¢: V — V, 4 is symmetric (resp., skewsymmetric)
with respect to n for odd (respectively, even) £. Following [4, 10], we associate
to this series an infinitesimal deformation of CohFT. Denote by (r¢z%)"C,, the
following class on Mo,n:

— T« (Cn+1’l/)f;:»117 Te (61)) + Z wérék) Cn
k=1

-1
1 . - P
t3 ZZ(*UZHP* (Crvs1¥py 41 - Crga i1 5m e -
div i=0
The last sum here (3°,,,) is taken over all irreducible boundary divisors, whose
generic points are represented by two-component curves. By rék) we denote the
action of 7, on the kth factor of V in V®".
The classes C}, := exp (3o (r¢z")") Cy, form a CohFT.
More details are available in [4, 10, 8].

LAGRANGIAN CONES IN THE FOCK SPACE

One more way to think about a Frobenius structure is to say that we consider a
formal solution of the string equation and the topological recursion relation. That
is, we have a vector space V = (e, ..., es), a scalar product 7, and we consider a
formal power series Fy({t;qa}),i=1,...,5,d=0,1,2,... satisfying the equations

Ry R | 1
Zti,d-i-lat—id t3 Z ti,t5,0Mmi5;

91,0 id ij=1
3 F, B 02 F, 3 F,
Ot :.as10t; 0015 Ot a0tao P Dt 00t; vOre

We can assume that the coefficient of monomial [])'_; ¢;, 4, is equal to zero if
Sor_de >n—3,it is a kind of tameness assumption.

In the space V ® C[z] we have a natural set of coordinates ¢; 4 corresponding to
the basis vectors e;z?. We consider Fy as a function on V ® C|z] identifying two
systems of coordinates by ¢; q = t;,q — d;1041. The string equation and the topo-
logical recursion relation are equivalent to some geometric properties of the graph
of dFy, which is a germ of a Lagrangian cone in T* (V ® C[z]) 2 V @ C[[z7}, 2].
These properties can be expressed in terms of symplectic linear algebra and the
operator of multiplication by z. Thus the groups of symplectic transformations of
V ®C[[z71, 2] commuting with multiplication by z acts on such Lagrangian cones,
and, therefore, on formal Frobenius structures.

In particular we have the action of a series R(z) € Hom(V,V)®C[[z]], satistying
R(z) = Id+ O(z) and R*(—z)R(z) = Id (here we should use tameness to define
it properly). This is the original definition of Givental of the group action on
Frobenius manifolds.

More details are available in [2, 3].
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Landau-Ginzburg A-models, Mirror Symmetry, and the
Calabi-Yau/Landau-Ginzburg Correspondence

TYLER JARVIS

Following some ideas of E. Witten, my collaborators H. Fan and Y. Ruan
and I developed a cohomological field theory for each quasi-homogeneous, non-
degenerate hypersurface singularity W and each admissible subgroup G of auto-
morphisms of W [FJR1, FJR2]. This theory, sometimes known as FJRW theory,
plays the role of an “orbifold” Landau-Ginzburg A-model in physics. Recently,
algebraic constructions of this theory were given by Polischuk-Vaintrob [PV] using
matrix factorization and by Jun Li using cosection localization.

This construction is interesting for at least three reasons: (1) because it fits into
a mirror symmetry picture for Landau-Ginzburg models; (2) because it provides
a key piece in the so-called Landau-Ginzburg/Calabi-Yau Correspondence, [CR,
CIR, KS, MRJ; and (3) because it provides the foundation for the study of a new
system of nonlinear elliptic PDEs called the Witten Equation [FJR2, FJR3]. In
this abstract we focus on the first two of these.

Landau-Ginzburg mirror symmetry. Given a quasi-homogeneous polynomial
W e C[zy,...,x,], with an isolated singularity at the origin, the (un-orbifolded)
Landau-Ginzburg B-model produces the local algebra (or Milnor ring) of W. Mak-
ing a suitable choice of primitive form, Saito constructed a Frobenius manifold
which may be thought of as the genus-zero Landau-Ginzburg B-model correspond-
ing to W. Since the Saito construction is semi-simple, Givental’s theory of “higher
genus Frobenius manifolds” determines a potential function for the theory. This
potential should agree with the potential that arises from a cohomological field
theory which, in genus zero, agrees with Saito’s Frobenius manifold.
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Givental-Milanov [GM] showed that in the case of simple singularities (A, D,
or E), this potential function satisfies the corresponding (A, D, or E) Drinfeld-
Sokolov/Kac-Wakimoto integrable hierarchy.

Based on the work in [IV, Ka, Tu] it is natural to conjecture the existence
of a an orbifolded Landau-Ginzburg B-model for pairs W and G, where W €
Clx1,. .., x,] is a non-degenerate, quasi-homogeneous polynomial, and G < SL(n)
is an appropriate group of automorphisms of W. The combined work of [IV,
Ka, Kr, Tu] has produced a construction of the B-model orbifolded Frobenius
algebra. It seems reasonable to expect that a full higher-genus construction for
the orbifolded case will also exist.

The Landau-Ginzburg (LG) Mirror Symmetry Conjecture predicts that for a
large class of polynomials W (called invertible) with a group G of admissible
symmetries of W, there is a dual polynomial W7 and dual group GT of symmetries
of WT with the following mirror propert: the (FJRW) Landau-Ginzburg A-model
for the pair (W, @) is isomorphic to the orbifolded B-model construction for the
pair (WT,GT).

The dual polynomial W7 was described by Berglund and Hiibsch [BH], and
Mark Krawitz [Kr] constructed the corresponding dual group GT. When G is the
maximal group of admissible symmetries of W, the dual group G7 is the trivial
group. In this case the full Landau-Ginzburg mirror symmetry conjecture has
been verified for the simple (ADE) singularities [JKV, Lee, FSZ, FJR1] and the
unimodal singularities Ps, Xo, and Jig in all genera [KS, MR).

However, when G is not maximal, then G is not trivial and it is much harder
to verify mirror symmetry. Nevertheless, Landau-Ginzburg Mirror Symmetry has
been proven for a large class of orbifold models at the level of Frobenius algebras
[FJJS].

The Calabi-Yau/Landau-Ginzburg correspondence. A quasi-homogeneous
polynomial W with an isolated singularity at the origin also defines a smooth
hypersurface Xy = {W = 0} in weighted projective space. If G is an admissible
group of automorphisms of W, let J = G N C*, where C* is the 1-parameter
subgroup of (C*)™ defining the weighted projective space. There is an induced
action of the group G = G//.J on Xyy.

