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Introduction

Many physical processes may be modelled mathematically using a differential equation.
For example, Newton’s second law tells us that the position of a point-like particle in a
gravitational field is governed by a second order ordinary differential equation. Many
years later Hamilton gave a more geometric understanding of Newton’s equations of
classical mechanics by looking at solution curves in the position-momentum space. This
in turn led to the discovery of symplectic geometry. The beautiful theorem of Liouville
then gives the dictionary to translate the solvability of Hamilton’s equations into mathe-
matics: the existence of a maximal set of Poisson commuting invariants.

Differential equations come in many flavours - linear and nonlinear, ordinary and par-
tial, evolutionary and otherwise. The above example is an archetype of an integrable
differential equation: one’s initial motivation may come from physics, but with under-
standing of its solutions comes a flurry of pure mathematics.

Central to this thesis are the Witten-Dijkgraaf-Verlinde-Verlinde (WDVV) equations,
which are a system of over-determined partial differential equations that were found in
the study of topological field theory in the early ‘90’s [13] [67]. They are named after
Edward Witten, Robbert Dijkgraaf, Erik Verlinde, and Herman Verlinde who are pioneers
in this area. Roughly, they describe the conditions for the third derivatives

. OF(Y)
Capy(t) = Oty Otgt,

of some function F(t) to define the structure functions of an algebra that is commutative,
associative, and unital.

The WDVV equations are an integrable system: they admit a zero-curvature repre-
sentation via the deformed Euclidean, or Dubrovin connection. Perhaps one of the most
spectacular classes of solutions from a mathematical perspective are generating func-
tions of genus zero Gromov-Witten invariants of a symplectic manifold. That these gen-
erating functions should satisfy WDVV follows from the geometry of the moduli spaces of
stable maps from the Riemann sphere with some marked points into our symplectic man-
ifold. The structure functions of the algebra then define a deformation of the cohomology
ring of the symplectic manifold, known as the quantum cohomology ring. For example,
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consider complex projective space of dimension two, whose small quantum cohomology
ring is isomorphic to C[x]/(x* —e 2 = 0). The corresponding solution to WDVV (a formal

power series) is

1 1 Ngt3d-1
F (t1,to,t3) = Etfte, + Et1t§ + ; ﬁézd,
>1 )

where the coefficients satisfy the recursion relation

a?b(3b—1)(2a—b)
Ng = (3n—4)! an:d (3a—1)!(30—1)!

NaNb.

Thus by just knowing N; = 1, N, = 1, one can determine Nq, for all d > 0. The first few are
1, 1, 12, 620 87304 26312976

The numbers Ny have the interpretation of being the number of rational curves of degree
d passing through 3d — 1 points in P2.

As mentioned above, the WDVV equations first appeared in topological field theory,
which is one model that can facilitate the marriage between quantum field theory and
gravity. Another approach is via a so-called matrix model. In the latter approach, it turns
out that the partition function of the theory is a tau-function of the Korteweg-de Vries
(KdV) equation,

Ut = BUUy + Uyxx,

which is another example of an integrable non-linear differential equation. Given that
any correct theory of quantum gravity must be unique, Witten was lead to conjecture
[67] that the generating function of the Gromov-Witten invariants (in this case of a point)
must also be a tau function for the KdV hierarchy. This was later proved by Kontsevich
[38], leading to him being awarded the Fields Medal in 1998. In fact, this tau-function
has a power series expansion, with the zeroth order term (the generating function of the
genus zero invariants) satisfying the WDVV equations. This zeroth order term is also a
tau function of the dispersionless KdV equation.

The notion of a Frobenius manifold was introduced by Dubrovin [17] in order to pro-
vide a geometric understanding of the solutions to the WDVV equations. Further, the
principal hierarchy of a Frobenius manifold shows how to construct an integrable hier-
archy of partial differential equations of hydrodynamic type (like the dispersionless limit
of the KdV equation) from a solution to the WDVV equations. This is done by constructing
a pair of compatible Poisson brackets, and an infinite number of conserved quantities on
the loop space of the Frobenius manifold. This hierarchy is integrable in the sense that
this infinite family of conserved quantities is in involution with respect to both Poisson
brackets.
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This thesis studies how a symmetry defined on the solution space to the WDVV equa-
tions, called the inversion symmetry, singles out a special class of solution: those that
lie at its fixed points. We will learn how demanding invariance of the solution under this
symmetry forces it to take on a very rich form: that of a quasi-modular function. We will
also study how the corresponding principal hierarchies inherit this symmetry from the
solution to the WDVV equations.

More specifically, Chapter 1 is introductory material on the theory of Frobenius man-
ifolds. We provide motivation, basic examples and tools that will be useful to us later.
As such it contains no original material. The references [1] (16| [17, (18] (19} [35| [37] were
extremely useful in the preparation of this chapter.

Chapter 2 is based on [45], which was written in collaboration with Professor Ian
Strachan. It appeared in Physica D: Nonlinear Phenomena. We study those solutions to
WDVV that lie at the fixed points the inversion symmetry. By studying the transformation
and homogeneity properties that such solutions must have, we set out a program for clas-
sification, with complete results presented for dimensions three and four, together with
partial results for dimension five. We show how various examples that have appeared
in the literature fit into our framework. Any material here that is not original is clearly
referenced.

Chapter 3 is background material on integrable systems. It begins with a little history
of the KdV equation, and explores some of the key properties that make it interesting
[15, [3]. We move on to the construction of Poisson brackets on loop spaces [48| 24],
and more specifically Poisson brackets of hydrodynamic type. We then sketch Dubrovin’s
construction [16] of the principal hierarchy from the geometry of the Frobenius manifold.

Chapter 4 is based on [44], a joint work with Professor Ian Strachan which appeared
in International Mathematics Research Notices. We study how the inversion symmetry
defined on the solution space to the WDVV equations lifts to the principal hierarchy. It
turns out that the action is an example of a so-called reciprocal transformation, intro-
duced by Rogers [52]]. These results were obtained independently in [41], and more
recently in [26[]. There is also some background material which has been tailored from
Dubrovin’s work [20] on so-called almost dual solutions to WDVV. We give a definition of
the inversion symmetry for these solutions and study how the inversion symmetry acts
on the associated hydrodynamic systems.

Chapter 5 is a very natural continuation of the results obtained in Chapter 4. Moti-
vated by the Witten-Kontsevich theorem, Dubrovin & Zhang [23]] showed how the inclu-
sion of the elliptic Gromov-Witten invariants into the tau-function perturbs the equations
of the hierarchy. The results of Chapter 5 show how to extend the symmetry found at the
level of the hydrodynamic equations to these first order, (or genus one), deformations.
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Frobenius Manifolds
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1.1 Frobenius Algebras

Frobenius algebras are particularly rich mathematical structures that arise in different
areas of mathematics, as well as computer science. This is primarily because, as we will
see, they encode topological information, though they are classically elegant algebraic
structures in their own right. They are named after the German mathematician Ferdi-
nand Georg Frobenius. There are several definitions, but the one best suited to our needs
is:

Definition 1. The triple (A,o,n) is a Frobenius algebra if:

1. (A o) is a commutative associative algebra over C with unity €;
2. n:A®A— C is a non-degenerate bilinear pairing;

3. The pairing n and multiplication o satisfy the following Frobenius condition

N(XoY,Z)=n(X,YoZ), X)Y,ZEA

The bilinear pairing 1 is often called the ‘Frobenius form’.
Frobenius algebras arise in a purely abstract algebraic manner:

Example 1. Let A be the space of h x n matrices over C, with respect to the usual mul-
tiplication of matrices. Define n(x,y) = tr(xy), for x,y € A. Because tr is a linear map, it
follows that n is bilinear. To prove that n is non-degenerate, let & be the matrix with 1
in the (i, j)"-entry, and zero everywhere else. Then 1(x,y) = 0, Vx implies, in particular,
that

O:tr(ajy):yji, for 1<i,j<n.

That is y=0. The compatibility between the multiplication and the Frobenius form fol-
lows from associativity of matrix multiplication.
They are important in singularity theory:

Example 2. Let p: C" — C be a polynomial with an isolated singularity at z= 0. This

means that
dp(z = 0 forz=0,
dp(z) # 0 forz+# 0 sufficiently small.
Let
__C}¢
(dp=0)’

The algebra A is known as the Jacobi ring, or local algebra of the singularity [4]. We
define, for f,ge A,

f
r’(f,g) = —Resz:m (m) dZ

021 02, *"" 0z,
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For example, for n=1, taking
p=Ztt

we have

n(f,g) Coefficient of 2! in the product fg).

R
They are integral to cohomological field theories, such as string theories:

Example 3. Let .# be a smooth, orientable manifold of dimension 2n. Take as A the
evenly graded cohomology of .# (the wedge product is commutative over even cohomol-
ogy classes). For a,3 € H¥(.#), define

n(a,ﬁ>=[%aAB,

that is the intersection form on o and 3. The Frobenius property follows from associativ-
ity of the wedge product,

n@opy = [ @rpiry=[ an@ry=na.poy)

while Poincaré duality ensures 1 is non-degenerate. Particularly, let .# = P9, complex
projective space of complex dimension d. The even cohomology He"(IP’d) is spanned by
{1,w,w?.., 0%}, where w is the standard Kahler form on PY normalised by

/ wl=1.
pd

On this basis, the bilinear form reads
n(w,w) =3

The next example explores one of the reasons that interest in Frobenius algebras has
intensified in recent years, and is closer to Dubrovin’s original motivation. In his 1988
work ‘Topological quantum field theories’, Atiyah [1]] presented an axiomatic approach
to topological field theories. It was later proved by Dijkgraaf [12] that when these topo-
logical field theories are two dimensional (these are more commonly called topological
string theories), they are equivalent to Frobenius algebras.

Some notational points: Let 2Cob denote the category whose objects are oriented,
closed 1-manifolds, and whose morphisms are given by oriented cobordisms. For exam-
ple, a morphism between S' and the disjoint union of two copies of St might look like
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The orientation on the cobordism is important: if the orientation of a boundary S is
anti-clockwise, we put it on the left of the picture, or as an ‘input’. If the orientation is
clockwise, we put it on the right as an ‘output’. So, for example,

Isomorphism classes will therefore consist of homeomorphic surfaces with the same num-
ber of input and output copies of S.

Let Vectc denote the category of complex, finite dimensional vector spaces. So the
objects are vector spaces, and the morphisms are C-linear maps.

We will give the definition of a two-dimensional topological field theory due to Atiyah
[1], although the way in which we explore the axioms here is closer to the approach given
by Hitchin in a series of lectures given on Frobenius manifolds [35].

Definition 2. A two-dimensional topological field theory (2dTQFT) is a functor Z : 2Cob —
Vecte, which assigns to each oriented 1-manifold > a complex finite dimensional vector
space Z(%), and to each oriented 2-manifold .# with ¥ = 0.4 a vector Z(./#) € Z(%),
subject to the following conditions:

1. Z(X7) =Z(X)*, where X~ denotes the manifold ¥ with the opposite orientation,
2. Z(31UX)) =Z(31) ®Z(2)),
3. ifdH1=21U23,, and 04> =3,UZ3, then Z(%l Us, .///2) S Hom(Zl,Zg),

4. if 041 = 0.4>,UXUX", and .#1 and .#> coincide outside a ball, then 1. and 2. imply
Z( M) = Z(AM>) R Z(X) @ Z(X)*. We identify the gluing of .#1 and .#> along X with
the natural pairing Z(X) ® Z(X)* — C in the tensor product.

5. 2(0) =C,
6. Z(= x 1) =id € Hom(Z(%),Z(%)).

The definition of Z(.#') may appear at first sight vexatious: in order for Z to be a functor,
Z(.#') must be a linear map. Note that because of the dual pairing of vector spaces it is
enough to define Z(.#) where .# has an empty boundary on the left or right, d.# = 0UX.
In this case, it follows from axioms 2. and 5. that Z(.#) : C — Z(Z) and is hence associated
with a single vector.

Axioms 1. and 2. say that if 0.# =23 UZ,, then Z(.#) € Hom(Z(X;),Z(%3)). Therefore a
cobordism defines a linear map Z(.#) : Z(¥;) — Z(%3). Composing two such cobordisms
gives axiom 3. Functoriality, together with axiom 6. imply homotopy invariance.
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Let A=Z(S"), and {@...@n} be a basis of A. We will endow A with the structure of
a Frobenius algebra as follows. Because S is the unique closed connected 1-manifold,
the image of any surface is an element of A® ... ® AQ A" ®...® A". The components of the

k S
images of the surfaces define the genus-g correlation functions of the field theory,

Ok+1 Okrj\ - d1.-.0k
<%17"'7%k7(p * 7"'7(p +J>g-—vgk+l...ak+j,g-

For example,

. Z Zil\,lj,kzlvijk,lfn(g)wj®(pk€A®A*®A*-

Let us define some genus zero correlation functions by the surfaces

S

So,CEA"QRA"®A n € A*®A", and e< A (note that strictly speaking we mean the images
of these surfaces under Z, but we write it like this for notational convenience). We are

now ready to state the main

Theorem 1. [12] The tensors ¢ and N define on A the structure of a Frobenius algebra

- @

then < Qy...Qny >g=N( P, 0...0 @y , Ho...oH ), where on the right hand side o denotes
9

with unity e. Further, if

multiplication in the Frobenius algebra.

Proof. The first step will be to confirm that the images of the surfaces defined above

satisfy the axioms of a Frobenius algebra. Commutativity of multiplication follows from

(0] @;
Ao = = =@ioq
@; (0]

since there clearly exists a homeomorphism that interchanges the two input S'’s while

fixing the output. Associativity follows from

S
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The surface e indeed provides the unity:

-

To see that the metric is non-degenerate, consider the surface 1] : C — A* @ A*:

x€

Ct=

So fj = n~. The second part of the theorem follows from the diagram

Then Z(AUg n) =id : A— A:

NN
\ ’0>

which demonstrates the relation < @y, @, >2= N( ¢, © @h,,H?) a

In fact it can be proved [37] that the surfaces e c, and n are sufficient to generate any
morphism of 2Cob. This means that the category of commutative Frobenius algebras is
equivalent to the category of 2dTQFTs.

Now that we have defined a Frobenius algebra, and provided some motivation as to
why they are interesting objects, let us turn our attention to the definition of a Frobenius
manifold. Roughly speaking, a Frobenius manifold is a manifold for which each tangent
space carries the structure of a Frobenius algebra. The structure of these algebras
should vary smoothly as one moves between points in the underlying manifold. From the
point of view of 2dTQFTs, they parameterise certain canonical families of theories.
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1.2 Frobenius Manifolds

Frobenius manifolds were introduced by Boris Dubrovin (see, for example [[16, [17]) as
a geometric interpretation of the solutions to the following nonlinear systems of partial
differential equations

3 3 3
0°F 0°F au O°F (1.2.1)

OUHot0r  atdotPatt | thataaty

9%

Au
otaotBatr |

for some function quasihomogeneous function F(t). These equations are known as the
WDVV equations after Edward Witten, Robbert Dijkgraaf, Erik Verlinde, and Herman
Verlinde who are pioneers in the area of topological field theory, where the system (1.2.7)
was first discovered. The indices here take values in {1,...,N}. When using Greek indices,
use of the Einstein summation convention will be assumed unless otherwise stated. The
array n% is defined by nP Ngx = 8¢ where

9°F

Nap = Siimragip (1.2.2)

is constant and non-degenerate. Demanding F be quasihomogenous means that there
exists scalars dj, ...,dn,dr such that

FASE ANy = A% tN), VA eR. (1.2.3)

Note that if all the d; are equal, this property restricts to homogeneity. Observe also that
solutions of the system (1.2.1) are only defined up to the addition of a quadratic. The
homogeneity property, together with this quadratic ambiguity may be re-cast as

ZF =E(F) =deF modulo quadratic terms.

by introducing an Euler field,
E: (data+ra)aa.
2

The rich geometric object underlying this ansatz for the WDVV equations is known as a
Frobenius manfiold.

Definition 3. Let .# be a smooth manifold. .# is called a Frobenius manifold if each tan-
gent space Ty.# is equipped with the structure of a Frobenius algebra varying smoothly
witht € .#, and further

1. The invariant inner product n defines a flat metric on .# .

2. The unity vector field is covariantly constant with respect to the Levi-Civita connec-
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tion for n,
Oe=0. (1.2.4)
3. Let
c(X,Y,Z):=n(XoVY,Z), XY, ZeT. (1.2.5)
Then the (0,4) tensor Owc(X,Y,Z) is totally symmetric.
4. There exists a vector field E e I (T.#,.#') such that OUJE = 0 and
Zen=02-d)n, Lgo=o, ZLre=-e (1.2.6)

E is called the Euler vector field.

Let us recover the ansatz outlined above for the WDVV equations from the definition
of a Frobenius manifold. Condition 1 implies there exists a choice of coordinates (t*, ...,tN)
such that the Gram matrix fyp = (0q,dp) is constant. Furthermore, this may be done in
such a way that e= 0;. In such a coordinate system, partial and covariant derivatives
coincide, and condition 3 becomes

Capy,x = Capr,y-

Successive applications of the Poincaré lemma then implies local existence of a function
F(t) called the free energy of the Frobenius manifold such that

d3F (t)
CaBy = ——F-—- 1.2.7
WBY T tagth gty (127
Since N(X,Y) =n(eoX,Y) =c(eX,Y), we have
Nag = Ciap- (1.2.8)

Defining (Ngp) * = n°B, the components of o are given by ng = N9®cepy. Associativity of
o is then equivalent to the system (1.2.1). Turning our attention to axiom 4.,

O0E =0= E = (q§tP +r9)dq,
for some constants qg, r?. Note that

Zen = (2—-d)n

Seo—o } = Zgc=(3—d)c.
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In the flat coordinate system,
So

Zec=(3—d)c= 9qdpdy(E(F) — (3—d)F) = 0= E(F) = (3—d)F + Aypt°tP + B4t? +C.
(1.2.9)
If Q= (qg) is diagonalisable, there exists another system of flat coordinates (recall that
flat coordinates are only defined up to a linear transformation) such that

z

E: (data+ra)da
a=1

where {d;...dy} = spec(Q). The relation Zge= —e=-qf = &/, so any such linear change
of the coordinates preserves e = 0;. By shifting t¥ —t?% —r?, for those o such that dy #0,
we obtain "
E= Z dat¥0y + r9oy, (1.2.10)
a=1 a:dg—o

which is the homogeneity condition (1.2.3) in terms of the Euler field. We will restrict to
the case where the matrix Q is diagonalisable over T.Z ~ KerQ.

Let us present a technical lemma that will allow us to obtain some more explicit
formulas.

Note that because .4e = —€, we have

J 0 J 0 J 0
“ZEn <ﬁvﬁ> = (Z&n) ﬁ,ﬁ>+2n (gEﬁ7ﬁ>

because .Zgn =(2— d)r]H. By definition the function ni; is constant in the flat coordinates,
and so either n1; =0, ord =0.

Lemma 1. [16] If n11 =0 and Q is diagonalisable, then by a (possibly complex) linear
change of coordinates t%, we can reduce the Gram matrix Ngg to anti-diagonal form:

Nag = Ou+BN+1-

THere d is a constant, and dr(d;,d;) means the multiplication of the scalar 1(dy,d;) by this constant, not
its exterior derivative.
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In these coordinates the prepotential takes the form

1 1,
F=_tH2tN)+ 2ttt § t9%N-0H 14 £t ty). 1.2.11
2( ) ( )+2 CZZ + f(t2,....tn) ( )
Furthermore, the sum

does not depend on a.

Proof. To begin with, we claim that if 1(d;,d1) = 0, then we can define tN in such a
way that n(di1,0n) = 1 and retain that dy is still an eigenvector of Q: Because 1 is non-
degenerate, IV € ['(T.#,.#) such that n(p1,V) # 0. Because Q is diagonalisable,

S v
V-3 va.

where each & is an eigenvector for Q. But one can always multiply such eigenvectors
by a complex scalar and obtain another eigenvector for the same eigenvalue. Thus by
choosing appropriate scalar multiples of the ¢ we obtain that V is an eigenvector for Q.
We call it d,. On the orthogonal complement of ¢; and d, we can reduce the metric to
anti-diagonal form by performing a C—linear change of bases, again using this freedom
to re-scale the eigenvectors. The formula (1.2.11) follows from (1.2.2).

The invariance of the sum is equation .4gn = (2—d)n in this newly normalised
basis of flat coordinates. O

Example 4. Suppose N = 2. Then associativity is satisfied trivially because the algebras
are unital. If n11 = 0 and d # 1, then the prepotential and Euler field can take the form
7} 7}

1
F(ty,th) = =t2t, + f(t E=t )
(17 2) 212+ (2)7 1 (3t2

for some function f(t2). In examples, when the index of a coordinate field takes a specific
value (like 1 or 2 here), we will identify raised and lowered indices, so t; = th t, =t2. If
the index is not specified, the coordinate field with lowered index is achieved using the
isomorphism generated by n. For example, ty = Ngcté.
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According to equation (1.2.9), this function must satisfy the homogeneity condition

E(F) = (3—d)F modulo quadratic terms
= (d=1Df'(t;) = (3—d)f(t))+at?+Ptr+y
3—-d N 5.
tof'(t) - T—flt) = 0t5 + Bto+

[N
o

. 6 BV \g. _3-d
:>t2kf(t2) = /(H(—_l—l-g-i-tlz(ﬁ) dty; k= .
2

Integrating this equation, one finds that

1 3—d
F(t,t) = Etft2+t‘2<, k= g’ ford #+ —1,1,3, (1.2.13)
1
Ft,t) = Etft2+t§ logt,, ford=—1, (1.2.14)
1
Ft,ty) = Etftz— logt,, ford=3. (1.2.15)
If N11=0and d =1, the Euler field takes the form
d d
E=tj— +r—
1o, o
forr constant. Homogeneity implies
rf'(tp) = 2f,
which can be integrated to yield
1o 2t
Fty,t) = Stit+et?, for d=1r#0, (1.2.16)
1
F(t;,t) = =tét,, for d=1,r=0. (1.2.17)

2

If n11 # 0, (as we saw above, this can only happen if d = 0) then we can take

15 1 0 0
F=284+2t0+f(t?); E=ty—— +tr—.
61+62+ ( ); 1at1+20t2

Homogeneity gives that f is homogeneous of degree three up to a quadratic, and so

1 1
F(ty,t2) = 6tf+ 6t§+ r(t?)> ford=0andr constant. (1.2.18)

This list (1.2.13) - (1.2.18) comprises a list of all two-dimensional semi-simple Frobe-
nius manifolds. All the two dimensional Frobenius manifolds are linked, in a way that will
be made precise, to the bi-Hamiltonian structures of certain hydrodynamic type partial
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differential equations. In particular, we will see that the manifolds and
describe the dispersionless limits of the bi-Hamiltonian structures of the Benney and Dym
hierarchies. It may be shown [16]] that the the solutions and correspond
to the dispersionless limits of the Toda and KdV hierarchies respectively.

When the dimension of the manifold is greater than two, one encounters more inter-

esting nonlinear equations, but the problem of classification is much harder.

Example 5. Suppose N = 3 and let the Euler vector field and prepotential take the form

0 1.0
E_y 9 120
Yoa T2t e

F(tht?3) = }(t1)2t3+ }tl(tz)z - @y(t?’) (1.2.19)
o 2 2 16 ) o
The WDVV equations are equivalent to the nonlinear differential equation (known as the

Chazy equation)

y" =6yy' —9(Y)? (1.2.20)

for the function y(t3) (here’ denotes differentiation with respect to the variable t3). It is
interesting that this differential equation has an SL(2,C) invariance, mapping solutions
to solutions,

R at®+b

~P= g y(t3) — (%) = (P +d)?y(t]) + 2c(ct®+d), ad—bc=1. (1.2.21)

The metric in flat coordinates reads

dldaaﬁF =Cigp = Nap =

= O O
o +— O
o O -

and the other non-zero elements of the multiplication are

Cooo = —Sy(t3)t2, Cooz= —3(2)2y/(t3),

(1.2.22)
Cosz= —3(t2)3Y'(t3), cCazz= —%(t2)%y"(t3).

The hydrodynamic type system associated to this solution to WDVV is new. We will
see later on that it inherits the modular symmetry present in the solution y to the Chazy
equation (2.1.2).

Next we introduce an important structure on a Frobenius manifold: the deformed

Euclidean, or Dubrovin connection.