In the case that the quotient orbifold [Xy /G] is Calabi-Yau, the Calabi- Yau,/
Landau-Ginzburg (CY/LG) Correspondence predicts that the analytic continua-
tion of the FJRW (Landau-Ginzburg A-model) potential of the pair (W, G), after
a suitable Givental symplectic transformation, will match precisely with the orb-
ifold Gromov-Witten potential (Calabi-Yau A-model) of the orbifold [Xy/G] in
all genera.

The correspondence has been verified at the level of genus-zero potentials for
un-orbifolded (i.e., G = 1), Gorenstein, Calabi-Yau hypersurfaces [CR, CIR]. The
correspondence has also been verified in all genera for the ellipic curves defined by
the polynomials Py, Xy, and J1p when G is maximal [KS].
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The Big Picture. Combining the mirror symmetry conjectures for both Calabi-
Yau and Landau-Ginzburg theories with the CY-LG correspondence, we have the
following conjectural picture:

Calabi-Yau A-model of [XW /é] CY Mirror Calabi-Yau B-model of [XWT /GT]
-
(Orbifold Gromov-Witten theory) Symmetry (Large complex-structure limit)

CY-LGi Corresp SymplectiC$Transformation

Landau-Ginzburg A-model of [W/G]

LG Mirror_ | Landau-Ginzburg B-model of [WT/GT]

(FJRW) theory Symmetry (Gepner point)

Additional progress has been made by many people on many aspects of this
conjectural diagram, beyond the work described here, but much work remains to

to be done.
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On the genus two free energies for simple singularities
Y OUJIN ZHANG
(joint work with Boris Dubrovin, Si-Qi Liu)

My talk, based on joint works with Boris Dubrovin and Si-Qi Liu [1], is on prop-
erties of the genus two free energies for the Frobenius manifolds defined on the
spaces of miniversal deformations of simple singularities.

For a semisimple Frobenius manifold, the genus zero free energy is the logarithm
of a particular tau function of the integrable hierarchy of hydrodynamic type
associated to the Frobneius manifold [2], this integrable hierarchy possesses an
infinite number of Virasoro symmetries which acts nonlinearly on the tau function,
the procedure to linearize these Virasoro symmetries enables one to define the
higher genus free energies of the semisimple Frobenius manifold by solving the
so called loop equation [3]. In particular, an explicit formula for the genus two



1382 Oberwolfach Report 23/2012

free energy was given in the preprint [3]. However, this formula is given in terms
of canonical coordinates of the Frobenius manifold, it is complicated and is not
convenient for applications.

In my talk I present, for the Frobenius manifolds defined on the spaces of
miniversal deformations of simple singularities, a conjectural formula for the genus
two free energy given in terms of sixteen dual graphs of genus two stable curves
with marked points, each dual graph is associated in a simple way to a function
represented in terms of the flat coordinates and the potential of the Frobenius
manifold. I show evidences to support the validity of the conjecture.
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Global solutions of the tt*-equations and their integral Stokes data
MARTIN GUEST

Unfoldings of singularities and the quantum cohomology algebras of Fano mani-
folds produce examples of “Frobenius manifolds with real structure”. These, in
turn, give examples of solutions of the tt*-equations (topological-antitopological
fusion equations) of Cecotti and Vafa.

“Physical” solutions are predicted to be globally defined on the appropriate
domain (a certain moduli space of quantum field theories). Furthermore they
correspond to “initial data” at certain distinguished points of the domain, and such
initial data is a priori integral (because of its physical interpretation). Cecotti and
Vafa used this in [1] as a strategy to classify deformations of N = 2 supersymmetric
quantum field theories, and carried out this strategy for some simple examples.
However, it is a nontrivial task to justify this mathematically.

Dubrovin reformulated the tt*-equations as the equations for pluriharmonic
maps into GLy(R)/On. We have characterized and investigated a special case of
these equations which we call the t¢*-Toda equations ([2], [3]). With N =n + 1,
these are

(w;)zz = —e(wirimwi) 4 elwimwiol) =0 <j<p
for w; : C* — R, w; = w;(z, 2) = w;(]#]), with the additional conditions

(i) witw,—;=0, 0<i<n
or

(i) w;+wk—i—1 =0, 0<i<k—1and w; + wpip—; =0, k<i<n
(case (i) was already considered by Cecotti and Vafa).
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For these equations we can describe the global solutions (in the above sense),
the Stokes data of the associated isomonodromic system of o.d.e., and the geomet-
rical/physical solutions corresponding to integral Stokes data.

For example, in case (i) when n + 1 = 4, the global solutions are parametrized
by (70,71,72,73) € R such that v; — v;—1 > —2. We have v3 = —y0, 70 = —2, S0
this is a convex set. The monodromy data reduces to a single Stokes matrix, in
fact to two real numbers s1, so. This gives another parametrization of the global
solutions. Explicitly, we have

s =2cosF(vo+1)—2cosF(y1—1)
sy =—2+4cos L (v +1) cos T (1 —1).

Precisely 19 pairs (s1,s2) belong to Z x Z, and these are easily computed. To
understand the geometric significance of these 19 solutions we consider the “holo-
morphic data”in the sense of harmonic map theory, which is of the form

zko
1 zkl dz
A Zk2 z
zFs
Explicitly, we have
ko+1 ko +1
l=——— —1l=—"

with k; > —1. We may normalize so that 4+ > k; = 1. Amongst the 19 examples
we recognise the quantum cohomology rings of P2, P(1, 3), X?(1, 1,4) (hypersurface
of degree 2 in P(1, 1,4)), and X?:3(1, 1, 1,6) (intersection of hypersurfaces of degree
2,3inP(1,1,1,6)), as well as the Milnor ring of A4. Full details will appear in [3];
the basic p.d.e. existence result can be found in [2].
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Integrable systems as homological invariants for open symplectic
manifolds

OLIVER FABERT

It was pointed out by Eliashberg in his ICM 2006 plenary talk ([2]) that the inte-
grable systems of rational Gromov-Witten theory very naturally appear in the rich
algebraic formalism of symplectic field theory (SFT) ([3]). Carefully generalizing
the definition of gravitational descendants from Gromov-Witten theory to SFT
([5]), one can assign to every closed stable Hamiltonian manifold a Hamiltonian
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system with symmetries on SFT homology and the question of its integrability
arises ([7],[8]).