1.3 Flat Sections of The Dubrovin Connection

The deformed Euclidean, or Dubrovin connection provides an elegant re-packaging of the
WDVV equations. Let (.#,n) be a Riemnnian manifold, and O the covariant derivative
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for the corresponding Levi-Civita connection for . Suppose further that we have a
multiplication of vectors fields o: I'(T.#, %) x U (T4, #) — T (T.#, #), and consider

the 1-parameter family, (J(A), of connections defined by

F(A)xY = OxY +AXoY. (1.3.1)

Here A is called the spectral parameter. Then we have

Theorem 2. The connection ﬁ()\) is torsion free if and only if o is commutative. It is flat
identically in A if and only if o is associative and

Ox(YoZ)=0y(Xo0Z), X.,Y,ZeT(T.#). (1.3.2)

Proof. The proof is by direct calculation and will be omitted. See, for example, [16]],
Lecture 3. O]

On a Frobenius manifold we have a commutative associative product. Further, writing
the condition (1.3.2) in the flat coordinate system we have

(g€, — 0yC2, )05 = 0.
Taking the inner product with d, we obtain the scalar-valued equation
OsCuvk — OyCuek =0,
which is exactly the potentiality axiom of a Frobenius manifold. So,
{ O(A) is torsion free and flat VA } < { WDVV equations }.

In fact, one can also incorporate the quasihomogeneity property required for a Frobenius
manifold: consider the extension of the connection [J(A) onto T(.# x C*) by the formulae

- 1
D()\)(?AX = 0/\X+EOX+XQX?
OA)e, 00 = O,

OA)xdy = 0,

for d) € TC*, and X € T.#. Then the additional constraint [[I(A )y, ﬁ()\ )a,) =0, forY e T.#
gives

{ O(A) is torsion free and flat VA } < { Frobenius manifold }.

Frobenius’ integrability theorem states that the vanishing of the curvature of ﬁ()\) im-
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plies there exists N algebraically independent functions hy(t,...,tN;A), such that
O(A)dhg(t;A) =0, for o =1,...,N. (1.3.3)

To put it another way, the functions {hy: 0 =1,...,N} comprise a system of flat coordinates
for the connection (J(A). Writing equation ([.3.3) in the flat coordinate system for the

metric n, this reads

Givental originally coined the term ‘quantum differential equation’ for equation (1.3.4)

for examples of Frobenius manifolds coming from quantum cohomology. In this case the
structure functions of the Frobenius algebras are themselves Gromov-Witten invariants
of the symplectic manifold in question. For example, the solution generates the
genus zero Gromov-Witten invariants of P,

We will assume, following [[16], that the solutions of this system are normalised in the
following way:

ho’(t,O) :to' = r]o'ata, (135)

The first normalisation (1.3.5) is motivated by setting A = 0: we recover the original Levi-
Civita connection for n, and so view the functions hy as perturbations of the original flat
coordinate system. Hence one may seek power series solutions of the form

ho(tA) =to+ 3 Alhno (1),

n>1
With this ansatz, we get the recursion relation

02hn,a — v ahnfl,a
otegtk K atv 7

hoo =to. (1.3.8)

The unity field gives the simplified recurrence relation

02hn,a _ dhn—La
otlote gt

which is in terms of the coefficients hp .

Remark. In physical literature, the coefficients hn s appearing in the expansion of
these ‘deformed flat coordinates’ are know as gravitational descendants. The recursion
relation (1.3.8) first appeared in the paper [67] of Witten who wrote it down for the trivial
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Frobenius manifold,
1 0
F=2t5 E=t—
6 ot
Note that because for two solutions hy, hy of (1.3.4) we have 00 < Ohy(t,A),Ohy (t; —A) >=
0, the assignment (1.3.6) is the canonical choice of a covariant constant, and defines a
bilinear pairing on the space of solutions.

Define the matrices R, r > 0 by

N N
gEhnp(t) = (dN—o+1+ n)hnp(t) + Z Z hn—nv(t)(Rr);- (1-3-9)
r=1v=1
The matrices Ry are constant and are characterised by the properties

(R)g#0 onlyif uy,—ps=r, nay(Rr)g—i'(—l)rnBV(Rr)g:O,

where Uy :=1—dq — %. The equation fixes a choice of basis of deformed flat
coordinates uniquely. This is a nontrivial fact due to Dubrovin & Zhang. For a more com-
prehensive exposition of the definition of the matrices, and fixing the basis of solutions to
see, for example, [19]. Note that the number of non-zero matrices R; is bounded
above by the dimension of the Frobenius manifold. The motivation for equation is
that ideally one would like to simply stipulate

Zehno = (On-o+1+N)hno, (1.3.10)

but this does not fix the deformed flat coordinates uniquely in all cases: ifdy_ ) ;+n—r =
dn_g+1+n, i.e. the weights dy_) 1 and dy_g1 differ by an integer r, then

gEth = gEhn—r,)\ .

Thus absorbs this ambiguity. The latter property of the matrices is to ensure
consistency with the normalisation (I1.3.6). Frobenius manfiolds for which any of the
matrices Ry are non-zero are called resonent. Otherwise the Frobenius manifold is said
to be non-resonent. As we will see in later sections the solutions to these equations will
be extremely important to us.

Example 6. [19] For a Frobenius manifold whose flat coordinate system is normalised
as in Lemmalll we have

1
F(t) = 5 { (Ohva, Dhaa)n® (Oho g, Ohy 1) — (Ohya, Ohg.) — (Oha, Do) |
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Using we find, upon comparison with (1.2.9), that

AaB = (Rl)fxr]s[%

Ba = (R2)¢81’7£17
1
C = —E(RS)insl-

Example 7. For the trivial Frobenius manifold,

s )
Flt)=—=, E=t—
®) 6’ ot’
the quantum differential equation reads
oh(t; 2)
= 7h(t;2).
ot (t;2)
Choosing
1
h(t;z) = =€&*
(t2) = ¢

we satisfy the normalisation hy(t) =t. Because the Frobenius manifold is one dimensional,

all the constants R, =0, r > 0. As a power series,
tk+l

h(t;2) = k;zkm. (1.3.11)

We will come to recognise the deformed flat coordinates hy(t) as the dispersionless limits
of conservation laws for the KdV hierarchy.

Example 8. [24] [65]] For the Frobenius manifold defined by the data

Ftht?) = %(t1)2t2+(t2)zlogt2,
i, d
_ 1Y 2. Y
E = Va5

the quantum differential equation (1.3.4) decouples (this is true for any two dimensional

Frobenius manifold):

oho(t:A) AseNo(tA) _, dho(tiA)
0 (dh(t:A) N )
- W(T_’\ha(tj‘))—ov forB=1,2

otl
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for some function G(A). This equation can be solved using an integrating factor to give
l 1)\ 2
ho(t;A) = —XG()\)+e‘ H(t%A). (1.3.12)

On the other hand, we also have

ho(t2) . Oha(tid) | 4 dho(tiA)

=AcC =ACG,——~
ot2912 22 ote 2 o1

since we assume Ngg = Ciqg = Oqp,N+1- Upon substitution of the expression (1.3.12) we
obtain the second order ordinary differential equation for H(t%A):

OPH(ZA) A2,
T = TH(B
ot20t2 t2 (t54),

which is a slightly re-scaled version of the well-known Bessel equation. The general
solution takes the form

H(t%A) = aoA V21 (2A VI2) + a12A V2K, (2A VE2)

for scalars ag and ay, and |1, K; denote the modified Bessel functions of the first and
second kind [68]:

1 Z\ 2k+1
11(2) = 2. Kk 1y (§> ; (1.3.13)
Z 1 Z\ 2k+1
Ki(z) = (y+|og<§>>|1(z)—k§07k!(k+l)! (3)7 (HethHen. @314

y is the Euler—Mascheroni constant and Hy is the K" Harmonic number;

k
s L
r:lr
Choosing
h(tA) = & {\/t_ZKl(Z/\ V2) — (y+logA ) V21, (2A V12) + %} — %

ho(t;A) = & {?llmx/ﬁ)},
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we satisfy the normalisation conditions. As power series these read:
h(tA) = &7 1, ;(tz)"“/\?” (logt? — Hi— Hict 1) 1 asas)
! A k;k!(k+1)! " AT

ho(t;A) = & {kz)wjm(tz)k+lA2”}. (1.3.16)

Note that because F satisfies the homogeneity condition % (F) = 4F + 2(t?)2, we have

R=[29%). Roo fori>1
Ylo2) "7 '

The coefficitients appearing here in the expansions of the deformed flat coordinates
(1.3.15), (1.3.16) turn out to be dispersionless limits of conservation laws of the Ben-
ney hierarchy.

When the dimension of the manifold exceeds two it becomes more difficult to find
a closed form expression for the deformed flat coordinates. But we can still solve the

recursion:

Example 9 (Continued from Example[5] page[12). For the solution (1.2.19), we have the
recursion relations
o2h onyY
)

Gtig — Cwv g v for Mv,0=123 n=>0,

subject to hg)) =1,. Solving this equation recursively gives the solutions

hi(t;A) = t3+)\{t1t3+:—2L(t2)2}

+22 {—1—16t3(t2)4V (t%) - %(tz)“v(t:*) + %tl(tz)2 + %(tl)2t3} +0(A%),
ho(t;A) = t2+A {tltz— %(tz):*v(t:*)}
X2 S () + VO - EEPHE) + 509 |+ 000°)

ha(t;A) = t1+)\{%(t1)2—1—16(t2)4)/(t3)}

1 1 1 1
)\2 __t26/t3 —t26 t3 t3——t1t24 t3 —t13 ﬁA:g
22 @V )+ GO ) - BV + SR+ 00
We will use these deformed flat coordinates to generate commuting functionals for a new
integrable hierarchy. One can verify equations (I.3.5) - (I.3.7) explicitly up to ¢(A3). This
solution to WDVV satisfies the homogeneity condition 4gF = 2F, and soR =0, i > 0.
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1.4 Semi-Simple Frobenius Manifolds

Throughout this thesis, we will restrict ourselves to the case where the Frobenius algebra
structure on the tangent spaces to our manifold is generically semi-simple. This leads to
the construction of another coordinate system that capitalises on this simple algebraic
structure. They are known in the literature as canonical coordinates. As we will see this
new coordinate system can be difficult to construct explicitly (it will involve finding the
roots of a degree N polynomial, where N = dim(.#)), but they can be an extremely useful

tool for proving results on semi-simple Frobenius manifolds in general.

Definition 4. Let (A o,€) be a unital algebra of dimension N (as a vector space). We say
that A is semi-simple if it decomposes as the direct sum of N one-dimensional algebras.
That is, there exists a basis of idempotents { uy,...,uy } such that

Ui o U; :(SjUj.

We will call a point t € .# semi-simple if the the Frobenius algebra on the tangent space
Ti.# is semi-simple. If the tangent algebras are generically semi-simple, then we say that

the Frobenius manifold is semi-simple.

Lemma 2. [16] Let (.#,n,o,e,E) comprise a Frobenius manifold. In a neighbourhood of

a semi-simple point, canonical coordinates exists such that

Jd 0 17}
_O——

Proof. In a neighbourhood of a semi-simple point t, a basis of vector fields {&1,...,én}
exists such that

§oéj = &jéj.

To show that this is a coordinate basis, i.e. & = d/du; for some coordinates system
{ug,...,uy }, we must show that the vector fields commute pairwise. To this end con-
sider the obstructions to commutativity,

f5& = (&, &j).

Mz

=
Il

1

Writing the zero curvature condition of [J(A) in the basis of idempotents, we have
M & +Thid —Mgdf — ;A = ;3
where Fijk are the Christoffel symbols of the metric . Choosing | = k gives fi'} =0. O

Latin indices will be used when working in canonical coordinates, and the summation



1.4. Semi-Simple Frobenius Manifolds 20

convention will be suspended unless otherwise stated. Let us investigate how some of
the main tensors on a Frobenius manifold look.

* The unity field takes the form

N 9
e=>9% —. (1.4.2)
i; ou;
This follows from
N 9 0 7] 0 7]
— |lo—=—o0— = —.
i; 0Ui (9Uj (9Uj 0Uj 0Uj
e The Euler field takes the form \
fd
E=Y u—. (1.4.3)
iZl oy

To see this, note that the multiplication is invariant under the re-scalings u+— ku,
for constant k. Then the axiom .%o = o is equivalent to E being the vector field
(1.4.3) generating this one-paramater family of diffeomorphisms: f(u) = ku satisfies
E(f) =ku, i.e. u— kuis an integral curve for E.

* The metric is diagonal,
L) =g,
1 ou;’ du; = i b

for some non-zero functions Ni1(u),..., NN (U):
i i — eoi i — e i Oi — d e i
L 0Ui70Uj =1 0Ui70Uj =1 " Oy 0Uj —ain 70Uj )

17}
ni(u) =n (e, E) . (1.4.4)
|

So

e The tensor c takes the form

Jd o0 0
C<0_ui’(9—uj’0—l.u<> = i (u) & Ojk,

which is immediate from its definition.

From a geometer’s point of view, the canonical coordinates comprise a system of curvi-
linear orthogonal coordinates. Because the metric is diagonal, most of the Christoffel
symbols, and therefore components of the Riemann curvature tensor, vanish. Let us
compute how the Christoffel symbols for a diagonal metric look. Recall that

r:(J — nks(()injs+(9jnis—5s’7ij),

NI
M=
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and so for a diagonal metric we have

1
rikj = Enkk(ai’?jk+aj’7ik— dNij) (no sum).

It is clear then that for i, j,k all distinct, [ = 0. Suppose i = j =k. Then
1
rtk = Erlkkﬁkrlkk-

It is convenient to introduce the rotation coefficients, f3j(u), which are defined by

div/N;j(u)

Vi(u)

In general, Bij # Bji. In terms of the rotation coefficients, we have

Bij = (1.4.5)

M = Buk-
If i #k, we have
s = —En""ﬁknn = ——\/\/%Bki;
1 .
i = ér’kkdirlkk = —\/_%Bik-

Proposition 1. [17] On a Frobenius manifold, the rotation coefficients are symmetric,
Bij = Bii,
and so the metric is Egoroff, with potential t;(u),
Mii(u) = dita (u).
Furthermore, the rotation coefficients [3jj are quasi-homogeneous with weight -1:
E(Bij) = —Bij-

Conversely, suppose we have a metric that is Egoroff with respect to a coordinate system
{u1,...,un}, and whose rotation coefficients satisfy the non-linear system of differential
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equations
0Bk = Bibxj, (1.4.6)
zdiﬁjk = 0, (1.4.7)
D UdBik = —Bik. (1.4.8)

Then the structure of a semi-simple Frobenius manifold exists with canonical coordinates

{ul’ "'7UN}‘

Remark. The system of equations - is known as the Darboux-Egoroff
system. Choosing the canonical coordinates has simplified the algebraic structure, and
so the WDVV equations; instead the non-linearity manifests itself as the zero-curvature
of the metric n.

Proof. On a Frobenius manifold, the unity field is covariantly constant. Then it follows
from the expression for e in canonical coordinates (1.4.2) that

N
> Tks=0 forrk=1..N.

s=1

In particular, if r £k,

r£k+ rLk =0=Bk=Puw = 0r’7kk(u) = 0krlrr(u)-

So the one-form n(e, — ) is closed. Recall that we have arranged the flat coordinates in
such a way that the metric is anti-diagonal, and so

0
r’ <ﬁ7 —> :dtl

Secondly, the Euler field is covariantly linear,
O;0E*=0;0w = 0, fori,jk=1,..

N N
& 5 oMU +T+ S up <r5,-risp—rﬁ-r§p) = 0. (1.4.9)
p=1 s,p=1
Now use the fact that the curvature of the metric n is zero,

N
K k k k k
Rijp=0 & erjrisp— Milsp=—0ilp+0pri,
S=
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to rewrite this expression as

N
Zup<a,-r!‘p+apr!<j—a,-r!<)+rlj ~- 0
p=1
N
& S updplf§+Tl = 0
p=1
N
<~ Zupdpﬁij = _Bij-
p=1

To show the converse, one uses standard formulas of Riemannian geometry to show
that the axioms of a Frobenius manifold in canonical coordinates are satisfied. The Rie-

mann curvature tensor in the canonical coordinates {u; : i =1,...,N} is given by
Ri= Y o°(ary—ark+rurg-riri). (1.4.10)
sp=1

It is clear that for a diagonal metric, RLJI =0 for i, j,k,| all distinct. Further, standard
skew-symmetries of the curvature tensor give

|<|J == IiJ = RijlI = _Rijll-
By definition = 0, Vi, j,k. We also have
k

Ry =n"(ddvMi—ddy/Mi) =0 <[4, =0,
which is true irrespective of the values of | and k. Owing to the standard symmetries of
the Riemann tensor, we are left with the following cases to analyse:
i) 'IJ fori,j and | distinct;
ii) F{H fori and j distinct.
Case i) We have
N

N _ . 1 X
= sz_ln's(air;,, ari+rirn— r’p,rg)_n (ar}-a )—n—z<r’p,rf,’ rLr).

A B

In this case, i, j and | are distinct and so [}, =0, and we obtain for the first term

i

A (Vi N1 (VWA VT
A= ’7||0|<\/_B“> (\/W \/_|| Njj W) \/_\/WB“I
= \/_ B|IB]I \/_ + jl|
Niiv/Mij niiv/Mii \/”_I\/W
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For the second term,

B = %§1<rinrﬁ riﬂrﬁ)—;- (rur:|+r|jir:| F}IF,J, r|j|r=i>
I ANE IR SR )
= n:/\/_—BIIBJI+n\/\7—BIJBJI \/—\/—BJIBII

Therefore, | L

i :\/W\/U_jj (01Bji — Bii Bii) - (1.4.11)

Case ii) R:j fori+# j. We have

N ) i i 1 ] p J p
Zlnls (drj —Or{+Thrg - I':)JFS) i <airijj _ajrijl) Ni % (I'p,l'” rp]r”)
sp=
¢ D

The first term reads

- He(En) ()
_ r’{alx/—B” \/”_I&\/T \/_&BI 01\/_13 \/”_Ialx/TBJr\/_aJB“}

Vi njj \/T Vi njj Vi
_ 1 Y Y Vi (dVTi o (9T Vi
= m\/q_jj{dﬁl]"‘ﬁ]ﬁ]l"’ﬁllﬁlj B]JB]I \/’7_JJ<\/’7_>BIJ+<\/’7_”>\/_|B“}
I S P T W AL 2, Vi o2
YL {0|BIJ+01BJI+B“BIJ BiiBji —\/rl_jjBIJ \/—l3“}7

and the second

1 .
b = (rfo.rf] rfo,r.ﬁ’)— ,Z(rlr' el ik —rirl - ;rbr,ﬁ’)
p#L ]

- %{( \/\/EBO ({/TB,.) (\/‘/@Bio <\/\/EBI]> (\/\/rr”:;ijﬁij>(ﬁii)

~(6) (1) 3 (V26 (%Bm)}

_ 1 n NMiiga  VMigs nn o
- m\/n—”{p;JBDJBDI \/—le \/—Bu BIJBH+BJJBJ|}-
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Therefore,
i1
LTV

We arrive at the statement

R0 o { aBji—Buhi = 0 (1.4.13)
0iBij + 9iBji + Y pi,i BpiBei = O

aBij + 9;Bji + ; Bijpi>. (1.4.12)
p#lj

This system (1.4.13) for the zero curvature of a diagonal metric is known as the Dar-
boux system. Adding the assumption that the metric is Egoroff implies that the rotation

coefficients are symmetric:
1 0,0;®

C2./005,0

Using the symmetry of the rotation coefficients, together with the former of the two

Gij (1.4.14)

equations, we have
Bi=Bi
(L412) = aBj+0iBji+ ; BoiBoi =0 =" 5 9pBij=0. (1.4.15)
pAL. | p=1

Hence the Egoroff property of the metric gives a refinement of (1.4.13):

R=0 & {d'B"iN_B“B” -9 (1.4.16)
Yp19pBj = O

We have already seen that the covariant linearity of the Euler field is equivalent to (1.4.8),
and so it only remains to show that the 4—tensor [Jx;;9;) is totally symmetric. This follows

from the the symmetry
M=,

of the Christoffel symbols. O

1.4.1 The Intersection Form

On a Frobenius manifold, there exists a second metric defined on the cotangent bundle,

g(w, ) =1g(wowp), forw,wp e (T A, ). (1.4.17)

In flat coordinates,
g(dt?, dtP) = E5cZP,

where the original metric 1 is used to provide the isomorphism between T.# and T*.Z.

The second metric g is called the intersection form of the Frobenius manifold.
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Example 10. For the Frobenius manifold of Example 5] presented on page[12 the inter-
section form reads

Note that for this example 6:g°® = n®B. This means that the metrics n and g form a
flat pencil: the linear combination g~ —An—!is a flat metric YA. We will return to this
observation presently. For now, let us note the following useful lemma for computing the

canonical coordinates of a Frobenius manfiold using the intersection form.

Lemma 3. [16] On a semi-simple Frobenius manifold, the roots of the characteristic
equation
detg®?(t) —un®f)=0 (1.4.18)

are simple, and are canonical coordinates for the Frobenius manifold. Conversely, if the
roots of the characteristic equation are generically simple, then the Frobenius manifold
is semisimple.

Proof. Recall the definition of the intersection form,

g(wr, wp) = Ie(w o wy),

and so in the canonical coordinate system we have

¢ =un'(u), forn"=n;%

Hence the equation (1.4.18) reads

_ﬁ(u— u) =0.

O

Example 11. For the Frobenius manifold defined by the data (1.2.14), the canonical

coordinates are
up=t1+2vh, w=t-2Vh.

In this coordinate system, the metric reads

_(dmew 0
i = 0 —fu—w) )
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Note that the Egoroff potential is ® = & (uy — up)?.

Example 12 (Continued from Example [5] page [12). For the Frobenius defined by the
data

E:tli—i—}tz 4

9 1 0 1,0
ol 2 a2

142 43 11243 1/42\2 3 1
E _l A — L vt E=t1— 4=

recall that the WDVV equations are equivalent to the nonlinear differential equation

Yy’ =6y’ —9(Y)> (1.4.19)

Under the identification

V(T) = —2 (@(7) + (1) + (1)),

the Chazy equation is equivalent to the following dynamical system ( ~ = d% )
W = —wpuwtw(w+w),
W = —ww+w(w+w), (1.4.20)
W = —wwp+w(w+ay),

on the functions {wy,w,,ws}. The system was originally discovered by Halphen
[33], and was re-discovered by Atiyah and Hitchin in the study of metrics on monopole
moduli spaces [2]. We will call it the Halphen system. The canonical coordinates are
given by

Ui (tg,t2,t3) =ty + %tgm(tg), fori=1,2,3. (1.4.21)

In this coordinate system the metric reads

. (Up— W) *(up—ug)~t 0 0
r]ij = Ztg 0 (Uz—ul)_l(U2—U3)_l 0
0 0 (U —u3) H(up—ug)?

Lemma 4. [16|] The curvature of the intersection form is zero.

Proof. In canonical coordinates, the covariant components of the intersection form read
gij = Uiniidj.

Denoting the rotation coefficients for g by

9i\/Gi
Vi

Bij:



1.4. Semi-Simple Frobenius Manifolds 28

we have

Bi A ﬂﬁija (1.4.22)
where the [ are the rotation coefficients for the metric n. As for the metric n, because
the intersection form diagonalises in the canonical coordinates, flatness of g is equivalent
to the vanishing of

5~ 1 5 — BB
| \/m\/g_“ (0|le BJ|B|I)7
9= Y (6B 408+ S Boify
We have, on using (1.4.22), (recall that i, j, and | are distinct)
5 1 5 ma) 1 ( U .._\/E.\/E.)ZEU
R,| \/ﬁ\/g_“ <0|le BJlB“) \/TLIJ\/W\/”_” ujalﬁjl ujBJI Uy i L?14|723)
and so is zero if the curvature of n is zero. Similary, we find
f{:i = ! aIBI]+0]BJI+ Bijpl)
VGi /i ;
_ 1 Ui Up s Yo
= Gu mm( ( BIJ>+0J (\/7le> |,'<\/u>ijJ> <\/:|Bp'>>

1 -
- \/T\/rl_l\/w <\/7 oiGij + 2\/WB” \/;:0jﬁji+2\/TBJ|+ ; \/erJBm)

1 1 1
= | udBi+udiBi+t=B:i-+ =B UnBeiBri | .
NN < i0iBij + Uj JB]I+2BI1+2BJI+p§I’j poJBm)

Using the vanishing of the curvature of ',J we have BB = 9pBji. Using this, together
with the Egoroff property of the metric n, §j = Bji, we have

= 1 S Upd
o S TENCTH N (1.4.24)
Rl = G | 2, B+ B

Recall also that the symmetry of the rotation coefficients, combined with the vanishing

of the components R'} of the Riemann tensor gave
N
> UpdpBij = —PBij-
p=1

The lemma is proved. O
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1.4.2 Flat Pencils of Metrics and Frobenius Manifolds

We have seen that on a Frobenius manifold we can define two flat metrics n and g. We
saw in the proof of Lemma [ that the vanishing of the curvature of g depended not just on
the flatness of 1, but also on the the covariant constancy of the unity field, and covariant
linearity of the Euler field (recall that these led to a refinement of the Darboux equations
and homogeneity properties of the rotation coefficients). It would appear then, by the
converse of Proposition [1] that having a pair of flat metrics on a manifold .#, whose
curvature is dependent upon one another (for example, via equations (1.4.23), (1.4.24))
is rather close to the existence of a Frobenius manifold.