Examples for closed manifolds with a stable Hamiltonian structure are contact
manifolds, circle bundles over closed symplectic manifolds and symplectic mapping
tori. In my current research I focus on the last example. They are determined
by a symplectomorphism on a closed symplectic manifold and hence provide new
invariants for symplectomorphisms, generalizing the well-known invariants from
Floer theory ([4]).

Floer theory plays a very prominent role in symplectic topology and can be
viewed as a generalization of Gromov-Witten theory. Guided by Eliashberg-
Givental-Hofer’s symplectic field theory, I explain how the relation between Gromov-
Witten theory, Frobenius manifolds and integrable systems is generalized to the
Floer theory of symplectomorphisms.

To be more precise, the pair-of-pants product in Floer theory of symplectomor-
phisms ([11]) can be viewed as a generalization of the small quantum product in
Gromov-Witten theory. While the latter just counts holomorphic spheres with
three marked points, there also exists a big version of the quantum cup product.
It involves the full rational Gromov-Witten potential and leads to the geometri-
cal notion of Frobenius manifolds ([10]). In my talk I define the corresponding
big version of the pair-of-pants product in Floer theory and show that it leads to
cohomology F-manifolds, a generalization of Frobenius manifolds introduced by
Merkulov ([9]). This is the content of the main theorem of my talk, see also [6].

Theorem. The tuple (Q, X, *, E), consisting of the coordinate super space
Q and the differential vector field X of contact homology, the big pair-of-pants
product x and the Euler vector field E, defines a cohomology F-manifold in the
sense that

e X € 7"°Q is an odd homological vector field, [X, X] = 2X? = 0, so that
(Q, X) defines a differential graded manifold Q y,

o x € TH? Qsatisfies Lx* = 0, and the induced map x : T’ Qx @ T Qy —
T Q x is a graded commutative and associative product,

e £ ¢ T°Q is an Euler vector field in the sense that Ef = |f|f for all
homogeneous functions f € 7°° Q, with Lz X = [E, X] = —X and Lp* =
0. In particular, it induces a grading operator L : 7" Qy — 77° Qyx,
r,s > 1 on all tensor fields.

REFERENCES

[1] S. Dostoglou, D. Salamon: Instanton homology and symplectic fized points, in Symplectic
Geometry, edited by D. Salamon, Proceedings of a Conference, LMS Lecture Notes Series
192, Cambridge University Press, pp. 57-94, 1993.

[2] Y. Eliashberg, Symplectic field theory and its applications, Proceedings of the ICM 2006.



Singularity Theory and Integrable Systems 1385

[3] Y. Eliashberg, A. Givental, H. Hofer, Introduction to symplectic field theory, GAFA 2000
Visions in Mathematics special volume, part II, 2000.

[4] O. Fabert, Contact Homology of Hamiltonian Mapping Tori, Comm. Math. Helv. 85, 2010.

[5] O. Fabert, Gravitational descendants in symplectic field theory, Comm. Math. Phys. 302,
2011.

[6] O. Fabert, Floer theory and cohomology F-manifolds, in preparation.

[7] O. Fabert, P. Rossi, String, dilaton and divisor equation in symplectic field theory, Int.
Math. Res. Not. 2011, 2011.
[8] O. Fabert, P. Rossi, Topological recursion relations in non-equivariant cylindrical contact
homology, to appear in J. Symp. Geom.
[9] S. Merkulov, Operads, deformation theory and F-manifolds, in Frobenius manifolds, quan-
tum cohomology, and singularities, eds. C. Hertling and M. Marcolli, Vieweg, 2004.
[10] D. McDuff, D. Salamon, J-holomorphic curves and symplectic topology, AMS Colloquium
Publications 52, 2004.
[11] M. Schwarz, M.: Cohomology operations from S'-cobordisms in Floer homology, Ph.D.
thesis, Swiss Federal Inst. of Techn. Zurich, Diss. ETH No. 11182, 1995.

Laurent Polynomials, Hypergeometric Systems and Mirror symmetry
THOMAS REICHELT
(joint work with Christian Sevenheck)

Let A be a n X m integer matrix so that its columns, seen as elements of Z",
generate Z"™ over Z. Consider the following Laurent polynomial built from the
entries (ax;) of A:

p: TxC™" — Cy, xC™

(yla"'ayna)‘la"'a)‘m)’_) (_Z)‘inyzkia)‘la"'a)‘m)a
k=1

=1
where we have denoted the torus (C*)™ by T. Define the following matrix
1 ... 1

A

1
~ 0

e
i

0
and assume that the semigroup NA is saturated. Then the following relation

between the (compact) GauB-Manin system of ¢ and the GK Z-system holds.
Theorem 1. [8] For all B € NA and 8’ € NAN (R A)°, there exist the following

exact sequences, which are related by holonomic duality:
0 — V! — %%y Opxcn) — M% — V" —0,
0 +— VI« HO (o1 Orxen) +— M}ﬁl +— VI +—0,

where we denoted H (T,C) @ Orxcn resp. HY(T,C) @ Orycn by Vi resp. VE.
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We are especially interested in the Fourier-Laplace transformed Gauf3-Manin
system of ¢. The upper sequence above gives us the following isomorphism:

FLi;l (/HO(QO+OT><C”' [a/\_ol]) ~ FLi;lMiT[a/\_ol] = FLiglMiT'

where the last isomorphism follows from a theorem of [6].

This isomorphism turns out to be extremely useful in the computation of
the mirror Landau-Ginzburg model of an n-dimensional, smooth, toric, Fano
variety X. Let ¥ be the corresponding fan and let m be the number of one-
dimensional cones. Denote by aq,...,a,, the primitive, integral generators of the
one-dimensional cones and let A be the matrix with a1, ..., a, as columns. Then
there exists the following exact sequence

0 ——> M — Divp(X) —"— Pic(X) —=0
: ‘z ‘z
zn —2—7m zr
~—
G

where the matrix G = (g;4) defines a section of 7. The Landau-Ginzburg mirror
model of X is then the following family of Laurent polynomials

Wx :TxK—Cy, xK

m r n
(yla"'vynaqlv"'v%“) = (721:[(10,m Hygkivqla---;qr)
k=1

=1 a=1

where K ~ H?(X,C)/2niH?*(X,C) ~ (C*)" is the so-called complexified Kihler
moduli space. The matrix G defines an embedding of the complexified Kéhler
moduli space

it K—C™

T T
(Q1a"'aqT) = (]:[ qglav"'v]:[qama)’
a=1 a=1

so that we can use Theorem 1 to explicitly calculate the Fourier-Laplace trans-
formed Gauf-Manin system of Wx, which we denoted by QM 3z, by base change
with respect to 1.