One way to make this connection more explicit would be to carry out the curvature
calculations for the intersection form in the flat coordinates {t* : a = 1,...,N } for the
metric . In this coordinate system, the contravariant Christoffel symbols (defined by
Fgﬁ = —g‘wrﬁy) of the the intersection form read [[18]

oo - (1505 - ) ) ) (1.4.25)

Then the calculation for R= 0 uses associativity, potentiality, and homogeneity. The no-
tion that formalises this interplay between the two metrics is that of a flat pencil of
metrics.

The following is an amalgamation of results, slightly recast or trimmed to suit our
needs. For a more comprehensive introduction, we refer the reader to [[18]].

Definition 5. Two contravariant metrics (-, - )1 and ( -, - )2 form a flat pencil if:

1) The linear combination
(v )1=AC )2 (1.4.26)

is a contravariant metric for all values of A.

2) If 1Ff,'B and ZF)‘ZB are the contravariant components of their corresponding Levi-

Civita connections, then the linear combination
1rap 2rap

gives the components of the Levi-Civita connection for the metric (1.4.26).
3) The metric (1.4.26) is flat for all A.

Lemma 5. If for a flat metric in some coordinate system {X :i=1,..,N}, both the
components of the metric g°#(x), and the components of the connection F‘;B depend at
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most linearly on the coordinate x%, then the metrics

d
ggﬁ i gaB and ggB _ mgaﬁ

form a flat pencil assuming that det g, & ) # 0. The correspondent Levi-Civita connections
have the form

1-ap _rap  2rap _ 9 cap

ry"=r,”, -y _ﬁry.
Proof. Is straightforward and will be omitted, the reader is referred to [16[, Appendix
D. O

Proposition 2. On a Frobenius manifold, the metrics N and g form a flat pencil.

Proof. This will be done by showing that the bilinear form
P=g'-an!

is in fact a metric, and satisfies the criteria of Lemmal[5l To see that P is non-degenerate,
note that for Euler vector fields of the form (1.2.10) (i.e. d; = 1), we have chosen the flat
coordinates in such a way that

N
g"P(t) =E'cIP + § E%GP =t P+ §7B 2, tN). (1.4.27)
o=2

Hence,
g®P(t)—AnP =Pt —A)+ P2, tN) (1.4.28)

is non-degerate for all A. Equation (1.4.27) also shows that g depends linearly on t!. Note

also that P P d_1
aB _ — ap [ _
ﬁgry _W{<T6§+(DE);> Cy }—O,

since Cf,'lB = 0. It remains to show that the curvature of the metric P is zero. Recall that the
contravariant components of the Levi-Civita connection of a metric g are the solutions to

the equations

o,9°F = r9P4rbe (1.4.29)
geere’ = gferox, (1.4.30)

In the flat coordinates of the metric n, we have

J af _ J ap ap _0 aB _ graB | grBa
WP _W<g —An >_Wg ==, +°,".



1.4. Semi-Simple Frobenius Manifolds 31

The latter equation for the pencil of metrics reads
(%€ (t) — Ane)Pre" = (g (t) - AnP*)°rex.
Or, recalling equation (1.4.28),
(NE(t = A) +§(t2, .., tN)PTEN — (nPE( =2 ) +GPe(t2, ..., tN))PTax,
Equating coefficients of t! implies
(ne)°rE" = (nPe)7res = (g")7re" = (¢°)"re~.

Hence
rif) =9ryPt) = PREs=RA,.

But 9R4

5ys = 0. The lemma is proved. O

Therefore, given a Frobenius manifold, one can always construct a flat pencil of met-
rics. It turns out that one can (almost) go in the other direction as well - we did not use
the homogeneity properties of the metric in deriving the zero curvature of P. One needs
some extra assumptions, namely that the metrics form a quasihomogeneous flat pencil.

Definition 6. A flat pencil of metrics (-, - )1—( -, - )2 is said to be quasihomogeneous if
there exists a function T on .# such that the vector fields E := 101, e:= 2[7 satisfy

1) [eE]=¢

2) Ze(-, - n=0W=-1(-, )1
3) Lo+ )1=("" )2

4) Ze(-,-)2=0.

Choosing (-, - )1=gand (-, - )2 =1, we obtain from an arbitrary Frobenius manifold

a quasihomogeneous flat pencil. Thus, we have one direction of

Theorem 3. Every Frobenius manifold carries a natural quasihomogeneous flat pencil;
conversely every regular quasihomogeneous flat pencil on a manifold endows it with the

structure of a Frobenius manifold.

To construct a Frobenius manifold from a flat pencil of metrics, one first observes

that the differences
NOBY -— 1rgygg£ . ZFngga



1.5. The Inversion Symmetry 32

are the components of a tensor. From this one constructs a bilinear operation
N T(T M, H)<T (T M, M) =T (T, M), ((,&)—N,E), for (&l (T, A).

In local coordinates { xX* :a =1,...,N },

N
A, €)o = Z ZGEBAGBVQZ yo -
a,p=1

The adjective regular means the endomorphism of the tangent bundle whose components
in the flat coordinates of the metric ( -, - )2 are given by

d—1
RS = T6g+2DBE“ (1.4.31)

is non-degenerate. One obtains a unique Frobenius structure on .# by defining
{o& =0 RE).

As we will see in forthcoming chapters, owing to the work of Dubrovin and Novikov on
the bi-Hamiltonian structure of partial differential equations, the theory of flat pencils of
metrics gives a direct link between integrable PDEs of hydrodynamic type and Frobenius
manifolds. Flat pencils of metrics can also be used to endow the orbit space of a finite
Coxeter group with the structure of a Frobenius manifold.

1.5 The Inversion Symmetry

In this section we outline a symmetry of the WDVV equations that lies at the heart of this
thesis. Verlinde and Warner’s 1991 paper [66] studied the families of topological field
theories described by the Landau-Ginzburg superpotential

1
Mazzt) = —3 (Z+B+3) + 01(tg) 212223+ Oa(ts) (ts21 22 + 62123 + t72223)
+a3 (tg) (tzZl + 1320 + t4Z3) + (14('[3) (t5t621 +t5t720 + t6t723)

1
+5 as(tg) (1221 +t32> +t223) + ag(tg) (tat7 + tate + tats)

1
+6a7(t8) (t2 + 12 +1t3) + ag(te)tstety +t1.

The parameters {ty : a =1,...,8 } are interpreted as moduli describing deformations of
the theory defined by the potential A(z,2,23;0). They found the Frobenius manifold
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structure on the so-called Chiral ring of primary fields of the theory,

Clza1, 22,73

A=Tdr=o)

Note that the algebra at the origin (the point where all the moduli are equal to zero) is
the Jacobi ring of the singularity of A (z,2,23;0) at z =z, = z3 = 0. This is an example of a
phenomenon called mirror symmetry. Verlinde and Warner found the following solution
to WDVV

1 1
F = Etftg +ta(toty +tale + ats) + totatafo(ts) + (3 +t3+13) f1(tg)
1
+ (totstety + totatsty + tatatsts) fo(ts) + 5 (t3tste + t2tst; + tatety) f3(tg)
1
+ (totat2 + totyt2 + tatat?) f4(tg) + 2 (t3t2 4+ t3t2 + t2t2) f5(tg)

1
+3 [tot7 (12 +13) + tate (12 +13) + tats (t2 +13)] o (tg) (1.5.1)

1 1
+5 (totstst? + tatstaty + tatitsts) f-(tg) + 2 (tot212 + tat2t + t4tat2) fg(tg)

1 1
+§1(t2t? +atg +tatg) fo(ts) + 2 (1518 + 188 +t5t7) fao(ts)

36

1 1
+ = (tstgt + tstaty + totety) f11(tg) + =t2t3t2 f1o(tg)

>4 5 t8 8 +1t8) fa(ts)

+ L (
720
with Euler field

17} 2/(,0 17} 17} 1/:50 17} 17}
_ 1Y = [2Y 3Y 4v —(5Y 6Y 7Y
==t 0t1+3<t o2 gt at4>+3<t o U at7>'

The functions fj may all be expressed in terms of the Schwarzian triangle function
S[%,%,%,t] (for the definition of the Schwarzian triangle function, see Chapter 2). In-
terestingly, this solution was found before the formal definition of a Frobenius manifold.

The functions { fo,..., f13 } appearing in their solution were shown to have the follow-

ing transformation properties under tg — —1/tg:

( t2fi(tg) + 2, for =25
1 tg fi(ts), for i=0,1,
f; <—%> = ¢ t2fi(ts), for i=3,4, (1.5.2)
tg fi(tg), for 1=6,7,8,9,
tg fi(ts), for i=10,111213.

This remarkably rich structure led Verlinde and Warner to make the following remarks
[66]:
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“There are one or two surprises in the foregoing results. Most particularly A
and F are not manifestly modular invariant... To render A completely modu-
lar invariant one must require that under tg — (atg +b)/(ctg +d) the coupling
constant t; transforms according to

C(Ctg—{—d)

t t _
el ad — bc

(t2t7+t3t6+t4t5). (1.5.3)

This then renders A completely modular invariant. The modular properties
of F are more vexatious. Based on the transformation properties of the cos-
mological constant one finds that F should have weight —1, and indeed this
is consistent with the weights of the f,. There is also a modular anomaly in
f, and fs, akin to the one in 0. This anomaly can almost be cancelled by a
transformation of the form (1.5.3). The real problem is, however, with the
very first term in F, which manifestly cannot be rendered modular invariant
without modifying F. This raises the question as to whether F should be mod-
ular invariant since it is a prepotential... The fact that A should be modular
invariant is intuitively clear, but the modular anomaly and its cancellation by
(1.5.3) is somewhat unexpected.”

The answer to their question as to how the prepotential should transform is given by

~ 1
tp—t = ti1+ > (tot7 4 tate +t4ts)
8
~ ti .
ti—f = L1, fori#1N,
tg
~ 1
tg—=lg == ——,
ts
A ~ 1
F('[) — F(t) = F(t(t)) — Etl(tltB +toty +t3t6+t4t5)

Then the transformation properties (1.5.2) mean that under this transformation we have

The structure that Verlinde and Warner had found is what we will come to know as a
modular Frobenius manifold, and will be the subject of the next chapter. Let us elevate
the symmetry observed here to a definition:

Definition 7. [16|]] The inversion symmetry is defined by

1tst9 . t? A
£l o o N
= E—tN s " = t—N, (fOI" a 7& :I.,N)7 t
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AN 1f,f0 2 N1 1. 4
F(f) = (V)?F <§f—N—t—N—t—N—t—N> +§t1tat“, (1.5.4)
f]aB =Nag-

It can be shown by direct calculation [16] that the structure constants of the inverted
Frobenius manifold are related to those of the original by

S _,0t" atH otV .
Capy(t) = (tV) ZaTaWWCA“V(t(t))’ (1.5.5)

which shows that the inversion symmetry is a genuine symmetry of WDVV: it maps solu-
tions to solutions.

Under the assumption that rj =0 for i =1,...,N the corresponding Euler vector field of
the inverted Frobenius manifold F has the form

. d
EM) =3 (15— fa)t"0a, (1.5.6)

where
d=2-d, fn=pn—1, pn=p1+1, [i=p, fori#1N. (1.5.7)
Example 13. [Continued from Example [3 page [12] Suppose N = 3 and let the Euler
vector field and prepotential take the form
o 1,0

E=tl— 4+t
ot 2 A

1 1 t2)4
F(tl,tz,t?)) — _(tl)2t3+ _tl(t2)2_ ( )

3
5 5 TR (1.5.8)

The WDVV equations are equivalent to the nonlinear differential equation (known as the
Chazy equation)

y" =6y’ —9(Y)? (1.5.9)

for the function y(t%) (here’ denotes differentiation with respect to the variable t3). The
equation has an SL.(2,C) invariance, mapping solutions to solutions,

- a+b
3-8 =
H c3+d’

y(t3) - p(f®) = (ct® +d)?y(t3) + 2¢(ct® +d), ad—bc=1. (1.5.10)

A simple calculation shows that under the inversion symmetry

A A IR . £2\4 .
= %(fl)ztﬂ_'_ %fl(fz)z _ %V(tﬁ)

where, on using the symmetry given by (1.5.10), y is also a solution of the Chazy equation.
Thus under inversion symmetry one has a weak modular symmetry: the functional form
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of the prepotential is preserved, but with the function y being replaced by a new solution
of the same equation connected by a special case of the symmetry (1.5.10).

The inversion symmetry also maps distinct solutions of WDVV to one another:

Example 14. Recall that the free energy and Euler vector field

1 9 0
F=_t’t,+t?logty; E=1t;— + 2tr,—
212+2 gt 10,[14- Zﬁtz

defines a two-dimensional Frobenius manifold. Applying the inversion symmetry, we find

r (6 1) s Stheth = 8( (L) (L) g 2
oF (g b +bth) = G {4 —¢ 5 g 5
1. ~
= étftz—log(tz),

since F is only defined up to the addition of a quadratic. The Euler field transforms as

0 0 .0 2(pd\ .0 .0
L TP TR T 3 (20t2> Yot “%oh

Recalling the list of two dimensional Frobenius manifolds, we see that the solution

(I.2.14) is mapped to (I.2Z.15),

1. « o~ .0 .0
Fzétftz—logtz; E=f

=

oy
oy 2ot

As mentioned earlier, we will come to see that these two Frobenius manifolds describe
the Bi-Hamiltonian structures of the dispersionless limits of the Benney and Harry Dym
hierarchies respectively. Investigating how various structures on the respective Frobe-
nius manifolds are related will lead to an understanding of how the inversion symmetry
lifts to these two hierarchies of partial differential equations of hydrodynamic type.
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1.6 Examples of Frobenius Manifolds

In this section we will describe a couple of well known examples of Frobenius manifolds.

1.6.1 Rational Maps of Degree N+ 1

This example follows on from Example [2] and is originally due to Dubrovin. The Frobe-
nius manifold structure is given on the space of versal deformations of the singularity.
Let .# be the space of complex polynomials of the form

p(2) =4y 4 4, aeC

The tangent space is identified with the space of polynomials of degree strictly less than

N: C
Z
Tod =2 ——9

P = p(2) >

This algebra has dimension N as a vector space: it is spanned by the monomials { 1,z,..., AR }.

AN

So tangent vectors at p have the form
p(z) =an 1+ .. +a.
We define the inner product on T,.# by

p2)4(2)
0 O

Then ./ is a Frobenius manifold with canonical coordinates given by the critical points
of p:

n(p,q) = —Resz—w

u=p(ai), for p(ai)=0.

Hence this Frobenius manifold will be semi-simple if and only if the polynomial p'(z) has
no multiple roots, which is generically true. Those submanifolds where this assumption
fails are known as caustics. Note that the tangent space at the origin of the coordinate
system { & : i=1,...,N } coincides with with the algebra presented in Example [2

The Euler vector field and unity take the form

1 0
E=———SY(N—k+1a-——, e=——.
N+1Z( + )akﬁak’ € day

To prove this assertion, we will show that the metric is flat and Egoroff, with potential

an

*=Nr1
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and apply the converse of Proposition [Il First, note that

7 L dp, ;o\ 00
dj - 0Uj - 0Uj p(a.) - 0Uj (al)+ P (a')duj
_ 9p o) —
- duj ( ) as p (al) - O

Therefore by Lagrange interpolation we have

ap Z— Qi

0—uj_r|aj—ai'

i#]

Therefore p'(z) = (N+1)(z— a1)...(z— an) divides the product au au , and so the residue
vanishes for i # j:

@ Q 6p 6p dz
<dui’duj> TReSe G

If, on the other hand i = j,

(M 2%)’
(N+1) |‘|k(z— ok)

Z—0aj

Mi%i a2
(N+1)(z—ay)

Ni = —ReSpw

- —ReSz:oo

Note that this differential has two poles, at z= c and z= aj, and on a compact Riemann
surface (such as P!), the sum of the residues of a meromorphic differential is equal to
zero. Hence

Z—Qaj Z—Qaj

HJ#' ai— aJ) HJ#' ai— aJ)
N D a) N D ()
Z— aj
= |z_

N +1 Jl;l, aj

N tliaa
In order to see that the metric is Egoroff, equate factorised and unfactorised expressions
for ap

A LB
(3Uj Ij Za ’

and compare coefficients of ZV-1,

1 dayn 1 Jday

=—=Ni=—————.
|I;! aj — ag (9Uj i N+1 duy
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That the identity element is given by d/da; is obvious: multiplying any polynomial by a
constant will give an isomorphic polynomial in the algebra,

9pdp _dp
Jda; da; Jda’

To see that the metric is flat, we can construct a flat coordinate system for n explicitly.
This is done by introducing a new function

w:= p(z)N1.

Near z= o, we obtain the Puiseaux series

tp tn 1
Zwt)=w+—-+-S+..+—F+0C
(w,t) ottt <WN+1>

for z Each t; is a polynomial in the coefficients {ay,...,an}. Differentiating p(z(wt)) =
wN*1 we obtain an expression for the vector fields 4 :

9p / 9z _9p / 1_
D (atw) + pw) 3¢ = TP Ewt) + p 2w =0,
Hence
op dp\ dpdp\dz p'(2)%dz
L (mﬁm,-) = ~ReSr. <0ti at,-> g RS im0
= —Res dw) _ —Resy—w(N+1)WN"Idw= (N+ 1)Res,_ov 1Ny,
= W=00 \NH‘J = W=00 - v=0 )

for w=1/v. This gives constant coefficients. It is also obvious that the metric is non-
degenerate: the gram matrix in this coordinate system takes the form

Mij = (N+1)8 )Nt
More explicitly, for the particular case
p(2) = '+ a1 + apz+ay,

the tangent algebra is spanned by the monomials f; = 22, f, =z f3 = 1. The inner product
is given by the formula

o (22
16 1) = ~AReSee s a2
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whose Gram matrix in the coordinate system { aj,ap,a3 } is given by

nij(a) =

m O O
o » O

1
0
~la

Introducing the coordinate system

a3 = ti+std
a2 - t2,

a = t3,

we obtain constant coefficients,

Nap(t) = Z S 58 (3) = Oy Nt

ST

The structure constants of the algebras are given by

_ 9p dpdp dz.
Capy(t) = —Reszo <0ta dtg oty P/ (Z)) '

One finds

1 1
Cizz=1 cCuz3=1 Copz= —ZtS’ C233= —th, C333= 1_6t32’ ;

which may be integrated to obtain the polynomial solution to WDVV

1 1 1 1
F =ty + —tyt? — —t2t2+ —t2. 1.6.1
puatst Sl = 3ghls+ gaq's (1.6.1)

This solution to WDVV can also be found as the unique Frobenius manifold structure on
the space of orbits of the Coxeter group for the root system of type Az. The construction
of the Frobenius structure on Coxeter group orbit spaces is our next example.

1.6.2 Coxeter Group Orbit Spaces

In this section we will outline the construction of an important class of Frobenius man-
ifolds. They arise in the study of the differential geometry of the orbit spaces of finite
Coxeter groups. It follows from the construction given in [16]], Lecture 4 that the cor-
responding solutions to the WDVV equations will be polynomial in the flat coordinates
{t% : a=1,..,N }. The solutions (1.2.13), (1.6.1), are examples.

Definition 8. A finite Coxeter group is a finite group of linear transformations of a real
vector spaceV of dimension N, which is generated by reflections.
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Less formally, dismantling a kaleidoscope is a good way to gain an understanding of
what a Coxeter group is (at least for N = 2). Typically, a kaleidoscope will consist of a
pair of mirrors intersecting at some special angle at its centre in such a way that any
object between these two mirrors, once reflected, generates a finite number of images.
That one sees a ‘nice’ image is due to the fact that the mirrors that one is looking down
between intersect at an angle of the form 277/k, for k € Z. Most kaleidoscopes have k= 6,
which generates an image with hexagonal symmetry. When N > 2, the alignments of
mirrors that give nice images (i.e. that generate closed orbits) become a lot more special.
Indeed in dimension 3, there are just three mirror arrangements. These correspond to
the symmetries of the Platonic solids.

Let W be a finite Coxeter group. By definition, W acts on the vector space V. Once
a basis for V is chosen, we obtain an action of W on the coordinates of V, and in turn
the symmetric algebra SV) = C[x%, ...,xN] of polynomials in these coordinates. Inside S(V)
there sits a distinguished class of polynomial, S\V)", that are invariant under the action
of the Coxeter group W. This subalgebra has a very nice basis:

Theorem 4 (Chevalley). S(V)V is generated by N algebraically independent homoge-
neous polynomials,
CxL, .. xNW =yt .. M. (1.6.2)

Proof. Is beyond the scope of the present discussion; we refer the reader to Humphreys
[36]. O

The degrees of these invariant polynomials are uniquely determined by the Coxeter
group. Writing d, = deg(y?), we arrange them such that

di=h>dh>..>dy1>dy=2

The sum
do +deG+1 = h+2>

does not depend on o, and is known as the duality condition. The degree h of the highest
weight polynomial is known as the Coxeter number. The strict inequality h > d, means
that the polynomial y*, and so the vector field

0

°= oy

are fixed uniquely up to a scalar multiple. The existence of a degree 2 invariant for any
Coxeter group is obvious: it is a function of distance from the origin. In particular, we

can take
1 N

Y = “h _;(Xi)z-
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The vector field encoding the homogeneity of the basic invariant polynomials is
E—lNdy"a' E(Y?) =day”* (1.6.3)
=5 a; @Y Gy’ =day". 6.

Example 15 (Dihedral Groups). Consider a regular k—gon in R? = C, centered at the
origin, and one of whose vertices lies on the Xx—axis (real axis). The group of symmetries
of the k—gon, denoted l5(k), is generated by the rotation z— €"/¥z, and reflection z+— Z.
The basic invariant polynomials are

Voo A
Vo= 7
kT
Assuming that the original coordinates { X : i=1,...,N } are orthogonal with respect

to the standard Euclidean metric on V, gij = &;, we have in the basis {y* : a=1,..,N },
of W-invariant polynomials

N gy* gyP
aB - ENNENR O,
97 =2 9 ox (1.6.4)
The corresponding connection one-forms read
N N ) 5
graB y _ 0 ya Q K
yZl Fy™ (y)dy PN 3 X (1.6.5)

Proposition 3. [16] The functions g°#(y), Ff,'B(y) depend at most linearly on y*.

Proof. It follows from the definitions (1.6.4), (1.6.5) that the functions g?#(y), Fgﬁ (y) are
polynomials of degree

deg(g®f(y)) = de+ds—2,
deg@rif(y) = da+dg—d,—2

Owing to the ordering of the degrees, dy +dg < 2d; = 2h, these polynomials can be at

most linear in . O

This Proposition is key in constructing the Frobenius manifold structure. We define

17}

ny) = d—ylg"ﬁ(y), (1.6.6)
9
nrofly) = 0—y19r3‘*<y>. (1.6.7)

The bilinear form (1.6.6) is called the Saito metric after Kyoji Saito. That we are calling
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this bilinear form a metric is justified by Lemma[5l Further, the Lemma tells us that the
pair of metrics n and g form a flat pencil. This flat pencil is regular and quasihomoge-
neous with respect to the vectors fields e and E defined above, and so by Theorem [3] a
unique, up to isomorphism, Frobenius manifold structure exists on .Z.

Let us us follow the recipe outlined by Theorem [3]to construct the Frobenius manifold
structure on the orbit space of the dihedral group I(k).

Example 16 (Dihedral Groups Continued). The standard Euclidean (contravariant) met-
ric on R? = C is given by

_2£®i+2i®i
9=z "9z 3z

In the system of invariant polynomials, we have

0 0 0 0 2 0 0
S S R ¥ i e P
9 Y 5 oy ey © oy, T K23y, © ays

We can solve the system (1.4.29), (1.4.30) to obtain the non-zero Christoffel symbols,

k—1 1 1
M =kik—1ys2 rP=—= r1#== 1=z
k k k
Equation (1.6.3) gives the Euler field
£ 7 n 0
Y1 0y1 2kY2 dyzv

while the unity is given by

The tensor R defined by (1.4.31)) is invertible, with inverse

k o fd
RI- —~ 4+ k— .
Kk_1 0y1 & dy1 0Y2 X dyz

Using this we obtain the multiplication table

9.9 _ 9
dyp dy1 oy1’
9 9 _ 9
dy1 0yo ay,’
fd fd fd
e = kk+2 k_ 1 72_’
2y ° 2y ( % oy1
which gives
F_ }yz N kk+l yk+1
YTy



1.6. Examples of Frobenius Manifolds 44

This is solution (1.2.13)), up to a re-scaling of the functions yi,Y>.

It is clear from the construction that any solution to the WDVV equations arising in
this way will be polynomial - the components of the intersection form will be polynomials
in the basis of invariant polynomials of the Coxeter group. This polynomiality is then
inherited by the Christoffel symbols and Saito metric, from which the structure constants
of the algebra are built (without taking quotients). After the details of this construction
were given by Dubrovin, a beautiful result of Hertling [34] states that every polynomial
Frobenius manifold arises in this way. Thus the orbit space construction sketched here
provides a classification of polynomial solutions to the WDVV equations.

Beyond polynomial solutions to WDVYV, there are solutions that involve trigonometric
and modular functions. Analogously, beyond the Coxeter groups, there are extended
affine Weyl groups and so-called Jacobi groups, whose rings of invariants are no longer
polynomials, but instead trigonometric and modular functions respectively. This perhaps
suggests that progress towards classification of trigonometric and modular solutions to
the WDVV equations may arise through the study of Frobenius structures on the orbit
spaces of these groups. More specifically, Dubrovin and Zhang [22] provided the orbit
space construction for the case of extended affine Weyl groups, and in his Ph.D. thesis,
Bertola [6]] showed how to construct a Frobenius manifold on the orbit spaces of a Jacobi
group, one example of which is the solution presented in Example [5] [16]. The problem
of classifying solutions to the WDVV equations is an open problem, the current state of
play being summarised most succinctly in a diagram:

polynomial — trigonometric — modular
IR 1 1

Coxeter groups —— extended affine Weyl groups —— Jacobi groups

The solutions found by Bertola, together with the solution found by Verlinde and Warner
66, fall into a class of Frobenius manifolds that we will call modular Frobenius manifolds
- they are examples of objects in the codomain of the rightmost map. In the next chapter
we will set out a program for how one might tackle the problem from the side of the
WDVV equations, and provide classification results for low dimensions. We will show
that all of the solutions we find do not violate the possibility that the rightmost map in
the diagram is also surjective.
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Modular Frobenius Manifolds
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2.1 Modular Frobenius Manifolds

The inversion symmetry singles out a special class of Frobenius manifolds: those that lie
at its fixed points. Such Frobenius manifolds have a particularly rich structure. As we
will see, the prepotential will be a quasi-modular form. It is interesting that some of the
first solutions of the WDVV equations found by Verlinde & Warner [66]] were of
this type. More recently prepotentials of this form are appearing in the study of orbifold
quantum cohomology [46) (59, [11]]. As mentioned at the end of the previous chapter, the
examples of Bertola [6] coming from the orbit spaces of Jacobi groups also fall into this
class.

Such solutions are isolated examples of modular Frobenius manifolds. We will demon-
strate how demanding invariance of the prepotential under the inversion symmetry re-
stricts its functional form, and set out a framework for classification of prepotentials with
this property. We give classification results for so-called polynomial modular Frobenius
manifolds in dimensions 3 and 4, with partial results for dimension 5.

To motivate what follows, let us consider an example (taken from [16]] Appendix C).

Example 17. [Continued from Example[5 page[I2l] Recall that under the inversion sym-
metry, the functional form of the Frobenius manifold defined by the data

1 1 (t?)* o 1,0
Flt?t3) = Zth28 + 22122 — “Ly(td), E=tl——+Zt?2—. 2.1.1
(5,15,6) = S () T+ S ()" = (), it ol e ( )
was preserved, and the WDVV equations are equivalent to the Chazy equation,
y" =6y’ —9(yY)? (2.1.2)

for the function y(t3). One simple explicit solution of the Chazy equation is given by
Tii
VE) = ZE(),

where E; is the second Eisenstein series,

1 1

(m,n)eZZ\(O,O) (m-+n7)?

With this explicit solution one has a stronger symmetry. Since E, has the modularity
properties

Ex(t1+1) =Ex(1), E; (-%) = T%Ex(1) + 5T (2.1.3)

then under inversion symmetry one has If(f) =F(f), i.e. both the functional form of the
prepotential and the specific solution of the Chazy equation are preserved.



2.1. Modular Frobenius Manifolds 47

We would like to study the class of Frobenius manifold that this example falls into. The
characterising property of this class is an invariance for the modular group of S(2,Z).
The inversion symmetry defines a representation of the generator 7+— —1/7 on the space
of Frobenius manifolds. A modular Frobenius manifold must also be invariant under
periodic shifts in 1:

Definition 9. Let .# be a Frobenius manifold with fixed coordinates {t}, and Euler
vector field E. The manifold .# is defined to be a modular Frobenius manifold if both

1. The prepotential is invariant under periodic shifts in tN,

F(tl, NN 1) = F(tl, ...,tN’l,tN) modulo quadratic terms. (2.1.4)

2. The data F, E, {t} defining the image ./ of the Frobenius manifold .# under the

inversion symmetry, is given by

FA)=F(), and E()=E(). (2.1.5)

Thus instead of transforming the original prepotential into a different prepotential, the
inversion symmetry maps the prepotential to itself, as in Example and hence one
may think of modular Frobenius manifolds as lying at the fixed point of the involutive
symmetry |. A comparison of the two Euler fields, using and (1.5.7), gives the
following constraints: d =d and hence d = 1. Thus we have the following necessary
conditions for a Frobenius manifold to be modular:

N—ll a
E — a;(é—ua)t Oa (2.1.6)
GF - oF. 2.1.7)

Since the variables t* and tN behave differently from the remaining variables it is
useful to use a different notation, namely:

and z= (Z,...,2V71). The two notations will be used interchangeably in what follows.

Proposition 4. [16] The group SL.(2,C) acts on the space of modular Frobenius manifolds
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by
u a u+l ¢ (z,2)
— = —=
2cr+dn Y
z
z 7=— 2.1.8
— cTrd ( )
. ar+b
T — T=——,
cTt+d
forad —bc=1.

Proof. Note that the re-scalings T — ar + b act trivially on the solution space to WDVV
with d =1 (d/971 € KerQ): they leave the WDVV equations and scaling condition 2gF =
2F invariant. Composing these re-scalings with the invariance of F under the
inversion symmetry, we arrive at the desired action. O

A simple calculation then yields the modularity properties of the non-cubic part of the

prepotential.

Proposition 5. The prepotential

F= 0T w22+ (z0) 2.1.9)

(where n(W,y) = ZiNj;lz nijxiyj) defines a modular Frobenius manifold if and only if

z 1\ 1 1 i B
f(;,—;) = T2f(z,r)—4r3n(z,z) , and f(z,1+1)=f(z1) (2.1.10)

2.2 Modularity and Quasi-Homogeneity

We will consider polynomial prepotentials of the form (2.1.9) with

f=3 {N_lai)“i}g (t") (2.2.1)
acll il:L ! ’ o

soz={t?,... N1} 1=tV and a = (az,...,an_1) € L :=ZY;?. We do not assume any gen-
eral properties of the functions g, at this stage - the aim is to obtain the differential
equations that these functions must satisfy in order for the WDVV equations to hold.
Boundary or other conditions (for example, solutions being analytic at infinity) will then
place constraints on these functions, but a priori no such constraints will be imposed. We
will also impose the assumption of semi-simplicity on the solutions we seek. As we will
see, this then places extremely strong restrictions on the possible values of the weights
di. The following definition, while not immediately obvious, will play an important role in

what follows.
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Definition 10. A pivot-point a € LL is a lattice point for which
N1 J_ 2
coeffy (i,]Z—Zr’ijtt ) #0,
where coeffy (p) is the coefficient of []N,}(t'))% of the polynomial p.

Proposition 6. Assume that f defined above satisfies the modularity condition (2.1.10).
Then

o (T+1) =a (T),

and:

e Ifa is not a pivot-point then:

1 ,

T

e Ifd is a pivot-point then:
1 ’ 1 N-1 2
Ja (——) = 1704 (1) — = T Coeffy nit't!
T 4 LJZ:Z

The proof is by direct computation and will be omitted.
These modularity properties place constraints on the functions lying at pivot points,
illustrated by the following

Lemma 6. Let g: H — CU{o} be a meromorphic function enjoying the transformation

properties
-1
g<7> =°g(r) +ar, o(r+1)=g(1) (2.2.2)
for some constant a. Then
T d .
o(1) = ag Ea(1) + 5 (P(i(1)). (2.2.3)

for some polynomial P in the modular j-invariant.

Proof. Recall that the j-invariant has a simple pole at =0 [50]:
. 1 e mT
(1) ~ a—l— positive powers of g, =€

Also, note that
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We can define a polynomial P such that

d .
(9= g5 P ) (1) =20 5 ane
n>
i.e. contains only positive powers of . This means that g— (%P(j) is a quasi-modular form

of weight 2, i.e. proportional to E,. O

Note that without placing analytic constraints on the function g, we cannot fix the
polynomial P.

Having determined the modularity properties of the functions we now apply quasi-
homogeneity. This will determine the possible terms that can appear in the ansatz (2.2.1).
Recall that the Euler field takes the form

N—1 ia
i; "ot

where di +dy,1_i = 1. We now assume further that the d; are positive rational numbers.
Applying the quasihomogeneity condition E(F) = 2F (recall modular Frobenius manifold
must have d = 1) implies the following constraint on the q; :

N—-1
diaj = 2. (2.2.4)
2,

Thus given the d; we arrive at a special Diophantine equation whose solutions determines
the possible monomials in (rather remarkably, this special type of Diophantine
equation is known in number theory as a Frobenius equation).

Pivot-points - which are defined without reference to the Euler vector field - play an

important role in the construction of solutions of this equation.

Lemma 7. Pivot-points automatically satisfy the Frobenius equation (2.2.4).

N2
Proof. On expanding <Z|NJ;12 ni jt'tl) one can obtain the form of the pivot-points, namely

(and here only non-zero elements are shown, all other elements are zero):
i) a=(...,2,...,2,...) with 2 in the i and N+ 1—i positions;
(i) a=(...,1,...,1,...,1,...,1,...) with Lin thei, j and N+ 1—i,N+1— j positions (i # j).
If N is odd one obtains two further pivot-points:
(iii) a =(...,4,...) with 4 in the middle position;

(iv) a=(...,1,...,2,...,1,...) with 1 in the i and N+ 1—i positions and 2 in the middle
position.
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Since d; +dn;1-i = 1 (and hence dny1)/2 = 1/2 if N is odd) the result follows.
Given the above forms of the pivot-points one can easily count the number of such points:
if N is even the number of pivot-points is N(N —2)/8 and if N is odd the number of pivot-
points is (N+1)(N—-1)/8.

([l

Example 18. Suppose N =8. Then

2
N—-1 o
( > ,-t't’) = (tat7 +tate + tats)® = (tat7)®+ (tate)* + (tats) -+ 2otrtats + 2stetats + 2totrtats,
i,]=2

and we have six pivot points

{(2,0,0,0,0,2),(0,2,0,0,2,0),(0,0,2,2,0,0),
(1,1,0,0,1,1),(0,1,1,1,1,0),(1,0,1,1,0,1)}.

Note that the first three are of the form (i) and the latter form (ii). They all satisfy the
Frobenius equation. For example, consider the first one:

2d, +2d; = 2(d2 + d7) =2,

since dj + dN,iJrl =1

One can now give the geometric motivation for the name ‘pivot-point’. The Frobenius
equation defines a hyperplane 1 in a-space and we wish to find integer solutions,
i.e. the points in M NIL. Since pivot-points are independent of the d; as the d; vary the
plane I ‘pivots’ around these points. In the simplest non-trivial example, when N =4, we
have (1—dg)a,+dsa3 = 2 and a single pivot-point (2,2). Thus as d3 varies the line rotates,
or pivots, about this point:

as

(.|. — dg)az +dzaz =2

ds =12/3

dg =1/2 o

It is also obvious geometrically from the direction of the normal vector to I that the
number of solutions to the Frobenius equation is finite and hence (2.2.1) is a polynomial
in the variables {t?,,... tN=1},
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The number of independent pivot terms can be reduced further; in fact to one. Let
y(T) be any function with the transformation property

v(—%>:=ﬁvﬁ)—ir

f(2,1) = y(1) (2.2 + 9z 7).

and let

Then equation (2.1.10) implies that

Thus one can obtain a refinement of Proposition [Gk

Proposition 7. The prepotential of a modular Frobenius manifold takes the form

F = S0PT—2uz2) + YD)z 2 +9(2 7) 2.2.5)
where
N, 1 _ z 1) _1 _
v(-3) =T -gr vy =vin. a(f) = feEn. drey g,

Moreover;, if

N-1
9(z,1) = EH{QMW}%H)

1 :

T

then

Thus modularity and quasi-homogeneity determine the modularity properties of the
functions y and g4 together with the form of the monomial coefficients of these functions.
We have arrived at the most concise ansatz possible given our assumptions. The next step
will be to posit our ansatz as a solution to the WDVV equations, which will turn out to
be equivalent to ordinary differential equations in the functions {y,gy}, with a modular
symmetry of the same flavour as that of the Chazy equation (2.1.2). When we have found
these ordinary differential equations we can check, without first having to solve them,
whether or not the resulting solution to WDVV will be semi-simple.

Remark. Another functional class in which to look for modular manifolds could be

obtained by weakening the polynomial ansatz and replacing it with a rational ansatz (e.g

thl

rational in the variable and polynomial in the variables t!,... ,tN=?) - this would then

include the Ay_»2 and By_» examples of Bertola [6]]. These examples, while rational, are
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constrained by the condition that the functions g, (7) are never of negative weight, i.e.
> ai > 2. Such a generalization will not be pursued here.

2.3 The WDVV Equations and Modular Dynamical Systems

Recall that the WDVV equations are satisfied if and only if all of our algebras are as-
sociative. Therefore in order to analyze the equations, we consider the obstruction to
associativity

AX)Y,Z] = (XoY)oZ—-Xo(YoZ).

We are assuming the algebras are unital, and so if any of the vector fields X,Y, or Z are
equal to the unity field then A vanishes identically. The form of our ansatz means that the
variable t" (also denoted T) is also special. For example, the dependence of our ansatz
for the prepotential on the variable T is not polynomial. The variable T also behaves
differently under the inversion symmetry. Therefore we decompose the WDVV equations
into different classes, determined by the number of 1-derivatives present. Taking the
inner product of A[X,Y,Z] with a fourth arbitrary vector field W in order to obtain scalar
valued equations, we arrive at the following:

Proposition 8. The WDVV equations for a multiplication with unity field are equivalent
to the vanishing of the following functions:

A(l)(X,Y) = N(0rodr,XoY)—n(roX,droY),
A (X)Y,Z) = n(d;oX,YoZ)—n(d:0Z,XoY),
AC(X,Y,ZW) = n(XoY,ZoW)—n(XoW,YoZ)

forall X,Y,ZWespaq{ d; :i=2,... , N—1}.

In terms of coordinate vector fields these conditions are:

1
Ai(j) = nijCrrr+’7pq{C”pCijq—CripCqu}’
2
AR = {nikCeri = Mij Cenc + 1P { Crip Cjkg — CokpCija} (2:3.1
3
Ai(J'r)s = {r]ij Crrs+ NrsCrij — NisCrrj — r’fJCTiS} +r’pq{cijpcr5q_ci5pcer} )

Hence imposing the WDVV equations gives systems of over-determined non-linear
ordinary differential equations (in the variable 7). By construction, these systems will
possess similar properties to the Chazy equation (2.1.2): their solutions will have an
S (2,C) symmetry. To get a modular Frobenius manifold one then looks for solutions
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which have an invariance under S.(2,7Z). This was illustrated in Example [5l when we
chose the solution

1) = REa(r)

to (2.1.2). In addition, if one then imposes the condition of semi-simplicity on the result-
ing multiplication one finds that this then leads to very strong constraints on the possible
d; that give modular Frobenius manifolds.

The transformation properties of the functions {y,gs} derived above, together with
the equations (2.3.1) that they must satisfy motivate the following. Suppose that one
has a set of quasi-modular functions (we assume no analytic properties such as being
holomorphic in the upper-half plane) y(7) and g4 (7),a € # for some indexing set # such
that:

y<—}> — sz(r)+ar, a# 0 constant

On (—%) = 1gn(1).

Such a g, is said to have weight n. Define next a Rankin-type derivative

d n
Da) = G~ a®

dy 1
D(y) = E—EVZ-

It is easy to check that D(y) has weight 4 and D(g,) has weight n+2 and that D(ghgm) =
OnDgm+ 9mDgn.-

Definition 11. Let # be some (finite) indexing set. A modular dynamical system takes
the form

D(y) = da(9),
D(Ga) = Pa(9), ae¥.

where the polynomials q and py are constrained so that the resulting system is invariant

under the transformation T — —% .

Example 19 (The Ramanujan System). The Eisenstein series are defined by

1 1

Ea(7) = 27 (2k) (m+nt)%

(n,m)eZZ\(O,O)

where {(s) is Riemann’s zeta function, {(S) = ¥ -0 . From the definition it follows that
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fork>?2

Ex(t+1) = Ex(1),
E2k<—%> = 1XEx(T).

Ifk=1, we have
12

as above. Srinivasa Ramanujan found the following modular dynamical system on {Ez,E4,Eg}:

1

E/ — - E2_

2 12( 2 E4)7
1

B, = 3(EE—Es),
1

Es = Q(EzEe—Ef%

where ' = q%; q=€”"". Here E, plays the role of y, defining the Rankin derivative.

Proposition 9. The WDVV equations for a polynomial modular Frobenius manifold are
equivalent to a modular dynamical system.

Proof. We saw in Proposition [7] that the number of pivot functions present in the prepo-
tential of a modular Frobenius manifold may be reduced to one. Hence the obstructions
to WDVV take the form

A®—g = )PV = Prlong)
Dgi = pi(gla"wgk), fOF | = 1,...,k,

A2 —0 = D%y = a9, k), |
D’g = q(01,...,0), fori=1...Kk,

AV g = ) DY = (g0,
D3gi = I’i(gl,...,gk), fori:l’.”’k,

where kis the number of non-pivot functions present in the ansatz (2.2.5), and { ps,Qs,ro :
o =1,...,ky} are polynomials of various degrees such that the resulting system is mod-
ular invariant. O

2.3.1 Modular Dynamical Systems for N = 3.

In this simplest case (see Example [5) there is no freedom: the Euler vector field is fixed
by the fact that d = 1 and hence
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The Frobenius equation (2.2.4) only has one solution and hence modularity and quasi-
homogeneity imply a prepotential of the form

1 1 1
F = Ztltz+ —tst2 — —t7y(ta).
213+212 162V(3)

The WDVV equations then imply that y must satisfy the third order equation
y" —6yy’'+9(Y)? =0. (2.3.2)

This is nothing more than the Chazy equation, whose modularity properties are well
known (see [16]). Under the identification

V(1) = — 2 (@1(T) + (1) + 65(7)),

the Chazy equation is equivalent to the Halphen system (2.3.3):

W = —ww3+w(w+ws),
. o d
W = —ww+w(ws+w), =4
W = —wWw+ wy(w+wy),

on the functions {w, wy, ws}. Here the SL(2,C) action is defined by

ar+b

. ar+b
— =
cr+d

- cr+d’

cq(r)Hch(f):(chrd)ch( >—(cr+d), fori=1,2,3.

In order to construct a modular Frobenius manifold, one must now choose an SL.(2,Z)-
invariant solution to the modular dynamical system. One can also use the techniques de-
veloped in the next section to solve the Chazy equation (2.3.2) in terms of the Schwarzian
triangle function S[%, %, 0,t].

2.3.2 Modular Dynamical Systems for N = 4.

In this case there is a 1-parameter family of possible Euler fields, namely

7} 17} 17}
E=tl—s 4 (1- o)’ + ot>—.
TR TR
Without loss of generality we may assume decreasing degrees and hence 0 < % A de-
tailed analysis of the Frobenius equation (2.2.4) gives the solutions summarized below:
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o Non-pivot solutions (a2, a3):

2 (4,0),(3,1),(1,3),(0,4);

3 (3,0),(1,4),(0.6);
7e(nz4) (1,n+1),(0,2n);
7e1,(N>2) (0,2n+1);

other none.

Table 2.1: Non-pivot solutions of the Frobenius equation (2.2.4]) for N = 4.

We now analyze each of the four cases in turn.
N=4,0=1/n,n>4

We have the ansatz

1 1
Fo= Sttty — 7 y(t) (tats)* + 01 (1) tat3 ™ + 0o ()15

SN LA AL
~ 94 T n %ot nloatg

01 <_Tl> =1"9(1), O (?) = 12" 2gy(1), y(?) = 12y(1) + 21.

Requiring A® =0 means that the function y must satisfy a first order differential equation

Where

of the form
Dy = p(91,92)

where p is a polynomial in the functions g; and g, which makes the differential equation
invariant under 7 — —1/7. Note that, by definition,

(Dy) (}l> = 1'Dy(1).

But the weights of g;,g> are such that there does not exist a polynomial satisfying

P(91,02) (—) = 1p(g1, %) (T).

T

Therefore
Dy=0.
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Recalling the definition of the operator D, this is

1 2
Y=y = y1)= , for some constant To.
2 To—T
This function does not satisfy the required transformation properties of a pivot function:
it may be reduced to zero by the transformation

N 1

T—T= .
T—To

Hence any resulting solution to the WDVV equations lies on the same S.(2,7Z) orbit as
the trivial 4 dimensional Frobenius manifold,

1
F= Etft4+t1t2t3,

which is not semi-simple.

N=4,0=2/(2n+1),n>2

This case is similar. We have the ansatz

1 1
F = étft4+t1t2t3—ZV(t4)(t2t3)2+9(t4)t32,n+1;
E_0+2n—1a+2t0_
10t1 2n+120t2 2n+130t3'

The unknown functions {y,g} have the modularity properties

g <—> = 12" 1g(1), y<71> = 12y(1) + 21.

Vanishing of the obstruction A® means y must satisfy a first order differential equation.
No positive integer power of the function g is a modular function of weight 4, so

Dy=0,

and we arrive in the same situation as the previous case.
1
N - 47 g = E

In this case we have the ansatz

1 1
F = Etft4 +ubls— 7 (tata)®Y(ta) +t3 01 (ta) + tot3 O2(ta) + t3t30a(ta) + 13 Ga(ta);
0 1 0 1 0

o Tty 4 Stae—.
19t 2%, 2500

In this case the analysis is a lot more involved, and is typical of that required throughout
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the rest of this section. For this reason we will give a lot of detail here, but will be more
succinct in the analysis of further cases. We begin by first eliminating the obstruction
A® . In particular, AJ,, = 0<

O = YO0+ 240103, Do, = 240103,
Oy = YO3+240204, << Dgs = 24920, (2.3.3)
Y = 3y*—288n0 Dy = -—288510.

Using these differential equations to replace all the first order derivatives of g»,03, and y

appearing in the WDVV equations we find that the obstruction A(223>2 =0&

24910304+ 9204y — G20y = O, (2.3.4)

24910204+ 0103y — G391 = O, (2.3.5)

0401 — 010, +6(0105 — Bds) = O, (2.3.6)

—34565704 + 601y — 12y01 +491 = O, (2.3.7)

where we have suppressed the functional dependence on the variable t;, ' = %. Equa-

tions (2.3.4), suggest splitting the analysis of this system into the following cases:
i) gg=0and g3 =0,

ii) go#0and g3 =0,

iii) go =0and g3 #0,

iv) g2 # 0and gz # 0.
Case i) g = 0,03 = 0. Then equation becomes

G40t = 0104 = Oa = MO,
where U is a constant of integration. Then gives the evolution of y and g:
97 = 3yg1 - gglvz +864u5.

This can also be rewritten as

v = o288,

(2.3.8)
9 = 3yg—3my.
On eliminating g; one obtains a third-order scalar equation
. 1(y—2yy)? iy :
o LU= gy 1o, (2.3.9)

2 Y-y
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Here the independent variable has been rescaled, t = %t4, and hence y = %)'/ etc.. This
falls within Bureau’s class (see Section 2.4) and its solutions are given in terms of the
Schwarzian triangle function y(t) = §3,%,0,t], namely

o - 33 (2

gl(t) = 1 y.