The ultimate goal of the paper [9] with C. Sevenheck was to establish mirror
symmetry as an isomorphism of logarithmic Frobenius manifolds. A logarithmic
Frobenius manifold is a Frobenius manifold outside a normal crossing divisor D,
where the multiplication, the metric, the unit and Euler vector field is defined
on the locally free sheaf of logarithmic vector fields with respect to D. On the
so-called A-side the construction of a Frobenius manifold from the big quantum
cohomology of X has been carried out by Dubrovin in [2] and the construction of
the logarithmic Frobenius manifold is given in [7]. On the B-side there exists a
construction of a Frobenius manifold starting from a single Laurent polynomial by
Douai and Sabbah [1]. However it is was only possible for some special cases, e.g.
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the complex projective spaces, to prove an isomorphism between these Frobenius
manifolds.

To establish an isomorphism for a general smooth, toric, nef variety we pursued
a different approach. If one restricts the Frobenius manifold coming from the big
quantum cohomology to the complexified Kahler moduli space X, on which the
small quantum cohomology is defined, one gets a so-called Frobenius structure
which consists of a trivial vector bundle on P! x K together with a flat connection,
which acquires a pole of order 2 along z = 0 and a logarithmic pole along z = oo,
and which is called Givental connection in the context of the A-model. This
connection degenerates with a logarithmic pole along a normal crossing divisor D
which is the boundary of a partial compactification K of K containig the so-called
large radius limit point. The underlying D-module of the Givental connection is
called the quantum D-module. It is now possible, first, to reconstruct the Givental
connection from the quantum D-module by a method of Guest [4] and second to
reconstruct the Frobenius manifold from the Givental connection by a theorem
of Hertling and Manin [5]. Our philosophy was to find the object corresponding
to the quantum D-module on the B-side and then to work our way up using the
various reconstruction theorems.

In the paper [3] Givental identified the solutions of the quantum D-module,
which are given by the so-called J-function, with hypergeometric functions encoded
by the so-called I-function. Now having an explicit description of the Landau-
Ginzburg mirror model we use Givental’s theorem to establish an isomorphism
between the quantum D-module and QM - To construct the connection on the
B-side, which corresponds to the Givental connection on the A-side, we computed
the so-called Brieskorn lattice in QM 7 and adapted the method of Guest which
basically consists of finding a solution of the Birkhoff-problem for this lattice.
Here the logarithmic degeneration property turns out to be crucial. We extend
the Brieskorn lattice to the boundary divisor D and use the fact that the residue
connection has a regular singularity at the large radius limit. This gives a canonical
logarithmic extension at z = oo, which we are able to extend to the whole Kahler
moduli space. Applying the reconstruction theorem of Hertling and Manin, we
get a (logarithmic) Frobenius manifold.

Theorem 2. [9]

Logarithmic Frobenius manifold Logarithmic Frobenius manifold
from big quantum cohomology =~  from Landau-Ginzburg model
of Xx of Wxy,
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Landau-Ginzburg models for complete intersections
CHRISTIAN SEVENHECK
(joint work with Thomas Reichelt)

We report on ongoing work concerning the B-model for nef complete intersec-
tions in a smooth toric variety Xs. Such an intersection is given as the zero locus
of a generic section of a sum & = L1 @ ... ® L of s say, ample, line bundles
Li,...,Ls. We suppose also that —Kx,, — L1 — ... — L is numerically effective.
One can consider the so-called twisted Gromov-Witten invariants for these data,
that is, correlators

n

(@1, . Qe o8 o= /7 U evi(as) Ue(&),
[MU,TL,B(X)]uirt i1

where & is the bundle on My, 5(X) with fibre at [C, (z1,...,2,), f] being the
subspace of HO(C, f*€) of sections which vanishes at xj,. This gives rise to
the twisted Gromov-Witten quantum product. Notice that the bilinear pair-
ing used in the definition of this twisted quantum product defined by (a, ) :=
S v aUpBUe(E), hence, it is in general degenerate. One may consider the quo-
tient H*(Xyx, C)/(ker(e(€)-—)) on which this pairing is non-degenerate. Then the
twisted quantum product descends to the so-called reduced one. It is known (see
[CGO7]) that the reduced one is the quantum product on the ambient cohomology
of the subvariety defined by a generic section of £.

Classical constructions of Dubrovin and Givental associate a family of holomor-
phic vector bundles on P! to the quantum cohomology of a smooth projective vari-
ety, this is the so-called quantum D-module. A similar construction exists for the
twisted and reduced invariants, and a concrete description of these D-modules in
the toric case has recently been given in [MM11]. The aim of our work is to recon-
struct these differential systems from an appropriate Landau-Ginzburg model. For
this, we rely on our earlier paper [RS10] in which we describe the Gaufi-Manin sys-
tem of a generic family of Laurent polynomials by hypergeometric differential equa-
tions. For a complete intersection, the corresponding Laurent polynomials are con-
structed from an extended fan X', which is the fan of the total bundle of @;zlﬁgl.
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For the family of Laurent polynomials s/ : (C*)"t$ x C™*$ — C x C™*¢ ob-
tained we consider its so-called twisted de Rham cohomology, namely, the n+ s-th
cohomology H"**(¢) of the complex (923,[z], 2d — dpA), where Q2 is the rela-
tive de Rham complex QZC*)HSXcmﬂ/Cm“. We can relate this D-module to the
twisted quantum-D-module from [MM11], and the reduced quantum-D-module
from loc.cit. can also be described as a certain intersection complex. We can
conclude, using [Sab08], that it underlies a variation of non-commutative pure
polarized Hodge structures.
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F-manifolds and eventual identities
LiaNA DAvID
(joint work with Tan A. B. Strachan)

In [5] Dubrovin associated to a Frobenius manifold a new object, called an
almost Frobenius manifold, which shares most of the properties of a Frobenius
manifold. In particular, from a solution of the WDV V-equations one obtains a
new dual solution. More specifically, given a Frobenius manifold (M, o,e, g, E)
with multiplication o, unit field e, flat invariant metric g and Euler field E, one
may define a new multiplication and metric by

X+xY :=XoYoE™! g¢gX,Y):=g'(XoELY)

It is clear that * is commutative, associative, with unit field E and, as it turns
out, the metric g is flat. However, the flatness of the unit field is not preserved:
while e is flat on (M, g), F is not flat on (M, g), and, in general, various other
relations do not hold in the almost dual setting. The purpose of this talk is to
extend Dubrovin’s almost duality for Frobenius manifolds to the larger setting of
F-manifolds with eventual identities. An F-manifold [7] is a manifold M with a
multiplication o on T'M, which is commutative, associative, with unit field e, such
that the integrability condition

Lxoy(o)=XoLy(o)+Y oLx(o)

holds, for any vector fields X,Y € X (M). Any Frobenius manifold without metric
and Euler field is an F-manifold. A vector field £ on an F-manifold (M, o,e) is
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called an eventual identity [9] if it is invertible (i.e. there is a vector field £~! such
that £ 0 £7! = ¢) and the multiplication

(1) X*xY=XoYo&!
defines a new F-manifold structure on M. Our main result is the following.
Theorem 1. i) Let (M,o,e) be an F-manifold and &€ an invertible vector field.
Then & is an eventual identity if and only if
(2) Le(0)(X,Y)=[e,]0o X oY, VXY € X(M).
1) Suppose that (2) holds. Then e is an eventual identity on the F-manifold
(M, x,E), where x is related to o by (1), and the map
(M7 O’ e’ 6) 4) (M’ *7 67 5)

is an involution on the set of F-manifolds with eventual identities.

In the followings we develop applications of Theorem 1.

1) Connections. A connection V on an F-manifold (M, o,e) is called com-
patible, if

Vx()(Y,Z) = Vy(o)(X,2), VX,Y,Z € X(M).
The Levi-Civita connection of a Frobenius manifold is a compatible connection for
the underlying F-manifold. It turns out that the dual of an F-manifold with a
compatible, torsion-free, connection inherits, in a canonical way, a family of com-
patible, torsion-free connections [3]. If we restrict to connections which preserve
the unit fields, we can state [3]:
Proposition 2. The map
(M, 0,€,8,V) = (M, ,£,¢,9)

where x is related to o by (1) and V is related to V by

- - 1
Vx(Y)=EoVx(E oY) = Veioy(E)o X + 5[5*1,5] 0oXoY

is an involution on the set of F-manifolds with eventual identities and compatible,
torsion-free connections preserving the unit fields.

2) Metrics. Riemannian F-manifolds were used in [8] to interpret arguments
from the theory of integrable systems in a coordinate free way. A Riemannian F-
manifold is an F-manifold (M, o, e) together with an invariant metric g, such that
the following two conditions are satisfied: the coidentity g(e) € Q'(M), which is
the 1-form g-dual to unit field e, is closed; the curvature of g satisfies the relation:

(3) XoRy,(V)+ZoR%,(V)+YoRy (V)=0, VX,Y,Z,V e€X(M).
For example, (3) holds when § has constant sectional curvature.

Proposition 3. Let (M, o,e,E,§) be an F-manifold with an eventual identity £
and invariant metric g. Define

(4) g(X,Y):=§(X,£7 oY), VX,Y € X(M).
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Then (M, o,e,§) is a Riemannian F-manifold if and only if (M,*,E,g) is a Rie-
mannian F-manifold.

Using Proposition 3 we may construct non-flat invariant metrics on F-manifolds,
which satisfy condition (3). Indeed, if in Proposition 3 one takes g - flat, then g is
not flat in general and relation (3) holds with multiplication % and metric g.

3) Pairs of metrics. Compatible pairs of metrics were defined in [6] and
used to construct bi-hamiltonian structures of non-local type. The geometry of
compatible pairs of metrics was studied in [1], where it was shown that the main
features of the Dubrovin’s correspondendence [4] between Frobenius manifolds
and flat pencils of metrics (with some additional conditions), are encoded in the
compatibility, rather than the flatness property of the metrics. Let (g, §) be two
metrics on a manifold M and assume that, for any A, g} := ¢* + Ag" is non-
degenerate. (For a metric g on M, g* denotes the induced metric on T*M). We
denote by V, @, V> and RY, R9, R* the Levi-Civita connections and the curvatures
of g, 3, gx. The metrics (g, g) are called almost compatible [6] if

gx(Vxa,f) = g*(Vxa, ))+AT" (Vxa, B), Vo, € QY (M), VX eX(M), VA
If, moreover,
g;(RB\(,YO‘a ﬂ) - g*(Rg(,Yavﬂ)+>‘g*(R§(,Yavﬂ)v VOZ,ﬂ € Ql(M)a VXv Y e X(M)v

for any constant A, then (g, g) are called compatible. The following proposition
shows how eventual identities may be used to construct compatible pairs of metrics.

Proposition 4. Let (M,o,e,&,§) be an F-manifold with an eventual identity &
and invariant metric g. Define

g(X,Y):=g(X o0& 1Y), VX, Y € X(M).

Then (g,g) are almost compatible. If, moreover, the coidentity g(e) is closed, then
(g,9) are compatible.

4) tt*-geometry. We assume that the initial F-manifold (M, o, e) comes with
an invariant metric § and real structure k, such that B(X,Y) = g(X, l%Y) is
a pseudo-Hermitian metric. On (M, o, e, §, k) we impose various conditions from
tt*-geometry (e.g. (h, ) are compatible; or (T'M, C, h) is a harmonic Higgs bundle,
where C'x (Y) := X oY is the Higgs field; or (C, §, k) extends to a CV structure).
In [2] we found obstructions for these conditions to be preserved under the dual-
ity. In the restricted setting - semisimple initial multiplication and diagonal real
structure, all obstructions vanish.
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Conifold Period Expansions
Duco VAN STRATEN
(joint work with Slawek Cynk)

In the talk two different 1-parameter families of Calabi-Yau 3-folds with h'? =
1,h'' = 54 were described. Both arise as small resolutions of fibre products
of rational elliptic surfaces of the type described originally by C. Schoen. Their
Picard-Fuchs differential operators are determinded by calculating a conifold power
series expansion: the integral of the holomorphic 3-form over a 3-sphere that
vanishes at the point of expansion.