An alternative way to solve (2.3.9) (following Satake [58] and Example 22) is to ex-
press the solutions in terms of solutions to the Halphen system. In particular, we take

1
yt) = Z((Ul—Fsz—i-ws),
1
at) = (1 — 20 + w3) .
962

The required modularity properties of y and g; then follow automatically from the known
modularity properties of the solution to the Halphen system.
Recall Lemma [1.4.18] that the canonical coordinates of a Frobenius manifold are the
roots of the equation
p(u) := det<g“’3(t)—un“/3) ~0. (2.3.10)

This provides a way to check whether the Frobenius manifold in question is semi-simple
or not: we compute the roots of this polynomial. If the roots are all distinct the canonical
coordinate system is well defined and the manifold is semi-simple. If the polynomial
has repeated roots then the manifold is nilpotent. Of course, the expressions for the
canonical coordinates in terms of the flat coordinates can be extremely complicated, and
already in dimension 4 requires one to solve a quartic. Alternatively, one can check by
computing the resultant

res(p,p') =[] (x=),
(xyes

where . = {(X,y) : p(x) =0, p/(y) =0}. If the resultant is zero, p has a repeated root and

the manifold is nilpotent. If the resultant is non-zero the manifold is semi-simple. This

procedure only depends on the form of the dynamical system, not the particular solution.
In particular, for the case in hand,

res(p,p’) #0,

and the solution is semi-simple.
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Case ii) g2 # 0,93 = 0. In this case equation becomes
24010204=0 = 01=0,0rgs=0 (asgr#0).

But if either g1 =0, or g4 = 0, the evolution of y is given by (2.3.3)

and any resulting solution of the WDVV equation will not give a modular Frobenius man-
ifold, as above.

Case iii) go = 0,03 # 0. In this case equation (2.3.4) becomes

24019394 =0 = 01=0, orgs=0,

and we are in the same scenario as in Case i).

Case iv) g # 0,03 # 0. Because @, and g3 are non-zero we may divide equations (2.3.4)),
by g, and g3 respectively to obtain

_ 12010304 _ %Dgz; Dg; 240109204 _ 9y

D
G 02 02 O3 O3

Os.

Consider the latter of these equalities. Un-packing we obtain the relationship

1 1
&(9’1 —Yth) = &(gé — yO3) = 01 = UGs.

Similarly, the former gives g = L»g4. Analyzing the obstructions to associativity with
these algebraic relationships in place we find the constraint p, = 4/u. The WDVV equa-

tions are then equivalent to modular dynamical system

1
y = §V2—28@194 Dy = -—288304,
9, = yo+24ug; & Do = 24ug;, (2.3.11)
o = YOa+24u 9] Dgs = 24u~'g}.

Eliminating g; and g4 yields the Chazy equation (2.3.2). This system was originally dis-
covered by Guerts, Martini & Post [31].

From the expressions for y and Y’ one can easily obtain two algebraic relations con-
necting g; and g4 to the y. Hence one can obtain, by solving these algebraic equations, the
general solution in this subcase. Since it is well known that the Halphen system is equiv-
alent to the Chazy equation, one may also express the solution in terms of { w, wp, w3 }.
One can also show, without first having to solve the equations, that the solution is semi-

simple.
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_ _1
N_4,a_§.

We have the ansatz

1 1
F= Etft4+t1t2t3 - Z(t2t3)2Y(t4) + {t§0a(ta) +tot5 ga(ta) + 1301 (ta) } - (2.3.12)

Because the analysis of the WDVV equations is analogous to the above we do not give
details. The WDVV equations are equivalent to the system (there are other subcases
which appear in the analysis, but these yield non-semi-simple solutions):

1
= Iy —T72ugt
Y 2V2 2HG (2.3.13)
9 = Yg-ay
where U is a constant and
e R R .
O3=HO1, O4= 30 [91 2914-
On eliminating g; one obtains a third-order scalar equation
. 3(y—2yy)? L
=—-——-—+6yy—6y-. 2.3.14
V=g o o6 ( )

Here the independent variable has been rescaled, t = %t4, and hence y = %)'/ etc.. This
falls within Bureau’s class, and its solutions are given in term of the Schwarzian triangle
function y(t) = §3, £,0,t]. One can check, without first solving the differential equations,
that the solution is semi-simple.

o - 33

o2dt | yhy-)E [

Given this solution one may easily find the remaining functions: they all take the schematic

form N ,
i = (y 12 ) i = 17374

for various constants a;,b;,¢;.
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Example 20. [Folding Verlinde & Warner’s Solution] By restricting the prepotential
found by Verlinde & Warner (1.5.1)) to the hyperplanes

b=13=1, G=t=t,

we obtain the ansatz (2.3.12) (up to a re-scaling). This process of restricting to hyper-
planes is known as ‘folding’ because it was shown by Zuber [70], in the case of polynomial
Frobenius manifolds, that the non-simply-laced examples (namely By ,F4,G2,Hz4,12(n))
may be obtained by restricting the simply laced examples (namely A,,Dy,Eg73g) to certain
hyperplanes, which can be understood as foldings of the corresponding Dynkin diagrams
by an automorphism. In order to obtain a subalgebra one requires the condition

c..k( —0, Vi,jel,vkel.

Verlinde & Warner [66] found that the WDVV equations reduce, quite remarkably, to a
third order modular invariant differential equation for their pivot term

1 " 1 2

=g (535 )}
where 3 = S[%,0,0;t]. It does not appear at first sight that this solution to WDVV obtained
by folding the solution (1.5.1), and the solution agree - the triangle functions look
completely different (recall that the function y(t) appearing in the solution (2.3.14) was
given in terms of the triangle function y(t) = S3, £,0;t]). However, due to non-linear iden-
tities between hypergeometric functions due to Goursat [30], [43] we obtain via equation
identities connecting different Schwarzian triangle functions. For example, if we
define

BH) = S3.00i],
W) = S35.601,

then the identity (Goursat (44) [30])

} §'Z'_ X2 = 5F } } E'X = -
86 T ax—n) \333 Y= -1

ol

(1—z)%2|:1<
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g Non-pivot solutions (a2, 03,04):
% (47070)7(3707 1)7(1707 3)?(0?0?4)
(37 l? 0) ) (27 l? l) ) (17 17 2) b (O? l? 3)
(2,2,0),(0,2,2)
(1,3,0),(0,3,1);
: (3,0,0),(1,0,4),(0,0,6) (0,2,3);
i (1,0,5),(0,0,8)
(2,1,0),(1,1,3),(0,1,6)
(0,2,4),(0,3,2);
1 (n>5,and odd (1,0,n+1),(0,0,2n)(0,2,n);
Til,(n22) (0,0,2n+1);
£.(n>2) (1,0,2n+1),(0,0,4n),(1,1,n+1),(0,1,3n)
(0,2,2n),(0,3,n)
>.(n>4) (0,1,n)
arbitrary none.

Table 2.2: Non-pivot solutions of the Frobenius equation for N=5.

2.3.3 Modular Dynamical Systems for N = 5.

There is again a 1-parameter family of Euler vector fields,

20 150 40

0
—tl _
E=t +(1-o)t 2t s 0t3+a Frek

- ot
In this case we have 3 pivot points which correspond to the monomials {(tyt4)?, ta(t3)%t, (t3)*}.
Again, without loss of generality we may assume decreasing degrees and hence 0 < % In
this case, solutions of the Frobenius equation correspond to the intersection of a plane
and N3, As ¢ varies this plane pivots about a line which intersects the three pivot points.
Analyzing the Frobenius equation (2.2.4), we find the non-pivot terms summarized in
Table 2.2.
Perhaps rather remarkably, in all cases except 0 = 1/2, there exist no semi-simple
modular Frobenius manifolds. The obstructions to associativity typically reduce to dif-

ferential equations of the following types:

1. second order Euler-type differential equations that may be integrated explicitly to
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yield a non-semi-simple solution to WDVV.

2. first order equations of the form

V57 =0,

where yis a pivot term. As in the analysis of N =4, we may reduce any such function
to zero, and hence the modularity properties of any resulting Frobenius manifold
will be destroyed.

N=5,0=13.

In this case we have the ansatz

1 1 1

F = jﬁyumu+§u§—zngmuf+w@mﬁu+ﬁmm®
+01(ts)t3 + G2 (ts)t3ts + ga(ts)tats + 9a(ts)t4 + Os(ts)t3ts + gs(ts)tatats + g7 (ts)tatat2
+0s(ts)tats + Go(ts)tot3 + 1o(ts)t3ts + Qa1 (ts)tot + Gua(ts)t3ta; (2.3.15)

Yo, T 2%0t,  2°0ts  2°%0ty

Though it was not possible to give a classification of all the solutions of this form, we give
examples of two that have appeared in the literature.

Example 21. The following example (rescaled slightly) was found Guerts, Martini & Post

[31]].
1 1 1 1.,)\2
2 2 2
= = ) [ t t
F 2t1t5+t1 <t2t4+ 2t3> 2 <t2t4+ > 3> y(ts)
1 1
+54 (t7 — 2tat3 — 26513 + 3t3t7) hi(ts)+5, (tg — 2tat3 — 23ty + 3t3t3) hy(ts)
where

1 1

y, = EVZ_Ehlh27

M, = yh+h3, (2.3.16)
W, = yh+hi.

This system reduces to the Chazy equation for the function y.

Example 22. In the same way that we folded Verlinde & Warner’s solution in Example

the following solution may be obtained by restricting the Dgl’” solution found by

Satake [58] to certain hyperplanes < = {t' = 0,i ¢ |} for some subset | C {1,...,N}.
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For the case in hand, we can reduce Satake’s six dimensional solution to a five di-
mensional one by setting any onet' =0, fori € {2,....N —1}. Following this procedure we
find

1, 1 1 2
Fo= Stits+ 5t (B +5+1) — 12 (B+15+18) y(ts)

1
+(tz + 13 — 255 — 235 — 25t3) Gu(ts) + 5 (totatd) Ga(ts)

where

1 2

1
i = Yo 1505+ 16g%, (2.3.17)
% = Y% —32010.

This system also reduces to the Chazy equation for the function y. Note the slightly
different form of metric in this example.

Though not obvious in their current form, it turns out that the two systems in these
examples are inequivalent. Both fall into a class of differential equations called (for
obvious reasons) quadratic differential equations, first studied by Lawrence [39], and
more recently by Ohyama [49]. As we will see in the remainder of this chapter, one
may associate to such a system an algebra in a very natural way. The systems are then
analysed by studying the properties of these associated algebras. For the two examples
presented here the corresponding algebras - to be defined in the next section - are non-

isomorphic, and hence so are the modular Frobenius manifolds.

2.4 Solving Modular Dynamical Systems

We now turn our attention to the methods employed to solve the dynamical systems de-
rived above. Upon eliminating the non-pivot functions, all the dynamical systems we have
found yield a third order modular invariant differential equation for the pivot function y.
They all fall into a class of differential equations of the form

(G — 2uu)?

U':aW+BuU+yU2+5(U—u2)2, (2.4.1)

the general solution of which was first constructed by Bureau [7]]. As hinted at earlier,
equations of the form (2.4.1) will be referred to as Bureau'’s class. The constants a,f3,y
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and O are subject to the constraints
160 —y=18 2B+y=6.

The importance of the class of equations (2.4.1) becomes more apparent when written in
terms of the Rankin derivative,

(Du)(D%u) = a(D?u)?+ (5 + 16a — 24)(Du)®.

The constants are subject to the same constraints. In fact, any modular invariant differ-
ential equation of rank three and modular weight 8 can be obtained from this one by an
appropriate choice of the constants. This follows from the following

Proposition 10. [16] Let P be a polynomial. Suppose that the differential equation

Piy,V,Y',...yY¥)=0 (2.4.2)

is invariant with respect to Mobius transformations of the independent variable 1. Then
the differential equation (2.4.2) can be represented as

Q(Dy,D?%,....D'y) =0, k=1+2,

where Q(Dy, D?y,...,.D! y) is a homogenous polynomial in y and its Rankin derivatives.

Proof. One direction is easy: by construction, any such Q is modular invariant. To show
that such a Q exists, it is enough to consider the case where P is linear in the highest
order term y¥. Because P is modular invariant, each term must be of the same weight.
Therefore it can be factorised as follows:

k d i
P= (——a-y) y=0.
iE! dr

Then we must show that a; = 1/2, for j =1,...,n. To this end, suppose 3aj # 1/2. Then

d 1)\ d
P = I';!(E_EO (E_O’JV)V

= ooyt (3-a)¥)

1
= DMy+ 2y<§ - a,-) DK 1y.

Note that the second term is not modular invariant. So o =1/2, fori=1,...,n. O
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For example, when a =0, we obtain the so-called Chazy class XII,
D3u= (6 —24)(Du)?,

with Chazy itself appearing for d = 0.
Bureau found that the solution to (2.4.1) is given in terms of a functiony,

u = %(%—q(y)S/>

B 1dIo y
= 2a" 0wy pem )

a(y) = <(l;n)+(i’:rp>

and Yy satisfies the Schwarzian differential equation

where

y

)
y 3{y} :_1{1—n2 1—-n? (1+p2—mz—n2)}y2. (2.4.3)

—~—= = + -

y 2 2 vy (1-yp? y(y—1)
The relationship between o,(,y,0 and m,n,p are given by the requirement that L; =
0,i=1,2,3 where

L1 = (1-2n)[1-3n—a(1-2n)],

Lo = (1-2m)[1-3m—a(1-2m)],

L3 = (1-2m)(2—3n)+(1—2n)(2—3m)—2a(1—2m)(1—2n)
F3r+5-6)[@-m-n?- 7.

We recall briefly here how to construct solutions of the Schwarzian differential equation
2.4.3l

Consider the second order Fuchsian differential equation
X"(2) +1(2)x(z) = 0. (2.4.4)

Fuchsian means that the function |(z) has poles of order at most 2. One may keep in
mind the hypergeomertric equation, as three regular singular points will suffice for our
needs. Let X; and X be any two linearly independent solutions to (2.4.4]). Then

XiXp — XX = 0= XjX2 — X;%, = C, C# 0 constant.

That is, the Wronskian of the solutions is constant. This constant is non-zero because the
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solutions are linearly independent. Now consider their ratio,

1(2) =

For example, in the case of the hypergeometric equation,
z(z— 1)X' 4+ [(@a+b+1)z—c]X + abx =0, (2.4.5)

we have
V%R (l1+a-cl+b-c2-c2)

2Fl(a7 b7 C, Z)

1(2)

The inverses of ratios of hypergeometric functions like this are known as Schwarzian

triangle functions. Due to the constancy of the Wronskian, it follows that T satisfies the

Schwarzian differential equation,

" 3/ 2
LS. (T) _2(2). (2.4.6)

To introduce some terminology, the left hand side of (2.4.6) is known as the Schwarzian
derivative of T with respect to z It is denoted

" 3/1" 2
{T’Z}_7_§<F> |

Two key properties are
* The Schwarzian is a projective invariant:

{ar+b

]

for ad — bc # 0.

» The Schwarzian satisfies the connection formula: If w(z) is a non-constant function
of z,

2
{t,w} ={zw}+{1,2} ((;j—vzv> )

An equivalent interpretation of the former property is

ar+b

{1,x} =0&x= i d

For the case in hand, the Schwarzian trivializes the monodromy of the ODE (2.4.4): If
one analytically continues a pair of solutions around a loop encircling a singular point of
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the differential equation, we obtain two new solutions related to the original ones by an
invertible linear transformation,

X1(2) axy (2) + bxz(2) }

X2(2) +— ©xu(2) +dx2(2)

From the latter property it follows that

eo-(2) e

if we take T =w, since {1,7} = 0. Although both properties have a deep geometric mean-
ing, they can be checked directly by calculation.
Using the second property, we find that the inverse function z(7) satisfies the nonlin-

{z,;1} =-1(2 <$>2

This is exactly the equation (2.4.3), for the choice

ear differential equation

o 1f1-r® 1-m* (1+p*P-mP-nd)
I(Z)_—E{ Z +(1—z)2_ 2(z—1) }

So starting from an appropriate second order Fuchsian differential equation, we may
construct, by taking the inverse of the ratio of two solutions, solutions to the Schwarzian
differential equation (2.4.3).

The constraints Lj =0, for i = 1,2, 3 on the various parameters, although not immedi-
ately obvious, follow from

Proposition 11 (Due to I.A.B. Strachan (2011), unpublished). Suppose

u:%{z—q(z)'z}

where z satisfies the Schwarzian differential equation

{z1} = —%| (22. (2.4.7)

Then
D"u=hn(22", neN,

for
hn(2) = hn—1(2) + nq(2)hn_1(2).
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Proof. Proof is carried out by induction. We have

N . 2
z z , . 1/2 .
(;—(Q)—q&wemaﬁ—i<5—ma§,
7 3 (2\? 1, 1 ,).
( —5@)>—@q®+ﬂ®)£,

%
ACRE CR CERCES

Du=u—u? =

So the assertion holds for n= 1. Suppose now that D"u = hy(2)Z**1. Then, by definition of
the Rankin derivative, we have D"u= D(D"u) — 2nuD"~'y, and so

D™u=H, (22?4 hy(2)(n+ 1)2"2— 2u(n+ 1)h,(2) 21,
By definition, 7= 2uz+ q(2)2Z, and so

D™ = h,(22"%+ (n+1)ha(2)2" (2uz+q(2)Z) — 2u(n+ L)hn(2) 2+
= (M@ + N+ (Dq(z) 22
= hn+1(Z)'Zn+2.

O

This proposition turns modular invariant differential equations into algebraic equations,
and gives a simplification of Bureau’s original argument. For example, Bureau’s equation

becomes
hi(2)h3(2) = aha(2)? + (& + 16a — 24)hy (2)°. (2.4.8)

For |(z) and q(z) defined above one can easily check that

1/1-m-n2-—p>\ 1 M
hl(z):—z< 71 >_'_Zﬁ’ (2.4.9)

for M = (1—m—n)? — p?. Using the recursion relation derived above, one can compute

1 2n 1-2m

he(2) = 4 ( Z(z— l))

hs(z) = % <z3 —n)(1—2n)—2(1-2n))
+z( 11)3 (3(1— m)(1—2m)—2(1—2m))

+22(27i1)2 ((2n+2m—-2)4+3(1—n)(1—2m)+3(1—m)(1— 2n))> .
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Substituting into and equating powers of z we arrive at Bureau’s constraints
Li=0, fori=123.

Let us summarize our strategy for solving the dynamical systems derived above. Note
that although a lot of the theory set out above applies to modular differential equations
of arbitrary order, all of the dynamical systems we have found are of rank three.

Step 1. Solve the constraints Lj =0, for i = 1,2,3 to identify the parameters m,n, and
p to appear in the triangle function 7(z) = §m,n, p,Z that satisfies the differential

equation
{T,Z} - I(Z)7
in terms of the coefficients appearing in the third order modular differential equa-

tion (2.4.1).

Step 2. Construct the solution §m,n, p,z implicitly as the ratio of two linearly indepen-
dent solutions of the Hypergeometric equation

l+a—-cl+b—-c2-c,2
oF1(a,b,c,2)

1(2) =S Ymm,p,7 = A-c2hl (2.4.10)

The parameters m,n and p appearing in the triangle function found by solving L; =
0, for i =1,2,3 then determine the parameters of the hypergeometric function
according to [7]

= (1-c)? m=(a+tb-c)? p’=(a—b)% (2.4.11)

This is done by writing the hypergeometric equation in Q-form.

Step 3. Using the properties of the Schwarzian derivative, we know that the inverse
function z(1) = §m,n, p, 7] satisfies the nonlinear differential equation

{z1) =127

u:%{;j_q@)-z},

which satisfies the third order equation modular invariant differential equation

2.4.7).

and so define

Step 4. Use the dynamical system to find expressions for the non-pivot terms in terms of
the solution to (2.4.1). The technicalities of this step are simplified thanks to the
Proposition [T11
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Let us illustrate the above procedure for the 4 dimensional Frobenius manifold with
0 = 1/3. Recall that the pivot y satisfies the third order equation (2.3.14)

_3(i—2y?
+6 6
=3 7oy yy—6y>.
In terms of the Rankin derivative,
3
Dy(D%) = 7 (D%)* -~ 12(Dy)".

This is equivalent to the algebraic constraints

(1—2n)(1—-6n) = 0O,
(1-2m)(1-6m) = 0O,
(2—3m)m+(2—3n)n+3p2_% -

on mn and p. Solving the system, we find p= 0, and we can choose (mn) = (%, (—15) The

function g is given by
1 5

2 8z=1)

The solution to 3rd order equation (2.3.14)) is given in terms of the Schwarzian triangle

functionl] z2(r)=94%,%,0,1]:
~1d 7
"= 2ar \Faat)

2586
We recover the non-pivot terms from the dynamical system with the aid of Proposition
M1l Recall that the system was

d(z) =

_ 1 4
y = §V2—72H91, (2.4.12)
9 = yg-aqy
where [l is a constant and
93 =HGi, Ga= “gl [gl— —gly} (2.4.13)

Taking into account the re-scaling of the independent variable t = %t4, the differential

TNote that we have freedom of choice here between the values of mand n. (m,n) = (%, %) corresponds
to the trivial solution u= 0. Aside from this choice, the other values give equivalent solutions due to well
known identities between hypergeometric functions due to Euler, Kummer and Goursat.
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equation for y becomes

Dy = —144ugj
= hl(z)'z2 (due to Proposition [11)
1 M
1M 2 (using @
A77-1) (using (2.4.9))
_ 1z
-~ 36z(z-1)
1 72
' 5184 4 z%(z—l)%

Using this, the other equations (2.4.13) imply

3 3 1 .
__HE Z2 _yz 72
" 5184 (Zz(z— 1)5}‘)7 . 25920(23(2— 1)%) '

Note that as pointed out above, the non-pivot functions take the schematic form

gi(T):ﬁz :

NI—

So we are able to solve the modular dynamical systems in terms of Schwarzian triangle
functions. Let us now turn our attention to the rather elegant approach, initially due to
Lawrence [39] and then extended by Ohyama [49], for studying quadratic systems.

2.5 Modular Dynamical Systems and Non-Associative Alge-
bras

Motivated by the form of the dynamical systems found above we make

Definition 12. [39] A quadratic system of differential equations takes the form

dx no.o .
— =5 adxx i=1,..,n, (2.5.1)
dt &, K

=

where the n® constants aijk satisfy aijk = a{(J

To understand the relevance of such systems, one should keep in mind the set of
functions {y,01,...,0k}. For example, the systems (2.3.16), (2.3.17), and (2.3.11) are of
this form. Lawrence’s idea was to study the following algebra:
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Definition 13. [39] The associated linear algebra is defined by
n
X0 X; :kz alf Xe. (2.5.2)
=1

The algebra is called linear because any element can be written as a linear combina-
tion of the basis elements {X,...,X,}. Note that the algebra is commutative due to the
relation aijk = a{q but it is not necessarily associative. Demanding associativity of the
algebra places quadratic constraints on the structure constants a'jk, just like the WDVV
equations. As noted above, for polynomial modular Frobenius manifolds, the WDVV equa-
tions are equivalent to a modular dynamical system. For the case when this is a quadratic
system, it is an interesting problem to find an explicit formula for the constants aijk in
terms of those of the Frobenius algebras.

Example 23. Consider the system (2.3.16) of Example [21l:

1 1
= Zy*— Zhh
y, 2V2 2 1112,
M, = yh+h3,
N, = yh+hi.

The associated algebra is given by the multiplication table:

o | T H H
rir H H
Hi|Hi 2H, —3r
Hy [H, —3r 2H;

(2.5.3)

So the algebra is unital, with unity .

In fact, it follows from the definition of the Rankin derivative that quadratic systems that
are also modular invariant are unital. For a polynomial modular Frobenius manifold, this
is proportional to the pivot function: Suppose we have a set {y,01,...,0n} of n+ 1 functions
in the variable 1. Define an 9.(2,C) action by

ar+b\ 2
v<cr+d> — (cr+d)Py(r) +20(cT + ),

(at+b) - o
g'(cH—d) = (ct+d)%i(r), fori=1,..,n
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Then any modular dynamical system in the variables {y,0i,...,0n} takes the form

n
Dy=Y afjgg;,
i,]=1

n

Doi= Y @00

i.e. a quadratic system. Furthermore, the associated algebra is unital, with unity = %F.
This can be seen by a direct calculation.

As promised earlier, the study of these associated algebras would allow us to decide
whether or not the two Frobenius manifolds (2.3.16)), (2.3.17) are the same. The following
theorem provides a large step towards answering this question:

Theorem 5. [39] Two quadratic systems

i n
T - > aodd, i=1n (2.5.4)
j7 _l
dy’ Do .
j7 =1

are equivalent under a nonsingular linear change of variables

X = Jibﬂyj

if and only if their respective associated algebras are isomorphic.