The operator of the first family has a point of maximal unipotent monodromy
(MUM-point) as is usually encountered in mirror symmetry, whereas the operator
of the second family has no such point. W. Zudilin remarked that such operators
should be considered as “orphans”, as “every Calabi-Yau equation needs a MUM”
in order to be listed in the Table of Calabi-Yau operators of [AESZ]. Examples
of such families without MUM-points were described earlier by J. Rohde [R] and
studied further by A. Garbagnati and B. van Geemen [GG]. But in our example
the Picard-Fuchs operator has the full Spy as differential Galois group. As such it
seems to be the first example and thereby answers a question posed by J. Rohde.

The two families in the talk are constructed as follows. A rational elliptic
surface with singular fibres Iy, I, I1, I, Is is the pull-back of a surfaces with fibres
Ii, I, IT* under a quadratic map of P!, which ramifies at the IT* fibre and a
variable point, which is the modulus of the surface. Two I; fibres are said to
be ’in involution’ if they are pull-pack of the same I-fibre. As a second rational
elliptic surface we take the Beauville surface with singular fibres I, I, I3, Is. We
use two using different “matchings” of the singular fibres of these surfaces. For
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both we match the Ig and Ig, but for the first family we match the Is and I3 fibre
with two I;-fibres ’in involution’, for the second with two I; fibres that are not
‘in involution’. A conifold degeneration occurs, when for a special choice of the
modulus the I;-fibre of the Beauville-surface collides with an I; fibre of the other
surface.

In general, we obtain a vanishing sphere S2 as "fibre product’ of Lefschetz thimbles
T'y and I'; in the two factors of fibre product, taken over a path v connecting nearby
critical points of the two fibrations. The conifold expansion then takes the form

@(x)/SSwAF(t,z)G(t,x)dt

where F' and G are the period integrals of the two factors. After a tedious compu-
tation the Picard-Fuchs operator for the second family is found to be the following

0%(0 — 1)(0 + 1) —7=20(0 + 1)(16876% — 11216 + 10)

+A22(0 + 1)(106450% — 407962 + 3040 + 570)
_xs (ﬂ + 11285569 _ 74886492 + 26%52 93 + 1654928 94)

45 1125 375
71,4 (422929552 4 111118225729 4 391520508 92 o 17??3;32 93 _ 20(155132212 94)
Jrl.s (14??3232 4 2027953129 + 1133578546492 _ 832:;(;08 93 _ 47134512494)
_xﬁ (2215184 + 973;)52649 + 1611316245992 92 + 15132725?32 93 _ 992326494)
Jr1,7 (14110265624 4 127131)4%9449 + 4261015275728 92 + 812465464 93 + 29%?3?56 94)
— 83336280 4 1)(2600% + 109262 + 16276 + 834) + 52288599 + 2)(0 4 1)(26 + 3)?

We thank M. Bogner for checking that the differential Galois group of above
operator is the full symplectic group Spy. It has the following Riemann scheme



1394 Oberwolfach Report 23/2012

1 5 9 5
R
0 0 12 0 0 0 1
1 o0 1 11 3

3 3
1 -1 2 3 11 3
2 1 3 4 2 2 2

One can see that the operator has 4 singular points of *conifold type’ (—1,0,9/8,5/4)
where the local monodromy is a symplectic reflection, one apparent singularity
(5/12) and two further singular points (1/8,00) with Jordan blocks of size two, so

there are no MUM-points.
We thank J. Hofmann for computing the following tuple of monodromy ma-
trices, which in an appropriate basis of H® with integral coefficients take the form:

14 0 —143 26 2 1 17 -1\ (1 0 0 o0
(8,2,5. 1,01~ =57 1407 14| -1 0 -7 1| o 10 0
1 0 -10 2 00 1 0 00 1 0

1 0 11 -1 0o 0 0 1 00 0 1

20 9 51 9 9 4 22 2 218 93 372 124
—42 19 -96 -18| | -16 -7 —44 —4||-469 —200 -804 —268

| o o -1 o | lo o 1 o 7 3 13 4
-7 -3 -23 —4 o o0 o0 1 49 —21 -84 27

We remark that our varieties are non-projective small resolutions of nodal
projective varieties. If we replace the Ig, I, 11,11, I; surface by the isogenous
Iy, Iy, 14, I, I surface (where the two I4-fibres are in involution), the families are
replaced by projective varieties with Hodge numbers A2 = 1, h1! = 33 for the
first, but non-projective varieties with h'? = 4, h'! = 30 for the second family.
There are other operators of this type arising from various fibre products of ratio-
nal elliptic surfaces and their systematic determination is part of work in progress
with S. Cynk.
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Critical Points of Master Functions and Integrable Hierarchies
ALEXANDER VARCHENKO
(joint work with Daniel Wright)

Generation of critical points. For functions f(z),g(z), denote W(f,g) =
f'(@)g(x) — f(x)g'(x) the Wronskian determinant. An N-tuple of polynomials
y = (y1(x),...,yn(x) is called generic if each polynomial has no multiple roots
and for any 7 the polynomials y; and y;4+1 have no common roots. Here yn11 = 1.

Consider C*, k = k; + --- + ky, with coordinates u collected into N groups,

the j-th group consists of k; variables, u = (uV), ..., u™), 4\ = (ugj), ... ,ul(cjj)).
The master function on CF is
N
D (u,z) = 2 Z Z 1og(u§j) - ug,j)) -
j=10<i<j<k;+1
— Z Zlog(ugj) — uE,JH)) — Zlog(uz(-N) - uz(,l))
j=1 i’ Wi/
Given u, introduce an N-tuple of polynomials in z, y = (y1(z),...,y~n(z)), ¥/ () =

k; j
[T (@ —u”).
Theorem 1 ([3]) A generic N-tuple y represents a critical point if and only if for
any j=1,...,N, there exists a polynomial §;(x) satisfying

W55, 95) = Yj—1Yj+1-
For j =1, this is W(§1,y1) = yny2 and for j = N, this is W(gn,yn) = YnN—-1Y1-

This equation is a first order inhomogeneous differential equation with respect to
g;. The solution is §; = y; [ %dz + cyj, where ¢ is an arbitrary number.
J

Theorem 2 ([3]) If a generic N-tuple y represents a critical point, then for al-
most all numbers ¢, the N-tuple (y1,...,7j,...,Yn) represents a critical point,
the exceptional numbers ¢ form a finite set. For exceptional ¢ the N -tuple is not
generic.

We get a one-parameter family of critical points parameterized by ¢ € P'. For
exactly one value ¢ € P!, the the degree of the polynomial §; drops. For that c
some roots of ; disappear at infinity. All critical points of this family but one are
critical points for the same master function, and the one with the smaller degree
of g; is a critical point of the master function with a smaller number of variables.