Therefore we need to determine whether or not the algebras associated to the two solu-
tions in question are isomorphic. The calculation will be made easier by choosing a basis
of nilpotent elements for the algebras. It will be useful to have at hand for reference the
algebra associated to the solution found by folding that of Satake (2.3.17),

o | I G, Gy
r r
G G2 (2.5.6)
G| Gy -4l —-4G; Gy
Gy | G 4G, —AI — 4G,

Recall that nilpotent elements of an algebra satisfy H2 = 0. Solving this equation for the
algebras (2.5.3), (2.5.6), and re-writing the multiplication tables in these bases ({E,F,H}
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and {E,F,H} respectively), we find

o | E F H o | E F A
E|E F H E|E F H
2.53)— 1 R56)— .| - e =~
F|F 0 IE+F+H F|F 0 —JE+F+H
H{H JE+F+H 0 HIH —iE+F+H 0

A quick calculation then shows that there does not exist an isomorphism between these
algebras. Hence the functions in the respective modular dynamical systems are different,

and the Frobenius manfiolds are non-isomorphic. To summarize, we have proved

Proposition 12. The polynomial modular Frobenius manifolds corresponding to the
modular dynamical systems (2.3.16) and (2.3.17) are not isomorphic.

It is interesting that all of the modular dynamical systems appearing in this thesis are
of rank three. Even for the solution of Verlinde & Warner [[66]], which is an 8 dimensional
Frobenius manifold, the WDVV equations reduce to a modular dynamical system of rank
three. A priori, there is no reason why this should be the case - with the ansatz
there is no reason why the underlying system could not be of rank 13, for example. If
further progress in the classification of modular Frobenius manifolds is to be made, this
phenomenon must be understood.

Frobenius manifold structures on Hurwitz spaces are some of the best understood
[1oll, with modular Frobenius manifolds being important in the study of so-called genus
one Hurwitz spaces. These are moduli spaces of algebraic curves of genus one with
a fixed meromorphic function of degree N+ 1 that realises the curve as a N+ 1 sheet
covering of P1. It would be interesting to try to construct such meromorphic functions
for the modular Frobenius manifolds presented here.

To summarise, we have defined a class of Frobenius manifolds whose prepotential
is a quasi-modular function, and set out a program for classification. We have provided
perspective on how existing examples in the literature fit into the framework presented
here. Complete classification results for dimensions three and four have been presented,
as well as partial results for dimension five. Further we have shown how to decide
whether polynomial modular Frobenius manifolds are isomorphic.

The next challenge will be to look at the principal hierarchy of a given modular Frobe-
nius manifold. We will study how the modular symmetry present in the prepotential is
inherited by this hierarchy. As we will see, this provides examples of integrable systems

with a modular symmetry.
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3.1 Infinite Dimensional Hamiltonian Systems

At the very least, an integrable equation is a non-linear (partial or ordinary) differen-
tial equation that can be solved exactly. We have already seen an example of an inte-
grable system in Chapter 1: the WDVV equations. The preceding chapters should have
convinced the reader that a more optimistic or fruitful point of view would be to under-
stand why an equation is integrable, and what meaning its solutions have. This Chapter
explores how the Frobenius manifolds themselves can be viewed as a geometric struc-
ture on the space of dependent variables of a system evolutionary partial differential
equations of hydrodynamic type (sometimes called the target space of the system). The
archetypal PDE of this type is the dispersionless KdV equation, thus providing the perfect
platform from which to introduce many key concepts.

3.1.1 The Korteweg-de Vries Equation

The KdV equation,
Ut = BUUy + Uxxx (3.1.1)

was originally derived in 1895 by Korteweg and de Vries, after whom it is named. They
were interested in modelling the propagation of waves in a shallow channel of water.
Any solution u(X,T) is a function of both space X and time T. Equations like (3.1.1) that
involve only a first order time derivative are sometimes called evolution equations. One
may look for solutions that travel to the right with constant speed c: u(X,T) = f(X+cT).
With this ansatz, one obtains the ordinary differential equation

()2 =cf2—2f3

Solving subject to the boundary conditions that f, f’, f” — 0 as X+ cT — =+, one obtains

uX,T) = sech? (ﬁ(X+CT+(p)>. (3.1.2)

the solution

2 2

This sech? profile models the shape of a wave moving to the right with constant speed
c. Note that the speed with which such a wave moves depends on its amplitude. An
interesting feature of these solutions is the way they interact. One would expect that
if two waves were to collide in a shallow canal of water the result would be a plethora
of discombobulated sloshings. However, it was shown by Kruskal and Zabusky that this
is not the case. Amazingly, they found that two solutions of the form could pass
through one another unperturbed, up to a shift in phase. This led to the coining of the
term ‘soliton’ for solutions of this form due to their particle-like interactions.

Over the past three decades there has been fresh interest in the area of integrable
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systems from mathematicians working across a wide range of topics. Of particular in-
terest are evolutionary PDEs like the KdV equation. This is primarily due to the work
of E.Witten and M. Kontsevich that establishes deep connections between the KdV hi-
erarchy and intersection theory on moduli space of Riemann surfaces satisfying certain
stability conditions. This connection has been exploited to answer very old questions
arising in the field of enumerative geometry.

3.1.2 Conservation Laws of the KdV Equation

A key property of the KdV equation is the existence of conservation laws. A conservation
law is an equation of the form

&rh(u, Ux,Uxx,....) = 0)( f(u, Ux,Uxx,...). (3.1.3)

The reason for this choice of name becomes apparent if one considers the function
A= / h(U, Ux , U, ..)dX.
9

Taking the time derivative, we have
dT/@h(u, Ux,Uxx,....)dX = /gaxf(u, Ux,Uxx,....)dX = f(U, Ux,Uxx,...)|g@.

If the boundary conditions are chosen in such a way that f(u,ux,uxx,...)

99 = 0, then we
see that the functional
= / h(U7 Ux,Uxx,....)dX
1

is a constant of evolution. Such constants of evolution are known as Hamiltonians. Usu-
ally, it is specified that the spatial domain of integration is R, subject to u,ux,uxx,... — 0
as X — +oo, as in the construction of soliton solutions of the KdV equation. From a
mathematical point of view, integration over a spatial domain which is a closed manifold

like S' provides an adequate model in which to make sense of conservation laws as well.

Example 24. Note that the KdV equation itself can be written as a conservation law,

01 (u) = x (3u? + uxx) (3.1.4)

so that 741 = [udX is a conserved quantity. This conservation law has the physical inter-
pretation of conservation of mass. We also have

1
or <§u2> =uur = u(6uux +Uxxx)

1
= BUPUx + Uuxxx = dx <uuxx+2u3—§u§>, (3.1.5)
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so that 74 = | %uz dX is also a conserved quantity, corresponding to conservation of mo-
mentum. Finally, one can check that

1 1 9
or <u3 — Eu)2(> = dy <—uxuxxx + §U>2<x + 3uPuxx — BuUZ + §u4> (3.1.6)

which corresponds to conservation of total energy, /4= [(u®— 3u%) dX. What makes the
KdV equation special is that as well as these physically intuitive conserved quantities, it
admits infinitely many conservation laws. This statement was conjectured by Miura, and
later proved by Gardener. For a proof of this result see, for example, the book of Drazin
and Johnson [15].

The existence of infinitely many conservation laws for the KdV equation may be in-
terpreted in another way: the KdV equation is a member of an infinite hierarchy of
commuting partial differential equations, generated by its conservation laws. The other
ingredient involved in generating this hierarchy will be a Poisson bracket.

3.1.3 Poisson Brackets on Loop Spaces

Let us set out a framework with which we can extend many of the integrable character-
istics we have observed for the KdV hierarchy to other evolutionary PDEs. For a more
detailed exposition of this setup, see [48, [24].

Let .# be a smooth manifold of dimension N. Consider the space L(.#) = Maps(St,.#)
of smooth maps from S' into .#. If X is our coordinate on S', any element of L(.#) is
represented by an N—tuple (V}(X),...,WW(X)). The coordinate X € S' will play the role of
the independent spatial variable in the PDEs we will construct.

Motivated by the conservation laws of the KdV equation, we are interested in func-
tionals over our loop space,

ﬁ:/slf(v,vx,vxx,...vkx) dx, (3.1.7)

whose density depends on derivatives of the coordinates v with respect to X of order up
to k < 0. The ‘Euler-Lagrange’ or ‘variational’ derivative is defined on functionals of this

form by
" 0F
z— [ X
57 = [ 576V (X) dX
where 57 ot ot ot
oF _ ot 5 (9T kg (21
Vo Vo 0X<0vx>+"'+( 1)70x <0ka>'

Definition 14. A Poisson bracket on the space of functionals on the loop space L(.#) is
a bilinear pairing satisfying, for any three functionals ¢ ,.%, and ¢4 of the form (3.1.7)
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1. Anti-symmetry,
{3/7,%} = _{g’ﬁ}v

2. The Jacobi identity,

{{3/7,%},%”}+{{%ﬂ,ﬁ},£¢}+{{%,%ﬂ},ﬁ} =0,

3. The Leibniz rule,
{F,GH}=G{F ,H}+H{F 9}

There is an obvious grading on the space of functionals that counts the number of
X—derivatives. This can be made explicit by re-scaling the spatial variable, X — &X,
for |¢| small. This induces a mapping on the operator Jdx:

X— eX, 0Ox+— &0k,

and so powers of € ‘count’ X-derivatives. A Poisson bracket of order K on the space of
functionals is given by

0.7 K dH
F.H = | == IV (\, Vi, ..., K=" dX
{ ) } st 5\/0— k;Ak ( sy VX g eeey kzX)dX < 5VV> d )
where Kk = max{k; + ko : k=0,...,k;}. The conditions that this defines a Poisson bracket

then place very strict constraints on the coefficients A?Y(V, Vx, ..., Vipx)-

Example 25 (k = 0). Let us study Poisson brackets on our loop space of order zero,

0.7 dH
aT — i av
{F, K} = /Sl 50 kZOA (V) Suv dX.

Such Poisson brackets are generated by Poisson brackets on C*(.#). For example, if the
underlying target manifold .# admits a symplectic form w € \?(.#), the assignment

AGV — wJV

defines a Poisson bracket over the space of functionals. In the case where our functional
densities depend only on the coordinate fields and not their derivatives,

y:/fwmx
st
we generate Hamilton’s equations of motion,

df = yw.
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What happens when Kk > 1?

3.1.4 Poisson Brackets of Hydrodynamic Type

Let us consider Poisson brackets that are homogeneous of degree one. These take the
form

- 9h of
(. F) = /51 = (g"ﬁdx +b3‘3vj‘x) 50, (3.1.8)

for any two functionals

%:/Slh(u)dx, ﬁ:/slf(u)dx, (3.1.9)

whose densities are functions of the coordinates { V¥ : a =1,...,N } and not their X-
derivatives. We will call Poisson brackets (functionals) of this form hydrodynamic type
Poisson brackets (functionals). This is because the Hamiltonian system they generate
takes the form of a hydrodynamic type PDE:

c?vﬁ(?va+ 7

o — 0 x), ) = (o o) o (3.1.10)
Recall that in order for the bi-linear pairing (3.1.8) to define a Poisson bracket it must
satisfy, in particular, the Jacobi identity:

(0, TV, Y+ ([, Y, T+ {{F, 4}, ) = 0.

Dubrovin and Novikov [21]] found the following differential-geometric interpretation of
this constraint: if the matrix g% is non-degenerate, the bracket (3.1.8) satisfies the Jacobi
identity iff

e g°P define the inverse of a flat metric;

° b‘;ﬁ = —g‘mFgK, where rﬁ,( are the components of the Levi-Civita connection for the
flat metric g.

Although the result is very elegant, the proof is technical and will be omitted. The reader
is referred to their orginal paper [21]], or the lectures of Hitchin for a slightly more
intrinsic approach [35]]. Hence by choosing a system of flat coordinates for the metric g,
the Christoffel symbols vanish and we are left with

0h
AT g°h dX. 3.1.11
In this coordinate system skew-symmetry of the bracket and the Leibniz rule are more
or less immediate from integration by parts. This flat coordinate system is the set of
Darboux coordinates for Poisson brackets of hydrodynamic type. For example, the first
Hamiltonian structure of the KdV equation was of this type.
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Note that the flat coordinates { V¢ : 0 =1,...,N } of the metric g,
VO (X) = /Slva(v)cS(x —v) dy

span the centre of the bracket (3.1.8).

Example 26 (The KdV Hierarchy). As was noted above, the KdV equation itself may
be written as a conservation law. Let us see how the KdV equation fits into an infinite
hierarchy of PDEs. For this example, we take the target manifold .# = R. The Gardner-
Zakharov-Faddeev (GZF) bracket is defined by

0.F o
ar —
{‘/’%}GZF_ L 6u 0)( ( 5U > dX

Then the conservation law (3.1.4) may be written in Hamiltonian form

0t
Kdvy : Opiu={u, 5} = Ox (5—uz> .

The KdV hierarchy is given by
Kdv, : omu={u,H1}er, Nn>0.
The flows of the hierarchy commute,
OrndrmU = drmdrol,

due to the Jacobi identity and the fact that { 7%, #n} =0, Yn,m> 0. The KdV hierarchy
is also Hamiltonian with respect to a second Poisson bracket (though this one is not of
Hydrodynamic type) called the Lenard-Magri (LM) bracket,

ar
{ﬁ,jf}m:/slé—‘/(ég+4udx+2ux) (5—%> dX,

ou ou
but with a shift in the indices appearing,
KdV, : oOru={u, 4} .
For example, the KdV equation is given by

1
KdVi : dru={u, 4} = {u, EUZ}LM = (0% +4udx + 2ux) u

The Hamiltonian representation of an integrable hierarchy of PDEs, such as the KdV

hierarchy also consists of an infinite family of commuting functionals. How can one
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characterise hydrodynamic-type functionals that Poisson commute?

Lemma 8. [64, [35] Let »# and .% define hydrodrynamic-type functionals as in (3.1.9).
Then
{(#,7}=0 < g HOadhOpdf) =g (Ogdh,Oqdf), (3.1.12)

where U denotes the covariant derivative for the metric g.

Proof. In light of the differential-geometric characterisation of the Jacobi identity given
by Dubrovin and Novikov, we can give a coordinate-free re-interpretation of the definition
(3.1.8),

(2, F) :/Slg‘l(dh, Oxdf) dX, (3.1.13)

where [y := %Da. Therefore,

(A, F} = o@/ N gt (dh, Oodf)dX = o—/we

Because exterior differentiation commutes with the pull-back map, the one-form v*6 :=
99 1 (dh,0sdf)dX € [(T*S', S') integrates to zero on each loop (locally, or for .# simply
connected) iff d6@ = 0, or in the flat coordinates of the metric g iff

Oog Y(dh, Ogdf) = Opg*(dh, Ogdf).

Because [ is the Levi-Civita connection for g, we also have [0g~! = 0. Further we know
that in order for the bracket (3.1.13) to satisfy the Jacobi identity ( is flat, i.e. [g,g] =0.
Therefore

Oqg '(dh,0pdf) = g *(Oqdh,Opdf)+g-
= g !(Oqdh,0pdf)+g"
= Oy *(dh,0qdf)

& g Y(Ogdh, Opdf)

!(dh, 04 0pdf)
(dh,0p0qdf)

=g }(Opdh, Oqdf).

3.1.5 Bi-Hamiltonian Structures and Flat Pencils of Metrics

The theorem of Dubrovin and Novikov gives a way to construct Poisson structures from
flat metrics. On a Frobenius manifold, we have not one but two flat metrics which, as we
saw in Chapter 1 combine to form a flat pencil: g— An is again a flat metric for all values
of A. What is the interpretation of this stronger statement in the context of Hamiltonian
systems? The answer is that it is a bi-Hamiltonian system.
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As we have seen, the KdV equation is Hamiltonian with respect to two different Pois-
son brackets,

Kd‘Vn : aTnu = {U, %H—l}GZF = {U7%+1}LM

It was first noted by Magri [?] that these Poisson structures have the remarkable property
that the linear combination

{‘a‘}LM_)\{‘a‘}GZF

is again a Poisson bracket for any value of A. This was one of the main motivating
examples for the

Definition 15. A bi-Hamiltonian structure on a manifold .# is a 2-dimensional linear
subspace in the space of Poisson structure on .# .

Although the notion of a bi-Hamiltonain structure makes the connection with Frobe-
nius manifolds more rigid, the main question we will be concerned with answering in this
thesis will be how a certain symmetry present at the level of Frobenius manifolds lifts to
the hydrodynamic flows (3.1.10). Therefore it will suffice for our purposes to study just
one of the Hamiltonian structures.

3.2 The Principal Hierarchy

3.2.1 Families of Commuting Functionals on Frobenius Manifolds

The Hamiltonian representation of the KdV hierarchy comprised a Poisson structure,
together with an infinite family of conservation laws. On a Frobenius manifold we have
not just one, but two candidates for the Poisson structure, but what about the infinite
family of commuting functionals?

Lemma 9. Let (.#,o0,e,E,n) be a Frobenius manifold. Let { hy(t;z) : a =1,...,N} be a
fundamental system of solutions to the system (1.3.4), and consider the power series

expansion
ha(t,)\) — z Anhn1a(t).
n>0
Then the functionals .
%70{ — /S:l hn7a(t)dx (3.2.1)

satisfy

{HMa,#mp}t =0, fora,B=1,...,N, andnm>0, (3.2.2)
where

{%,aa%fﬂm,ﬁ} = /51 ’771 (dhn,a (t)> Dthm,B (t)) dX.
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Proof. Owing to Lemma [8] we are to show that

r]il (Do’dhn’a (t)7 Dthm7B (t)) - r’il (DthrLa (t)7 Do’dhm7B (t)) .

In the flat coordinates {t? : 0 =1,...,N } of the metric n, this reads

v ( 02hn,a azhm,B 02hn,a 02hmﬁl3> -0

OtogtH Jtkgty  Jtooty gtk gt

Using the recursion relation (1.3.8), this becomes

Ohn_1q N1,
ARV (chyuch, — chyct,) gtpa ;te P _, (3.2.3)

which is exactly the associativity property of the Frobenius algebras, or WDVV equations.
O

To summarise, given a Frobenius manifold we have both an infinite family of commuting
functionals and a bi-Hamiltonian structure given by our pencil of flat metrics. From
the point of view of our discussion above, we have all the ingredients of a integrable
hierarchy of partial differential equations.

3.2.2 The Principal Hierarchy

Definition 16. The principal hierarchy of a Frobenius manifold (.# ,o,eE,n) is defined

by
ot° o
aTna {t% Hat, (3.2.4)
where .
{Ha, Hnp} = /51:7*l (dhng (t), Oxdhy(t)) dX. (3.2.5)

Note that the flows of the hierarchy commute,

0%te 0%t°
oTNAgTmB — gTmBATNA

due to the involutivity of the functionals and the Jacobi identity. To gain a more explicit
formula for the flows of this hierarchy, note that the coordinate fields may be expressed
as functionals using a Dirac-delta function,

t9(X) = /Slt"(Y)é(X —Y)dv.
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Hence,

S o5 Kyt Ohnq(t)
T = / 825(X~Y)n ay< ne ),
Ohn o (t)

_ ou n,a
- r] 0)( < dtl’l > )

o 9%Mna(t )t
athaty X

ohng(t),,
= Ny i ty.

This makes it clear how the properties of the principal hierarchy, such as commutativity
of the flows, depend on the algebraic structure present on the tangent spaces T.#. If

you like, this is another manifestation of equation (3.2.3) present in the proof of Lemma

@

Example 27 (Frobenius manifold for the KdV hierarchy). If we re-scale both the space
and time variables,

ur = Buux + £2uxxx,

which is known as the small dispersion expansion of the KdV equation. Taking the limit
€ — 0, we obtain the dispersionless, or quasi-classical limit of the KdV equation,

ur = 6uuy, (3.2.6)

known as the Burger’s-Hopf equation. This is the simplest example of a nonlinear wave
equation. In this limit, the behaviour of solutions changes dramatically: soliton solutions
like no longer exists, with solutions to becoming multi-valued in finite
time. It is the balance of the nonlinear Uuyx term with the dispersion Uxxx term in the KdV
equation that allow the existence of soliton solutions.

Having said this, the Jacobi identity for the Poisson brackets { , }sz { , }.u and
involutivity of the conservation laws are satisfied identically in €. Hence the Burger’s-
Hopf equation is bi-Hamiltonian, with respect to the Poisson brackets

{F, 1 = {F, Vs

0F 3%
6\ f— i P 2 3 I 11:11 H . .
Foy = m [ S ax+4uax+2ux)(5u> dx im (o

and it admits infinitely many conserved quantities,

Ha(u) = :!:iLno (U, euy, €2Uxx,...), n>0.
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Recall that for the trivial Frobenius manifold,

1 0
F=2t3 E=t—.
6’ ot’
the deformed flat coordinate was
tn-',-l

h(t;A) = n;))\”i(m_ ik

which leads to the infinite family of functionals

%’ﬁ:—l /t”*ldx, n> 0.
(n+1)! Js

The first Hamiltonian structure for this manifold is given by

(St Sy = | d(0) 00X,

which leads to the flows 1
{t, 74} = thtx’ n> 0,

which we recognise as the (slightly re-scaled) dispersionless limit of the KdV hierarchy.
For example, for n =1 recover Burger’s equation (3.2.6). The intersection form is given
by g=t, and so the second Hamiltonian structure is given by

(A, Hiaks — /Sl dhn(t) <tdx+%tx> dhm(t) dX.

This second Hamiltonian structure is the dispersionless limit of the Lenard-Magri bracket.

It may be shown (see, for example [16[, [17]]), that the principal hierarchy possesses a
tau-structure: Let { v?(X,T) : 0 =1,...,N } be a solution of the principal hierarchy. Then
all the Hamiltonian densities are given by

~ 02logT(T)

hn"a (V) - a= 1

W, yeeey N n>0. (3.2.7)

It was proved by Dubrovin in [17] that on the small phase space .# = {T%P =0, for p >
0; T9%=t%}, the logarithm of the tau-function coincides with the genus zero pre-potential
of the Frobenius manifold,

log1| 4 =F(Vv). (3.2.8)

In particular, for n =0, the solution itself is given by (we identify the time TO1 = X with
the spatial variable)
d%logt
VL
0XaTO0
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This structure is important to an approach given by Dubrovin & Zhang [[23]] to re-constructing
a fully dispersive hierarchy, like the KdV hierarchy, from its dispersionless limit. In some
cases, all the information required to re-construct the full hierarchy is contained in the
dispersionless limit, with this re-construction being performed by a so-called Muira map,
which takes the form

e Z)Fka(Viva---,ka), foro=1,...,N.
k>

One should keep in mind here moving from the genus zero to the full Gromov-Witten
potential of a symplectic manifold. From the point of view of the Hamiltonian represen-
tations considered here, such a reconstruction is possible when the Poisson cohomology
of the hierarchy vanishes, which is true for any Frobenius manifold [24].
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4.1 The Inversion Symmetry in Canonical Coordinates

A natural question has been raised. Suppose one has two Frobenius manifolds linked by
the inversion symmetry, or indeed a modular Frobenius manifold. How does this symme-
try lift to the principal hierarchy of the Frobenius manifolds? The answer to this question
will come in two steps. Firstly, we must understand how the Hamiltonians of the princi-
pal hierarchy are transformed. Recall that these were the successive approximations to
the deformed flat coordinates of the Frobenius manifold. Secondly, we must understand
the action on the Poisson structure used to define the Hamiltonian vector fields on the
loop space of the manifold. A key technical observation will be that in the canonical
coordinates the inversion symmetry acts as a conformal transformation of the metric.

Let us begin by collecting some technical results. Throughout this chapter and the
next, t; ;= N1at% =tN is the Egoroff potential for the metric 1.

Proposition 13. Under the inversion symmetry, the canonical coordinates are fixed,

Proof. We begin by observing that the inversion symmetry acts as a conformal transfor-
mation of both metrics. This follows from the transformation properties of the structure
functions (1.5.5):

oo ot 99 afx L ota ot
_g2Yr YR UL A _ —2Yt YL A aB: 20 YL a0k
Capy =4 " Gra gi8 g oxr = Nap =" g gplon = M7 =W g Fac ™

From this it follows that

CS/’B_AZ‘?taﬁa_thch:> ap

_ 20t L0t otP
Loto otk ofy v '

=== ==
1 oto ot
Recall (1.4.18) that the canonical coordinates may be defined as the roots of the charac-

teristic equation
det(g“B (t) —un “B> =0.

It follows from the transformation properties of the contravariant metrics that the roots
of this equation are invariant under the inversion symmetry. Hence the canonical coor-
dinates are invariant, up to re-ordering.

([l

Proposition 14. In the canonical coordinate system, the inversion symmetry acts as a

conformal transformation of the metric n).

Proof. Recall that in the canonical coordinate system the metric is Egoroff, with potential
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tl(U): N
n= _Zlﬁitl(u)dui ®duy.