This theorem gives us a way to generate new critical points. Starting with a critical
point we can generate N one-parameter families of critical points. Then we may
apply the same procedure to each of the obtained critical points and so on.

Let us choose a starting critical point to be the critical point represented by the
tuple 4 = (1,...,1). Each of the polynomials of the tuple does not have roots.
The tuple 3 represents the critical point of the master function with no variables.
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Choose a sequence of integers J = (j1,-..,Jm), ja € {1,..., N}, and apply to the
tuple y? the sequence of generation procedures at the indices of J. As a result we
obtain an m-parameter family of N-tuples of polynomials

y (@, ¢) = (n1(2,0),...,yn(z,0)),
depending on m integration constants ¢ = (¢, ..., Cm)-

Example. Let N =3, J = (1,2,3,1,2,3,...). Then y? = (1,1,1) is transformed
2 2 N4

to (x+c1,1,1), then to (z+cq, %+C2, 1), then to (z+c1, (Z+261) +ca, ($+8°1) +

(x 4 ¢1)ea + ¢3), and so on. The triple (1,1,1) represents the critical point of the

master function with no variables. The triple (x+c¢1,1, 1) represents critical points
)
— 1.

of the master function of one variable, namely, the constant function @ : tgl

All points of the line are critical points. The triple (z+cy, @ +¢9, 1) represents

o . . _ () —t{)?
the critical points of the master function ¢ = log <(t§2);§1))(:é2)t(11)) .

Miura opers and mKdV hierarchy. An N x N Miura oper is a differential

0 0 ... 0 A
1 0 ... 0 O
operator of the form L = d% + A+ V, where A = 0 b 00
o o ... 1 0

and V = diag(f1(z),..., fn(z)) is a diagonal matrix, A is a parameter of the
differential operator.

Drinfeld and Sokolov [2] considered the space of Miura opers and defined on it an
infinite sequence of commuting flows J;,,7 = 1,2,... called the mKdV hierarchy
of sly-type.

Lemma ([2]). Let L = &L + A+ V be a Miura oper. Then there exists T =
1+>7, T; A, where Ty are diagonal matrices depending on x, such that T~ LT
has the form % +A+Y b; A%, with b; being scalar functions of x.
Let L be a Miura oper and r € N. The differential equation
oL
ot,
is called the r-th mKdV equation. Notation (TATT_l)Jr has the following mean-
ing. Given M = Ziez d;A* with diagonal matrices d;, we set M+ = > d;\".

(L, (TA'T™Y) 7]

i>—1
This equation defines vector fields 0;., r = 1,2,... on the space of Miura opers,
the vector fields commute [2].

Main result. To every N-tuple y of polynomials assign the Miura opera L with

V = diag (log/ (ﬂ) ,log’ (9—2) ..., log’ ( N )) .
YN Y1 YN-1
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For any sequence J = (j1, .. ., jm), consider the corresponding m-parameter family
of critical points of the master functions, represented by the family of N-tuples of
polynomials y”/ (x,c). Let L7 (c) be the corresponding family of Miura opers.

Theorem ([4]) This family L’ (c) of Miura opers is invariant under every flow of
the mKdV hierary and is point-wise fized by every flow Oy, with i > 2m.

Our starting point was the famous paper by Adler-Moser [1] (1978) where this
theorem was proved for N = 2.

Identities for Schur functions. We know two proofs of the theorem. The first
is straightforward: for any flow of the hierarchy we can deform the constants of
integration of the generation procedure to move the oper in the direction of the
flow. The second proof uses tau-functions and, in particular, Schur functions. Due
to lack of space I will formulate only examples of identities for Schur functions
that we have obtained. Schur functions Sy(t1,t) are labeled by partitions A\ =

(Mo, A1,...) and are functions of t; and ¢t = (t2,t3,...). Define functions h;(t1,t),
i=0,1,....by |
exp (=D 52, tj2)) = Y2 hiz', and set Sy = det (hx,—it;)-

A. Certain 4-tuples of Schur functions satisfy the Wronskian identity
Wi, (Says Sxg) = Sas S, -
For example, W, (S(2,1), S(0)) = S1)Sy or Wi, (S(4,2,1), S(2,2,1)) = S(3.2,2,1)5(2,1)-
B. For any N, certain N-tuples of Schur functions
y(t1,t) = (Sx, (t1,t), ..., Sapn (t1,1))

are such that for almost all t, the tuple y(x,t) represents a critical point of the
master function.

For example for N = 3 the triple (S(1,1y, S(2,1,1), S(1)) is such a triple.

Conclusion. We have observed that the critical points of simplest master func-
tions (which are objects of the CFT and Gaudin model theory) are related to
the simplest integrable hierarchies. The question is how far can this relation be
extended.
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Distinguished bases and marked singularities
CLAUS HERTLING

The set B of all distinguished bases (of the Milnor lattice H, (f~1(r),Z) = Z*
with 7 > 0) of an isolated hypersurface singularity f : (C"*1,0) — (C,0) is
obtained by choosing one fixed generic deformation F; : X — A of f (so it
has p Ajp-singularities with p different critical values) and choosing all possi-
ble distinguished systems of paths (each path from a critical value to the reg-
ular value r > 0, r € JA). Pushing vanishing cycles along these paths to
H,(F7'(r),Z) = H,(f '(r),Z) gives one distinguished basis. It is unique up
to the signs of the vanishing cycles. See [AGV88] or [Eb01] for all these notions
and facts.

Looijenga [Lo73] and Deligne [De74] considered in 1973/74 the ADE-singularities
and changed there the point of view. They fixed one tuple u = (uy,...,u,) of p
different critical values and one distinguished system of paths, but they considered
all parameters

t € M = CH =2 (base space of the universal unfolding of an ADE-singularity)
with
(critical values of F}) = u.
Using the Lyashko-Looijenga map
LL:M — C*/S,, t~ (critical values of F; mod S,),
these are the parameters in the set LL~!(u). They showed that the map
LL *(u) — B/(signs)

is a bijection. My slogan of this result is that the base space of the universal
unfolding is an atlas of distinguished bases (up to signs) for the ADE-singularities.

Here the surjectivity follows from the fact that here LL is a branched covering.
Their proof of the injectivity reduces then to showing that

|LL™ (u)| = |B/(signs)|.
The number |LL~!(u)| is the degree of the Lyashko-Looijenga map and is de-
termined easily in the case of the ADE-singularities. The number |B/(signs)| is
determined by a careful analysis of the set B, which is an orbit of the braid group
Bry,.
I have a more conceptual proof using that

Aut(M as an F-manifold with Euler field)

(1) = Aut(Milnor lattice with Seifert form)/{+id}

which follows from considerations of mine on symmetries of singularities in [He02].

C. Roucairol and I showed in 2007 the same result (= the slogan) for the simple
elliptic singularities. But here the base space M is the universal cover of the global
base space M7%W = CH~1 x (C — {0;1}) of a global unfolding of Jaworski [Ja86]
for all simple elliptic singularities in one p-constant family. Again (1) holds. We
also use and improve the results of Jaworski [Ja86] on the Lyashko-Looijenga map
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for this global unfolding. Especially we determine the (generic) degree of LL on
M7 by constructing a partial compactification of M7/*% to an orbibundle with
generic fibers C#~! and base P! such that LL is well defined and finite outside of
the zero section. This work is not yet published.

I have 2 steps towards the same goal for all hypersurface singularities.

(1) [Hel2] A construction of a moduli space of all marked singularities in one
p-homotopy class. It is locally isomorphic to a p-constant stratum.

(2) (Work in progress) A thickening of this moduli space to a y-dimensional
F-manifold which is locally isomorphic to the base space of a universal
unfolding of a singularity and such that (1) holds. In the case of the
simple elliptic singularities this is the universal covering of M““. T hope
that it is the right space in general.

Though the properties of LL and the question whether LL~!(u) — B/(signs)
is bijective are wide open.
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Geometric structures obtained from almost Frobenius structures
EDUARD LOOIJENGA
(joint work with Gert Heckman, Wim Couwenberg, Dali Shen)

Let R be a root system (assumed to be irreducible, reduced). We let G be a
commutative algebraic group scheme of relative dimension one with base field C.
More specifically, G will be the additive group C, the multiplicative group C* or
a non-isotrivial family of elliptic curves £¢/S over a connected smooth complex
curve S. Note that Aut(G) is C* for G = C, but equal to {£1} in the other two
cases.

Let Q(R) stand for the the root lattice of R and denote by Hom(Q(R), G)° the
group of homomorphisms which have no root in their kernel (in the case of ££/S
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we let this be the geometric realization of Home (Os ® Q(R),£¢/S)° so that we
get a family over S). For a subgroup A C Aut(R), we put

SA(R,G) := Aut(G)\ Hom(Q(R),G)° /A,

but omit A from the notation in case A = Aut(R). For example, for R = A, and
A C G141 C Aut(Ay), SA(Ar, C) can be identified with the quotient of the moduli
space Mo r42 under A by letting A act as permuting the first r + 1 points.

It has turned out that for many choices of R,A and G, SA(R,G) has a mod-
ular interpretation via a period map and that Sa(R,G) thus acquires a Kéahler
metric with constant holomorphic curvuture (making it locally isometric to com-
plex projective space with the Fubini-Study metric, a flat space, or to a complex
ball with its complex-hyperbolic metric). For instance, the Deligne-Mostow ball
quotients are all obtained for some R = A, and A as above. Another class of ex-
amples is furnished by the moduli space consisting of pairs (C, 1), where C is a
smooth quartic curve and 1 a line meeting C with prescribed multiplicities is of
this type. For example, for the case when | is a double tangent of C resp. a flex
line, we get S(E7, C) resp. S(Eg, C*) and either orbifold gets via this interpretation
a complex-hyperbolic metric. Our goal is to produce such metrics in a universal
manner.

The general scheme by which this is accomplished is as follows. Let U — M
be a principal C*-bundle over a connected complex manifold of dimension n. An
affine structure on U amounts to giving a flat torsion free connection V on its
holomorphic (co)tangent bundle (the subsheaf of Oy of affine-linear functions is
then the set of f € Oy with V(df) =0). We assume this affine structure to be
homogeneous of a fixed degree A € C in the sense that if E is the infinitesimal
generator of the C*-action (its Euler vector field), and f € Oy is affine-linear,
then E(f) — Af is constant. In case A # 0, the f for which this constant is zero,
then even define a linear structure on U, but when A = 0, then the C*-action is
in local coordinates like a translation (the affine structure on an C*-orbit is then
that of C/Z). This induces on M a projective resp. affine structure. Suppose that
on the tangent bundle of U we are further given a flat Hermitian form H such that
H is positive definite on the normal bundle, in the sense that we are in one of the
following three cases:

elliptic: H is positive definite , A € R — {0} and M inherits a Fubini-Study
metric,

parabolic: H is positive semidefinite with kernel spanned by E, A = 0 and
M inherits a flat metric,

hyperbolic: H has hyperbolic signature, H(E,E) < 0, A € R — {0} and M
inherits a complex hyperbolic metric.

So M is then modelled after the hermitian symmetric space (D, G) = (P™,PU(n)),
(C™, U(n) x C"), (B, PU(n, 1)) respectively and we have a developing map M — D,
where M — M is the holonomy cover of M. If T' denotes the covering group, then
this defines a homomorphism I' — G such that the developing map is '-equivariant.

We say that the Schwarz condition is fulfilled if T is discrete in G and that it is
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strictly so if the developing map is an embedding so that M may be identified with
an open subset of M\D.

We encounter this situation in the setting of an almost Frobenius structure:
then V° = V moves in a family of affine structures on U: V* = V° 4+ kA, where
A is a End(Qy)-valued differential of the above type (and with A = A\(k) depending
affine-linearly on ) and we are given H = H° such that we are in the nonhyperbolic
case. In the cases of interest we can show that H° then deforms with V* to a family
(V*,H") over an interval [0, ;) such that for some 0 < ko < k1, H* is elliptic,
parabolic resp. elliptic according to whether k < ko, K = Ko or K > ko. We also
find values for k for which the (strict) Schwarz condition is fulfilled.

We carried this program out in detail for U = Hom(Q(R),C)° (with the C*-
action given by scalar multiplication) in [2], although at the time we were not aware
of the almost Frobenius setting (which was later observed by Feigin and Veselov
[4]). The case of the trivial bundle U = C* x Hom(Q(R),C*)° — Hom(Q(R),C*)°
is outlined in [3] and [5] and as Bryan and Gholampour have shown, appears also in
Gromov-Witten theory. The case where U is C*-bundle over Hom(Q(R), £¢/S)°,
but that case has yet to treated.
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