The inversion symmetry acts as a Mobius transformaion of the Egoroff potential:

o A~

1
=1 = 4 = ni= t—znii-

O

Example 28. Recall for the Frobenius manifold defined by the prepotential and Euler

field

11023 14 22_(t2)4 3y. a0 1,0
F—z()t—i—zt(t) l6y(t), E=t 0t1+2t ETek

the canonical coordinates were given by

1 .
u=tt4 E(tz)zm(t3), fori=1,23,

where { wi,wp,ws } satisfy the Halphen system (2.3.3). Solutions to the Halphen system
have the modularity properties [43]

1 .
m<_?>:1'20q(1')—1', w(T+1)=aw(r), fori=123.

Using this fact, we have

~ o 2
. ()2 1/ f 1\ 4 1o, o «
Ui (t(t)):tl‘i'F—i-é B W B = +§(t )@ (t®) = u(t).
The rotation coefficients may be re-cast in terms of the Egoroff potential:

g = SVmily) 1 dd
| - — 5 )
) njj(u) 2 \/ﬁitlﬁjtl

where we have dropped the explicit dependence t; =t;(u). The inversion symmetry acts
by a shift on the rotation coefficients: If §;; denote the rotation coefficients of the inverted
Frobenius manifold, then they are related to those of the original manifold by

Bij(u) = Bij(u) - ﬁ\/aitlajtl.

Using standard formulae of Riemannian geometry (see Section[1.4), one finds the follow-




4.2. Inversion Symmetry and Principal Hierarchies 94

ing formulae for the non-zero Christoffel symbols:

i = Bij iv riji:—Bijwﬁv fori# j,
; oty
r=-— K\ 3
ii l;ﬁlk oty

Putting this together with the transformation properties of the rotation coefficients im-
mediately gives the action of the inversion symmetry on the Christoffel symbols:

- L1
| _ | . . .
My = M- Eﬁjtb i ]
. ~ 1 R . .
M= ri’i+a0it1, i, 4.1.1)
; ~ 1 ~ ~ 1..
M= itz Z_aktl =Tji—=at,
f 2 fi

where the last inequality follows from the identity e(t;(u)) = YN ; dita(u) = 0.

4.2 Inversion Symmetry and Principal Hierarchies

We aim now to construct an ansatz for how the inversion symmetry acts on the deformed
flat coordinates. Let us take as motivation our canonical example of a modular Frobenius
manifold.

Example 29. Recall that for the Frobenius manifold defined by the data

1 1 t3 o 190
F=_tltg+-titd + 2y(t3), E=tj——+-——
Sttt 5t + 7a¥(ts), 19t 20t

where y(t3) satisfies the Chazy equation,

y" =6yy’ —9(Y)?,
we have the recursion relation

9%hg oY
OtHatY :Cilv oté ’ for H,V,0 = 172737 n207
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(0)

subject to hy’ =tg. Solving this equation recursively gives the solutions

hi(t;A)

hz(t;)\)

ha(t;A)

}tl(tz)z + %(tl)ztg’} +0(A%),

2{- 116t Py (1)~ 5 ) + 5

= t24+A {tltz— %(tz)g’y(t?’)}

A2 Y )+ g VO~ ) + 509 |+ 00°)

- tl+A{—< 2 ey t3>}

32 { - @V )+ GV E) - W)+ G0+ 00,

Let us compute how some of the coefficients transform. For example,

ho1(t) =
hog(t) =
hos(t) =

hii(t) =

hia(t) =

hys(t) =

= ho1 <A1+(22t—332,—§,—t%> = —% = —Eh_lg,(“,fz,f );

:>h02< %, g,—é>:—%:——hoz(ﬂf2,f)

:>h3<1+(t2%,—;, é) L :flhm(fl,fz,f)

PR LR

e G 8-
T4 2 f3 B )\ 8)Ta\B 3

fif2 ()3
_tT+ 43

1
tA3'[t

(>}

) ——h12 (t,82,8%);

I - R T
é(ia )——6{~si (—)—&}
t%(%(fl)%%fl( 2= 2RO E) - @) = ghaa® 28,

Note the use of the modularity properties of the solution to Chazy’s differential equation

and its derivative. One can continue to compute explicitly the transformation propoerties
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of higher order approximations, but the calculations rapidly become more involved.
In general, we observe the following pattern:

- 4 (@2 21 A
hn7a(t(t)) :hn7a <t +W7_t§,_t§ :iﬁhﬁa(t)7
where
n+1, ifa=3, 1, ifa=3, )
~ , ~ , +, ifa=3,
A=< n, ifa=2 a=< a, ifa=2 =
) ) —, else.
n—-1 ifa=1, 3, ifa=1,
This can be summarised diagramatically:
0a0p h(n,K) = ngdah(n—l,x) —
a= 3 D . .
| |
a= 2 D . .
O O O
a= 1 D . .
n—1 n n+1

We take this example as motivation for the more general anstaz that extends to Frobe-
nius manfiolds that do not lie at fixed points of the inversion symmetry (in general it is
not true that hnﬂ(f) = ﬁnﬂ(f), as in the above example). The results of the next Proposi-
tion were obtained independently in [41]. Recently a third, and rather different proof,
has appeared in [26].

Proposition 15. The inversion symmetry acts on the deformed flat coordinates of a
semi-simple Frobenius manifold as

" 1~ .
mﬂ0m):i§mﬁm, (4.2.1)
where

n+1, ifa=N, 1, ifa=N, )
~ ; ~ ) +, ifa=N,
n=1< n, ifa21N, o= o, ifa#1N, =£= . (4.2.2)

—, else.
n-1 ifa=1, N, ifa=1,
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Proof. Firstly, we need to show that if h, 4 (t1,...,tV) satisfies the recursion relation

dzhn,a :Co' ahn—1,a
othotv  HY gto

then bhngq (L, ....TN) :=tNhy 4 <t‘27%Na, —t%z, . —%:, —%) satisfies the recursion relation
02 ~r Obn
hna _ go On1a (4.2.3)

otwotv MY ofo

Secondly, we must verify the identification of the labels, which will be done using their
homogeneity properties (1.3.9). We begin by noting that in the canonical coordinate

system the recursion relation becomes
Oi0jhne = j0jhn-1,q,

where [ denotes the covariant derivative of the Levi-Civita connection for the metric n.

In particular, the first statement we need to prove (4.2.3) reads

~ 0 17}
D|0—UJ (hon’a) - djd—uj (hon_La) . (424)

To this end, let us compute how the covariant derivatives of two one-forms are related via
the inversion symmetry. This is a direct calculation using the transformation properties of
the Christoffel symbols derived above. Let ¢ = ; @du; € ' (T*M,M). Because of the index
dependence of the transformation properties of the Christoffel symbols we decompose

the computation. Suppose i # j. Then

N ) '
i@ = di@- 3 Mie=da-Tg-ia
s=1
= 0iQ— (f}i 4 |09f1) @ — (i —djlogfy) @
— i@+ (alogfy) ¢ + (9;logty) @. (4.2.5)

Ifi = j, we have

N .
D@ = da-— Zrﬁ%:d(ﬂ_rh(ﬂ :;Fﬁ%
S—= I

= d@— (F—dlogf) @ —; (F$ + arlogfr) @

= Oa+ (4 logf;) @ — (& logfy) ; 0. (4.2.6)
|
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Consider the left hand side of (4.2.4). If i # j, we have

Ehdj (flhn‘a) - E|| (f]]]hn‘a +flaj hn"a)
= f’jjdi hn7a + diflaj hn7a +f1|jiaj Pno as Elf’ =0,
1 1 1 1 1
f%r’“ 1 n,a"‘f%nll Jtna tl{ 1] n,a+tlnll ] n‘a‘i‘tlnjj 1 n,a}
1 S
— _ED|aJhn‘a — ()7 ifl # J,

because the hy o satisfy the recursion relation of the uninverted manifold. If, on the other
hand i = j, the left hand side of (4.2.4) reads

ﬂidi(flhn’a) = DAi (dflhma "‘fldihn,a)
= zdflﬁlhma +f1E|i&|hn7a

= 200 hn,a +f {Diaihn,a + dilogty0;hn o — i logty z Oshn o }
S#I

at - 1
= 2 0na +Ei0i(Gha) + 59t (1.0~ Afna)
1 1

~

= t0i(édhng)+ (dfl) Pn-1.a,

which is equal to the right hand side of the equation (4.2.4) in the case where i = j. Note
that we have made use of the simplified recursion,

e(hn,a) = hn—l,a = ;dshna = hn—17t:r — 0 hn7a-
i

. . i f 2 N-1 . . .
In conclusion, the functions flzhnﬂ <t‘2’ft§ , —EW, e —fw, —fiN) satisfy the recursion relations

of the inverted manifold.
To identify the labels (4.2.2), we are to show

L N1 1.
gE {hmg <W,—m,...,—f—N,—f—N :gé Ehﬁ‘[j . (427)

This follows from how the spectrum of the Frobenius manifold is mapped under the

inversion symmetry. By definition of the inversion symmetry, we have
I:l]_:l—IJN, “i:ﬂi’fori#laNa ﬁN:“l+l, d\:2—d

From this one can compute the matrices (R;)} in terms of (ﬁr)ff . Recall that these matri-
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ces were defined by on page For example, let a =i # 1,N. We have

n

Ze(hnj) = (dnipa+n)hni+ Z (Rr)iahnfr,a
r=1
n
= (dN—i+1—dN+n)hn,i+Z(Rr)i n— rN+Z hn— r1+z hn— rj
r=1
n )
= (dN—i+1 - dN + n)hn.j + z (Rr—l)ilhn—nN + z (Rr-s-l)iNhn—nl + Z (Rr)|J hn—r7j7
=1 =1 =1
~ ~ rn ~ rn ~ r no
= (dn-ip1—dn+n)hnj+ z (Rr)ilhnfrJrl,N + z (Rr)iNhnfrfl,l + z (Rr)ijhnfr,j-
r=1 r=1 r=1
On the other hand, (recall that we claim Ai=n, if a =i # 1,N)
2 (Lh) = (dn-isa+n—d )Eﬁ R (R)?h
E fl n,i - N—i+1 N fl n,i f Z i 'ln—r,o

1~ 1 5 \NR
A_hn|+ (Rr n rN
121 tl

:—!-)l [
:—!-)l [

n n
= (&N—i+1_d\N+n) Z 1hn 1+ Z . hn— rj-
Note then that our ansatz then satisfies the equality (4.2.7). Analogous calculations are
possible for @ = 1 and a = N and will be omitted.
Finally the identification of the signs is straightforwad: If hy o ( (t )) ith a( ), then
herva (H(E)) = Ehk+1,a(t)r i.e. the recursion (I.3.8) respects signs. Thus the signs filter up
from those present at the level of the Casimirs, which are as stated in the proposition. O

One is now naturally led to consider how this action lifts to the flows. As with Propo-
sition [15] this result was also obtained independently by Zhang, et. al. [41].

Proposition 16. The inversion symmetry acts on the principal hierarchy of a semi-simple

Frobenius manifold by
o g 0
otna — T oT

where the definitions of N, &, and + are as above.

. 7]
165 (4.2.8)

No{

=i

Proof. Most of the hard work has been done in the previous proposition. Recall that the

principal hierarchy in flat coordinates takes the form

ata _ rlo-s 0hn_l7a a_tV
oTna ooath X’

Then it follows that in the canonical coordinates it takes the form

0Ur o r ahn_l’a dUr
GG — n “ou X (no sum).
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Hence
e = B (gha)
= f? (i%ﬁ”aﬁ;u:’a :F%f]”f]”ﬁﬁlva> , (as Ay = 6th)
= ifld(_?#{a :Fﬁﬁlﬁr%-

O

The canonical coordinates have a natural interpretation in the context of hydrody-
namic systems: they are a specific example of a system of Riemann invariants for the
principal hierarchy. Transformations of this form between equations of hydrodynamic
type are known as reciprocal transformations. They were originally introduced by Rogers
[52]]. Ferapontov and Pavlov [27] studied how they act on the Hamiltonian operators of

hydrodynamic type.

Theorem 6. The group S9.(2,C) acts on the principal hierarchy of a modular Frobenius
manifold by

b
— (@)D Fhapa . for (a d)esuz,@,
C

where + and (i, &) are as above.

Proof. Owing to Proposition [4] one can identify objects with and without hats on a mod-
ular Frobenius manifold. Combining this with the results of the above Proposition [16] we

have, in particular,

O

Let us now turn our attention to a couple of examples. The first will be of two dis-
tinct two dimensional Frobenius manifolds in dimension two, linked under the inversion
symmetry. The second will be of the three dimensional modular Frobenius manifold pre-

sented above.
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4.2.1 Dispersionless Limits of the David Benney and Harry Dym Hierar-
chies

The dispersionless limit of the Benney hierarchy may be defined by the dispersionless

Lax equations

oL

T, {L3,;, L}
for the Laurent series

L=p+Vvi(x)+V(x)p ™,
and the canonical Poisson bracket on R?:

J 0
{'7'}:5(/\%-

The subscript > 1 denotes the projection onto part of the Laurent series containing
strictly positive powers of p. The time T? is identified with the spatial variable X. Com-
puting the first couple of flows of the hierarchy, one finds

i Vl B i (V1)2+2V2
T2\ 2 99X viv2

g (VY 0 Bviv2 + 6(v1)2
aT3 | 2 X 3(VH)2\2 4 3(v2)2

The T2 flow is called the Benney equation after David Benney. It can be used to model
the propagation of water waves.
The hierarchy also admits a Bi-Hamiltonan respresentation,

ﬂ — pafdh”‘irlﬂ _ poe Ohng
oTna 1 OVE 2 TovE

0 0)( 20)( Vg'(
P = ; = ,
. ( o O ) P2 ( vidx  V2ax +V )

and the Hamiltonian densities have the form [65]]

a,0=12;

where

1
hh2 = E[Coeffpfl(Ln)], (4.2.9)
hh1 = %[COeffp,l(L”(logL—Hn))], (4.2.10)

where as in Chapter 1, H, denotes the n" harmonic number. In the above flows, T" =
T"2, This is exactly the Bi-Hamiltonian structure generated by the pencil of flat metrics
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corresponding to the two dimensional Frobenius manifold

1 ) 0
F=_tt,+t?logty; E=t;— — 2tp—.
212+2 gto lﬁtl 20t2

Indeed,
PP =na PP =gP()ox+ Ty ek

Further, expanding the expressions for the Hamiltonians given by the Lax representation
(4.2.9) (4.2.10), we have

hoz = V% ho1 = V2,

hiy = 3(v1)2+v¥(logv? - 1) hip = VW2

hpy, = 2(v1)3+viv?(logv? —1), hor = 3(VHA2+3(v?)2
hsz = Z(V)3+3(vHA2(logv? — 1)+ 3(V)%(logv? — 3), hay = F(V')3V2+ v (V2)?,

(4.2.11)
which coincide with the coefficients in the expansions of the deformed flat coordinates
(@.3.19), for this Frobenius manifold.

In Example [14] we computed that the inversion symmetry mapped this Frobenius
manifold to another two dimensional Frobenius manifold described by the free energy
and Euler field

~ 1. - ~ . 0 ~ 0
F=_f%,—logy, E=f— —26—.
5t gtz 10t1 20,[2

We list here some of the coefficients appearing in the expansions of the deformed flat
coordinates for this manifold,

hoo = f, ho1 = f2

ﬁ1,2 = :—zlf% - Zt_:LZ ﬁl,l = fif s

ﬁ272 = %(f1)3_ %’ Flz,l _ %(fl)2f2+logf2,

ﬁ372 2i4(f1)4 _ 4(::;)4 1%2’ ﬁ3,1 %(fl)sz —|—f1(|ng2 +1),

hao = ()5 -5 +%f12)27 has 2 (942 + 3(t1)%(logf? + 1) — % (logf?+3) .

(4.2.12)
The principal hierarchy of this Frobenius manifold is linked to the dispersionless limit of
the Dym hierarchy [65]], after Harry Dym. The pencil of metrics for this manifold gives
rise to the compatible pair of Hamiltonian operators

(0 %) o Ferc e ot
1= ' - ~ A A~ o )
& O floy + 26 —of2ox 2

which together with the functions Fln,a can be used to generate the principal hierarchy.
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For example, the T12-flow reads

o [ 0 [ i
afLZ(f )Za_x< <fl> : (4.2.13)

Comparing the lists (4.2.17) and (4.2.12), we observe Proposition [I5]for this example,
for n<4:

.1 1. . 4 1 1. .
hn2 (tl,—§> :tihn+171(t1,t2), hn1 (tl,_§>:_§hnl,2(tl,t2), forn=1,2,3,4.

Taking the Benney equation, (recall that T2 = T?1, i.e. is generated by the Hamiltonian
Hoa = | T2 4 2022) dx
’ s\ 2 2

with respect to the operator P;), and applying the inversion symmetry, we have

7] f _ 0 %(t‘l)zﬂ—gZ
oT21 _t% oX _%
~ ~] o A2 A
L9 [t _ [ BB+ _ 9 [ a@p pd (B
o121\ f —tf2 + 162 oX \ f oX \
o 0 -~ 0 t
_ (29 9
- < t 0-|“-1,2+h0’2ax> < §2 )

This is an example of Proposition In this case the inversion symmetry lifts to a
reciprocal transformations between the dispersionless Dym and Benney hierarchies. Of
course, one can complete the calculations and verify the results of the proposition for
any flow of the principal hierarchies.

4.2.2 A Modular Integrable System

Consider the Frobenius manifold defined by the free energy

1 1 t4 o 1 0
F=t2g+ —tt2 — 2y(t3); E=t;— + —th— 4.2.14
Slits+Shly 16V(3) 1at1+220t2’ ( )

where Yy is some unknown 1-periodic function. For the duration of this example all coor-
dinates will be written with lowered indices (t; =t%). In order for F to satisfy WDVV, y

must satisfy Chazy’s equation,

y" (t3) = 6y(t3)y" (t3) — (Y (t3))%.
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We saw in Chapter 2 that this solution to WDVV defined a modular Frobenius manfiold.
Recall the diagram depicting how the densities are mapped under the inversion sym-
metry, outlined in in the motivating Example at the beginning of this chapter. Let us
compute how this symmetry lifts to the flows.
The flow corresponding the the density h ) is

, [t 0 Ftylts) —38y'(t) ) , ([t
— | b |=]1 Syt -3yt || t
aT12 2 22 X )
t3 0 1 0 t3
Inverting this one finds
f o 3May(fs)  I3fay(f) i
4 £ £ £ EIVRT NS 372¢ £ 4 £
a7z | B = —f3 LoVl by () | 5|
f3 0] —A3 fz fg
0 Fiy(E) 3B e
= —f3 1 —%V(Ag)Az —%ng(Ag) +f21 d_X fz
0 1 0 ts
P
- (—t3M1 Z(t) + h(072) (t)l) 0_X fz 9
f3

as predicted by (4.2.8).
Similarly, one can see how the flows corresponding to o =1 and o = 3 are related.
The flow corresponding to h(171) is

P ty =33y (ts) — 18ty (ts)  — 3V (ts) — xtotsy” (ta) ty
Jrei| B |=| B u- Sy(ta)td — $t2tay(ts)  — 38V (ts) — t3tay” (ta) x| &
13 13 %) ty t3
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This may be inverted to give

o (n B YR AR (6
o721 | © = 0 fi+38fy(f) 38y (f) X f2
f3 —f3 0 fl f3
0 —3ty' () —4By"(E) 5 (&
= [ 0 3By -iyd) |+fl x| B
1 0 0 f3
P
= (=M () + o)1) — | £
(—t3M(1,3)(t) +ho3) (1) )0X tAz
i3

Note the use, in the above example, of the modular transformation properties of

solutions of Chazy’s equation and their derivatives.
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4.3 Almost Duality of Frobenius Manifolds

We saw that the structure of a Frobenius manifold is equivalent to a particular ansatz for
a solution to the WDVV equations. As one might expect then, it is possible to relax some
of the axioms of a Frobenius manifold and still obtain a solution to the WDVV equations.
For example, what happens if one does not stipulate the unity field on the manifold be
covariantly constant? We can still obtain a solution to the WDVV equations, and in fact
the structure on the tangent spaces is still that of a Frobenius algebra. A good example
of a family of solutions for which the unity field is not covariantly constant was found by
Feigin & Veselov [28]],

F* = ; ha (a,2)?log(a,z)?. (4.3.1)
acxw

Here z = (Z},...,2V) are a system of flat coordinates for the metric ( -, - ), with respect
to which the function F* satisfies the WDVV equations. 2y denotes the root system
corresponding to a finite irreducible Coxeter group W and h, are a set of constants.

This raises the question: what are the geometric structures defined by these solutions
to WDVV that just fail to be Frobenius manifolds?

4.3.1 The Existence of F* and Twisted Periods

Given a Frobenius manifold, we may define a new multiplication « by taking the original
one and twisting by the Euler field:

X«Y =EtoXoY, forX,Y el (T.«,%). (4.3.2)
The vector field E~1 is the solution of the linear (in the components of E~1) system
ElocE=e

So (@.3.2) is well defined whenever E~1is. Let .#* = .# ~ {t € .# : E is not invertible}.
Clearly x is commutative, and has unity field E:

ExX=E 1oEoX =eoX=X.

What is more, this multiplication, together with the intersection form ( -, - ) endow T*.#
with the structure of a Frobenius algebra:

g(wn * wp, w3) = Ig(W *wpows) = Ig(E towowpows), Vo, ws € M(T* A, M)

is symmetric in wy, wp, and w3. Thus we have gone some way to showing that the data
(*,9(-, -),*E) satisfy the axioms of a Frobenius manifold. It is not difficult to show
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the potentiality, i.e. that the 4—tensor 90wg(X xY,Z) is totally symmetric. We refer the
reader to [20] for details. Thus, we arrive at

Theorem 7. [20] Given a Frobenius manifold (.#,o,e,E,n), there exists a function F*
defined on .#* such that:

Lo 0 . 0 0
e = 9\ 52794 9% )
03F*
07207297
Moreover, the pair (F*,g) satisfy the WDVV-equations in the flat coordinates { Z i =

1,..,N } of the metric g, where g is the intersection form of the underlying Frobenius
manifold.

What has not been discussed so far are the homogeneity conditions usually present
in the definition of a Frobenius manifold. Also, there is no reason that the unity field
(remember that this will be given by the Euler field of the underlying Frobenius manifold)
should be covariantly constant with respect to g. From this point the analysis splits, and
the technical results presented all depend on whether d=1or d # 1.

Lemma 10. [20] Let {Z*,...,Z\} be a system of flat coordinates for the intersection form.
Ifd # 1 then they can be chosen to satisfy the homogeneity condition

G — %z". (4.3.3)

Ifd = 1 then the vector field E is covariantly constant.

Proof. That the set of functions {Z},...,ZV} are flat coordinates for the intersection form
means they satisfy the system of partial differential equations

0°2° 1-d\¢ 9
gagatﬁats +Cgp(t) <DE_ ?>p FI 0, o=1,..,N.

Multiplying through by gq¢ and contracting with the Euler field we obtain

Efaf;f;s +Efgpyce”(t) (DE-%)Z‘;TZZ =0, o=1,..,N,
Efaf;ing(DE—%);gTZ::O, o=1,..,N,

< d(1gd2%) :1;2ddz", c=1,..,N, (4.3.4)
ﬁlEdf:ﬂzo—i—const., o=1,...,N.

2
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So if d # 1, we can perform a shift in the variable z° so that the homogeneity condition
4.3.3) is satisfied.
If d =1, equation (4.3.4) reads

d(lgd’) =0, foro=1,..,N,

which means that the entries of the Euler field are constant in the flat coordinates of the
intersection form, i.e. E is covariantly constant. O

Thus we arrive at a fork in the road. Both routes must be explored in turn.

4.3.2 Almost duality ford #1
The results appearing in this subsection first appeared in [20], though have been slightly
re-cast to suit our needs.

Lemma 11. If for d # 1, the flat coordinates {Z}(t),...,2V(t)} of the intersection form are
chosen in such a way that

1_
Lrz= 7dz (4.3.5)
and
g(d#,d2’) = g™,
then
s 1-d
ty = Nigt? = Tgabzazb. (4.3.6)

Proof. By definition of the intersection form,

(thl)s = g(dtl,dte)
= r’lUg(dtUadte)
— NueERC

= EMcf, =E°.

Here 9[t; means the gradient of the function t; with respect to the intersection form.
Thus, we have shown

90t =E.
Now equation (4.3.5) implies Ld
E= 5 o
and so 501 1-d 1-d
F = Tz"’l = th= Tgabzaf.
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Corollary 1. Ifd#1, the almost dual prepotential F* satisfies the homogeneity condition

[ OF* 1 .
Zz o = 2F +1_d§g”z'z. (4.3.7)

Proof. The components of the metric

(0 0
9i=1\37'32
are constant in the flat coordinates { Z : i =1,...,N }. The Euler vector field coincides
with the unity. Therefore
Jd 0 0o 0 . 0%F~
== ) = ([Ex— —— |=SF— 4.3.8
gi <az1 : 0zk> ( * oz 02") 2B 57607 (4.3.8)
2 ;. O%F*
—ddik = 2 . 4.3.9
@149 = 2Z575700% (439
Integrating twice, we obtain the equation (4.3.7). O
Example 30. Recall that the Free energy and Euler field
1 1 3 7] 0
F=_tlty+-t3(logta—= ); E=ti=— +2r— 4.3.10
2t1t2+ 2t2 ( gtz 2) ldtl + 252 ( )

defines a two-dimensional Frobenius manifold. Computations give

2959 4999 4959 9,9,
CEE T L TAR i TR T TR T T

E-1_ % <tléit1 — 2tza%> L A=12— 4t
Therefore .#* = .# ~. /. One finds the flat coordinate system for the intersection form to
be given by

h=z+2, tbL=2z2.

In this coordinate system the metric takes an anti-diagonal form,

9,9 0 0
9= 0z1 0z 02 021.
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Further, we have

o,0 _ 1 9 (1 1)\
021 021 N Z]_—ZzaZ]_ Ly p— 71 (322
7] 7] 1 0 1 0
—_— k — — _+ -
0z1 02 L—2102y 21— 20D
0,0 10 (1. 1\9
022 022 N 22—21022 V) 2 — D (322
from which it follows that
1 1
F- = —
111 Zl+22—21’
1
F =
112 -2
1
F =
122 22_217
1 1
Fx = — .
222 Zz+21—22

Integrating these equations, we find
* 1 2
F= > (Zlogzs — (21— 22)°log(z1 — 22) + Zlog ) .

We see that this solution to WDVV fits into the class studied by Feigin & Veselov [28]].
Here the Coxeter group is generated by the root system By. If a; = (1,0), az = (0,1) and
o3=(—1,1), we haveh; =hp =1, hg3=—-1.

Recall that the vanishing of the curvature of the deformed Euclidean connection was
equivalent to the WDVV equations. Therefore we can repeat the construction of flat sec-
tions for a 1-parameter family of deformed flat connections on the almost dual manifold
A*. These are by definition independent solutions of the differential equation

I0(v)di =0, i=1,..,N, (4.3.11)

where
gD(v)yX:gDyx—vX*Y, VXY e (T 4", 7). (4.3.12)

We will call solutions to the differential equation (£.3.11) twisted periods of the almost
dual structure. In the flat coordinates of the intersection form, the twisted periods satisfy

0?4 (z;v) &, 0q(z;v)
“odon VG Tax
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Proposition 17. Ford +# 1, the twisted periods satisfy the homogeneity conditions

2l (z,v) = (% +v> {(z,v). (4.3.13)

Proof. Recall Cartan’s formula for the Lie derivative of a one form along a vector field,
Lew=Igdw+ d(lE(;)).
Let w=d{. Then, using d?> = 0, we have in the flat coordinates of the intersection form,

“(x) = +(7275),

1-d; 0% +1_d£
2 T 970Z 2 9’
1-d idl 1-dac
—— VZ'CikEJr—Z oK

We now use the homogeneity of the second derivatives of the almost dual prepotential,

N R 1= , j
z'cilk:glsz'L:gls<2 L ):2 &

07507 97 1-d 1-d
So 1_d
Ldl = <v+ %) dc.
Using %4ed{ = d(- %) the result follows. O

Thus demanding the homogeneity (4.3.13) fixes a basis of twisted periods {{1,...,{n}.
We may again seek power series solutions (recall that %7 = %(1— d)z)

li(zv) = Z)Zmi(z)vn-

The equation (4.3.11) then gives a recurrence relation for the coefficients {n;(z). These
‘approximations’ inherit their own homogeneity properties from the twisted periods:

1-d
gEZn,i (z) = TZn,i (2)+ Zn—Li(Z)- (4.3.14)
Example 31. For the example given above, with prepotential

1
F* =3 (Zlogz — (21— 2)*log(z1 — 22) + % 1097,)
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we may start the recursion with the seed solutions
fo1=21 =017, {o2=72=GoaZ"
Solving the recursion, we find

11 = (Z2-2)log(Z—-2)+2ZogZ, (4.3.15)
lio = (Z2—2)log(Z—2)+7ZlogZ. (4.3.16)

The complexity of the functions grows extremely quickly: the third order approxima-
tions for both {; and {» involve dilogarithms. Note the homogeneity properties (4.3.14).

Because for this example we have d = —1, we can check
E—1 = (£ 9 v 9 1 =Z= 4.3.17
(E-1)l1 = ﬁ+ 32 (11=7=1{01 (4.3.17)
E—-1 _ (22 29 4 =z = 4.3.18
(E-1)l12 = A Tl g2 (12=7 ={o2. (4.3.18)

These results only hold if d # 1. In particular, they rely on the normalisation (4.3.6).

4.3.3 Almost Duality ford=1

Lemma 12. Suppose d =1. Thent; is a flat coordinate for both n and g.

Proof. Recall that the proof of Lemma [1T] uses the statement
90t = E,

which is independent of d. We have also seen in Lemma that for the case d =1, the
Euler field is covariantly constant,
90E =0.

The composite of these statements is: if d =1, then 902t; = 0, i.e. t; is a flat coordinate

for the metric g. O

Recall that E plays the role of the unity vector field in the dual picture. Thus when d =1
the unity vector field is covariantly constant, so almost dual Frobenius manifolds atd =1
are even closer to Frobenius manifolds than for those with d # 1. We will return to this
point later. Unfortunately, this appears to been at the expense of losing our grading of
T.#. As we will see however, we do get a new modular invariance of the almost dual
prepotential.

Our next goal will be to define a notion of inversion symmetry solutions to the WDVV
that are almost dual to a Frobenius manifold and then look at how the action lifts to the
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functions (. This, in an analogous fashion to the case for Frobenius manifolds, allow us
to study the symmetry on the hydrodynamic type systems associated to these solutions
of WDVV.

4.4 Inversion Symmetry and Almost Duality

The aim of this section is to construct the symmetry |I* of the WDVV equations that makes

the diagram

F L F
i ! (4.4.1)
F* _I__) FA*

commute. Recall that for the case of a Frobenius manifold, the inversion symmetry was
defined in the flat coordinate systems. Thus, given the above results, any definition of
I* will have to treat the two cases d =1 and d # 1 separately. We proceed by analysing
examples for which the inversion symmetry | on the underlying Forbenius manifold is

well understood.

Example 32. We have already seen that the two dimensional Frobenius manifolds

_t, 0 i — < a Y

are related by the inversion symmetry (here d # 1). Further, we can compute the almost

m
||

dual prepotentials for both manifolds. We demand that our definition of |* must map

between these almost dual structures:
Fr=1 (Zlogzy — (21 — 2,)2log(z1 — 25) + Zlog ) ; o
E= 215%1 + 22,;%2

{ 2 %<z1—zz> (log2: +log2 — log(2: — 2)); }

a Jil
E 021 22 022
On defining
2! = E’ I = l’ 2’
t
dji = Gij,
1

Fio) = F(e)
the diagram (4.4.1) commutes for this example.

This relationship between the flat coordinate systems holds more generally:
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Lemma 13. Suppose d # 1. Let {Z,i=1,..,N} be a system of flat coordinates for the

{2’ = 3, i= 1,...,N} (4.4.2)
ty

metric g. Then

is a flat coordinate system for §.
To prove this we will use the rather elegant

Lemma 14. For a semisimple Frobenius manifold with canonical coordinate system
{u1,...,un}, the corresponding almost dual multiplication « will be semisimple, with canon-

ical coordinates {11,...,IN} on .#* given by
T, = logy;. (4.4.3)

Proof. Note that in the canonical coordinates,
N

N
:i;wdiui = E= i; U ou;’

Also the definition (4.4.3) gives

dri:uiidui:%:uiaiui.
Therefore,
%*a% - E—lo<uidim)o(ujdiw)
N ‘3’ Jzai,
= fﬁjuiaiui
= &jd_ri'

O

Corollary 2. The intersection form is Egoroff in the coordinates {1%,...,TN}, with Egoroff
potential t1(T).

Let us return to the proof of Lemma [13]

Proof. In canonical coordinates the intersection form reads

1 aty( N oty (T
l U edy = 1()

= ZI U = 2 ot dr @dr;
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(recall the functions t;(u) is the Egoroff potential for the metric ). Therefore, just as
with the original metrics n and i} of the underlying Frobenius manifolds, the intersection

forms are also related by a conformal transformation:

Hence one can employ exactly the same formulae used in the proof of Proposition [15] to
show that

90dz=0 = gDd<t5>:0.
1

Because one of the forthcoming Theorems uses the same arguments, and they are tech-
nically more involved, we will omit the calculations verifying this statement. To see that
the definition (4.4.2) does indeed define a coordinate system, one must compute the

(%)~

which uses the normalisation (4.3.6). Finally, the Gram matrices for g and § coincide:

determinant of the pullback:

. 1-d, 4. 1—(2—d), 722
b= —— 9ij2'21:74 gij—t%
1 d-1
- = %7427
8 4 9
d—1,
Comparing coefficients gives gij = Gij. O

How are the flat coordinate systems of two intersection forms g and § related at d = 1?

Theorem 8. Suppose d=1andry=0andlet {Z : i=1,... N} be a flat coordinate
system for g. Let

a 1z, Zf A 1
A= F="o (fora#1N), N=-T 4.4.4
2 z|\l ) Z|\l7 (Or % ) )7 Z|\l7 ( )
where 2N =t;. Then {# :i=1,... ,N} are a flat coordinate system for §.

Proof. From the above lemma t; is a flat coordinate for g and hence we choose N=t.
With this E(ZY) = 0 and since 90E = 0, the vector field E must take the form E = N 1¢; g—z
for some constants ¢;. Using the freedom to redefine the p' for i # N one may set

9
i

With this g(E,E) = n(E~1oE,E) = n(gE) = ry = 0 (again since d = 1). Thus from Lemma
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[11[16] one may redefine coordinates so

Oij = OpjN+1

in the {Z}-coordinates. The process of proving that the coordinates defined above are
indeed flat for § we employ the same method as before. Because the calculations for Z, for
i =2,...,N are analogous to ones given earlier, we will just give details of the calculations
for 2! which is slightly more involved.

To this end, recall relationships (4.2.5), (4.2.6). Let us compute the transformation
rules for the coordinate differentials. The canonical coordinates of o are fixed by the
inversion symmetry, and by virtue of equation (4.4.3), so are those of . In the canonical
coordinates {T1,..., Ty} of the intersection form § we have for (4.2.5) (i # j)

0zk 0zk 02“ 0 0
g _ar, . oz, . 9
Ifi=|,
azk 0 0 0
— 9gZt —
0Ti D'd - + 0, Iogtla g Iogtlé ot
= 9D.3—2k+20. Iogtlgzk ok logty,
I I

because S\ ;37 = E(Z) = 6, as we chose E = d,. Therefore, using 90dZ =0, for i =
1,....,N, we have

90dZ = 2dlogt;®dZ — &l Y dlogtidTk® dik.
k=1
3
= 2dlogt; ®dZ — ﬁ (4.4.5)

because t; = 2V is the Egoroff potential for g. We need to show
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Un-packing the right hand side of this expression, and using (4.4.5) we have,

2N

N-1
o0dR = 90dZ 4 = { Z (2dZ ® dz +290dz +zigmdz')}

1 Nzt
eoE 22 z'dz.+z.dz')®dzN+ Zzz‘dz“@dz'\'
1
g
ST {(Zzz'derzdz')@dzN ;H DdzN}
= 2dlogt; ®dzt — @{ 22(2d2®dz+z'2d|ogt1®dz+22dlogt1®dz')}
i=
le Nedd LS 272d2 o d
dz +zdZ)®dz" + —= dz"®d
zN) 2, (2da+2dz) (ZN) .;z
1 -
— Z2dz +zd7 | @dN - § Zz2dlogt; @ dZN
5 {(% z+7 ) 22 z2dlogty }
2 1 2 N- .
= §d21®dz'“—§g+§i;dzi®d2:o.

So {#,...,2N} are flat functions for §. Further they comprise a coordinate system:

&)l

Using the fact that the metrics g and § are related by a conformal transformation, we

have o
N _,07 07
Gpa =t " 555 559
This yields, using the definition (4.4.4) gij = Gij. O

We are now ready to define the dual inversion symmetry I* in full.

Theorem 9. Let F define a Frobenius manifold and let F denote the induced manifold
under the action of the symmetry | . Let F* and F* denote the corresponding almost dual

structures. Then |*, the induced symmetry acts as:

e CaseI:d#1:

7 = E, i=1,...,N,
t1
Gab = OQab, (4.4.6)
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where t; = @gabzazb.

e Casell:d=1":

) i ) R 1
L S DU VP S DU
2 tl t]_ 1:l

@ab = Oab,

N>

Fi(2) = (2)F(2(2) + 5722,

wheret; =2V

Note, in both cases 7" is the Egoroff potential for the metric 1 .

Proof. Recall (4.3.7) that for d # 1 the dual prepotential satisfies the homogeneity condi-

tion JE* 1
;Zadza =2F +1ngaBZaZB,

from which it follows that

9°F*  OF* 2z

Zzaazade ~ 9z + 1—d; 4.4.7)
O°%F™ 9°F* 20k
2% 3parer " araF T1-d (4.4.8)

g

Using this and the explicit coordinates given in Proposition [9 equation (4.4.6), one finds
that

0 )
g~ gm Wk
where E is the Euler field. From this it follows that
0 (F~* 10F~* 2
7w (g) = wom e
¢ (F* 0%F*  4gup 2
07992 (@) T 9729F 1-d ul_d)®
03 F* B . 03F* 2 2
07 0P 0 (t_2> = Womghay T 1o Geptt 9zt Opyta) — g R ey

Inserting this into the WDVV equations we obtain 25 terms in the left and right hand
sides which pair off and cancel. So F* satisfies the WDVV equations in the {#}-variables.

If d = 1 the proof is identical to the original inversion symmetry as presented in [[16].
O
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It remains to show how the deformed flat coordinates £(zv) for 90 behave under
inversion symmetry. This will be done in the next section. We will end this section with a
couple of examples.

Example 33 (d # 1). Given an irreducible Coxeter group W of rank N, the Saito con-
struction gives a Frobenius manifold structure on the orbit space CN /W . The almost dual
prepotential takes the form

F*(2) (a,z)?log(a, z)?

4 ac
where ( , ) is the metric g.
Application of the |* transform (recall d # 1 for these examples) yields the solution

F*(2) = 211 (a,2)?log(a,2)? — 2(2, 2)log(2,2)

where h is defined by the relation S 4cgr,(0,2)> = h(z,z) (and hence depends on the nor-
malization of the roots o € Ry ).

Thus the original solution is recovered but with the addition of a new radial term.
Such solutions have been constructed directly (i.e. without knowledge of its geometric
origins) in [40].

Example 34 (d = 1). Given the Weyl groups Ay and By with Lie algebra g with Cartan
subalgebra by one may construct the so-called Jacobi group J(h) and orbit space Q/J(g)
where Q = C @ hdH [6]. This orbit space carries the structure of a Frobenius manifold
and it was shown by Riley and Strachan [51|] that the dual prepotential takes the form

1 1
F*(u,z,T) = Ztu?—Zu(zz h(a.z, T
(77) 2 2(7)+agu( 7)
Here the function h is essentially the elliptic trilogarithm introduced by Beilinson and
Levin [5] and the set 4 contains certain vectors - an elliptic generalization of classical
root systems. The basic function h satisfies the modularity property (c.f. Example|5])

n(2) = e

up to quadratic terms. The proof that this almost dual prepotential lies at a fixed point
of the inversion symmetry may be found in [61]].
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4.5 The Inversion Symmetry and Twisted Periods

With a definition of the inversion symmetry on the space of almost dual Frobenius man-
ifolds in place, we can now study how the symmetry lifts to the corresponding twisted
periods and dispersionless principal hierarchies associated to the solutions of WDVV.

Proposition 18. Suppose d # 1. Let {(i(z;v),i =1,...,N} and {2, (z;v),i=1,...,N} be fun-
damental sets of twisted periods for two solutions F* and F* of the WDVV equations that

are linked by the almost dual inversion symmetry of Theorem[9. Then if

4(zv) = Z)zn,i(zw”; G(zv) = Z)én,i@v“

ya 1, .
{ni (a) = EZn,i(Z)-

Proof. Again, we first need to show that the functional form of the proposition is correct.

we have

This is the same as in the proof of Proposition In the canonical coordinates {Tj,i =

1,...,N} the recursion relation becomes
0 0
gDid—TjZn,s(Z) = dj 0—szn_l’s(z)7

and so the same technique applies. Where this proof differs (slightly) is in the indenti-
fication of the labels. Recall that the basis of solutions {(j(z;v),i =1,...,N} was fixed by
the homogeneity condition

d-—1
Zeli(zv) = <T + v) Gi(zv),
which means that the coefficients were fixed by

Ll (@) = 5 ni D) + Lo 1i(2).

The dual inversion symmetry fixes the canonical coordinates, so it also fixes the unity
E=E, up to a re-scaling. Therefore

Lol (é) = Leloi(2) = (%) 20i() + 4o 1i(2).
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On the other hand,

1~ . 1 ~ 1~ N
% (Ezn,mz)) - el -2k

<1; d 2n7i (2)+ Zn—l.,i (2)> - tézn,i (2)(1—d)fy
1

S0l e

_ 1/1-(2-d)s 1; . 1 -
- & <f5m(z)> g G (2) - @(1— (2—d))éni ()1
- <%> %En,i (2)+%2n1,i(2)-

So the normalisation conditions are satisfied. O

Of course, the flat pencil of metrics that allowed us to construct the principal hierar-
chy still exists, only now we obtain a hydrodynamic type system on the flat coordinates
of the intersection form. The almost dual principal hierarchy reads

lyad
7B {/Slza(x)dxv/lek+l,B dX}Z: {/S}ZG(X) dX7/81Zk7[3 dX}l, k>0, B=1..,N,

where the Poisson brackets are as for the principal hierarchy of the underlying Frobenius
manifold. The spatial derivative operator is as for the principal hierarchy,

aix::{ : ,/SltN(X) dx}z.

Note that if d # 1 the induced map between the principal hierarchies arising from these
almost dual solutions is different to that for Frobenius manifolds because the twisted
periods behave differently to the deformed flat coordinates of the underlying Frobenius
manifold.

Corollary 3. Ford # 1, the dual inversion symmetry |* acts on the principal hierarchy by

17} . 0

9
a7~ g

—ne1i (@) 3 4.5.1)

Example 35. We saw in example[4.2.1] that the inversion symmetry led to a reciprocal

transformation
7
Dispersionless Benney Hierarchy “, Dispersionless Dym Hierarchy

of the principal hierarchies corresponding to the Frobenius manifolds (1.2.14), (1.2.15)
respectively. Example[32 showed that the almost dual structures constructed from these
manifolds were linked by the almost dual inversion symmetry for d # 1 (4.4.6). Therefore,
these almost dual structures provide an explicit example of Corollary(3l
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The first couple of flows corresponding to the almost dual solution

1 17}
Er— > (Zlogzy — (z1 — 2)?log(z1 — 2) + Blogz); E = Zld_zl +220—22

read

Al

SIS

4]

1 1
a Zl — 1 —2p - 21 —2p
9711\ 4 11 1
2 7 a2z uuzn

1 1 1
d — T -2 Z_z + VARl )
.72 - 1 1
1 —2p 21 —2p
Those for the solution
- 1 7] 0

Fr= E(21—22)2(|ogzl+|ogzz— log(21—2)); E=-z1— —2—

1 1 1 1 N
4 z\ _ 5 n  » a5 |9 (4
71,1 - 2,1 _ 1 11 A )
0T\ 2 staunn nnn )X\ 2

11 pa} 1 1 5
? Z4) _ n n5n Zianniy |0 (4
0712 Vi) S 1 11 oX 22
21—2 21 Y] 2—2p

Using the normalisation tN = 1;2(j Y ab0abZaZn, it is a straightforward exercise to observe
the symmetry (4.5.1) between these flows.

read

As we have seen, the study of almost dual solutions to the WDVV equations makes a
clear distinction between the two cases d =1 and d # 1. In [20], Dubrovin gives a recipe
for how to reconstruct a Frobenius manifold from an almost dual solution to the WDVV
equations if d # 1. The proof uses, in particular, the homogeneity properties
of the twisted periods (see [20], Lemma 3.12, Lemma 3.13). As we have seen, these
are absent when d = 1, and the reconstruction problem is open. Instead, we have an
invariance of F* under the inversion symmetry and covariant constancy of the unity field
E. It would be interesting to see if one could use these properties, specific to d =1, to
give a reconstruction theorem in this case.

From the point of view of bi-Hamiltonian systems, it is an interesting to study how
equations of hydrodynamic type arising from pencils of metrics in the same conformal
class are related. The inversion symmetry of Frobenius manifolds is an example of such
a conformal transformation. It turns out that in some sense it is always the case that
metrics in the same conformal class give hydrodynamic systems related by a conformal
transformation. See the paper [27] of Ferapontov and Pavlov and the references therein.
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5.1 Introduction

We have seen in earlier chapters how to construct from an arbitrary semi-simple Frobe-
nius manifold an integrable hierarchy of hydrodrnamic type PDEs called the principal
hierarchy. We have also seen how hydrodynamic type equations arise as the dispersion-
less limits of integrable equations of higher order. For example, we saw how Burger’s
equation arose as the dispersionless limit of the KdV equation. A natural question to ask
therefore is can one do the opposite: given a hydrodynamic type PDE, can one success-
fully reconstruct the dispersive terms whilst retaining integrability?

From the point of view of the bi-Hamiltonian structure of the evolution equations,
obtaining the dispersive hierarchies from their dispersionless limits must be done by ob-
taining deformations of the various objects involved in defining the equations of hydro-
dynamic type: both the Poisson brackets and the Hamiltonians defining the flows. For an
arbitrary semi-simple Frobenius manifold, this was done to first order, or to one-loop, by
Dubrovin and Zhang in their 1998 work [23]].

Theorem 10. [23|] There exists a unique hierarchy of the form

ot

m = K[O];n7a (t,(?xt) + EZ[K/(t)[l];n,a;)\ t))%XX + K/(t)[l];ma;)\ vt))éxt)\é + K/(t)[l];ma;)\ vut))ét)‘ét)‘(l] + ﬁ(g“)

(5.1.1)
such that the function t(T) = (t1(T),...,tn(T)) satisfies the underlying principal hierarchy
(5.1.1) up to order &* for an arbitrary solution v(T) of (3.2.4),

2 07

1
T GTa0aTI0 22

ta(T) = vg(T) [24 logdetcyyoty + G(t)li—yr) + o(eh. (5.1.2)

The functions K'(t)g pa, K'(t) g, pav, K'(t) g, pavy, @and G(t) are analytic functions on the Frobe-
nius manifold.

The hierarchy (5.1.1) admits a representation

ot
oTna {t(X), Ao + 204 + 525%’?1/,/01}[0} +& {t(x)7%7a}[1] +& {t(X)v%,a}ﬁ} +0(e*)
(5.1.3)
where

[ O ap, OF
(H,. Ty = /SIWP[O], (055 X, (5.1.4)
(A, Ty = /5,1 R )25 dX, (5.1.5)

- SH _ap, OF
am /gW 900 55 oX (5.1.6)
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for

Por(t) = nPox
1

O = 5

[y

(195005 + 3ac(F8(0)0% + 303178 0)0x )

PN = aPm)od+ (gﬁx(a"ﬁ (t))+ b (t,dxtx)> Ox + (Oxb(t,dxt) + 02(a%F (1)) dx

and

a8 — peved i pevpeonpe 9T
- Ot9 0tk gtHatY’
oG

aBt — zan_

() “

baB (t) — §dxaaB + (Caal’]Bp _ Cﬁar’ ap> tlJX.

2 otogte \'H H

The Hamiltonians of the deformed hierarchy are given by

%7(1 - Lhn,a (t) dX, (517)
OHna = /515n+1-,a;0\/(t)t>‘2t§ dX, (5.1.8)
OHna = /51 Yoi1a0v (DX tx dX, (5.1.9)

where the functions hy 4 (t) were defined in (3.2.1), and

Zoaov(t) = 0,
1 oh 1 dh_
= _ HO K UV _k n,a y (o0.( n—1,a
Znaaionlt) = 5 (CURcly ~ " un) o~ 5a%ecd g
v wug9hna dG
Yorraov(l) = 0o g G-

The Hamiltonians /o + €204, 4 + €204y commute pairwise with respect to the Poisson
bracket

{-, Yo+e{-, ty+e{. Iy
modulo O(%).

The proof of this theorem is beyond the scope of our present discussions; the reader
is referred to [23] for details. Our present discussion will focus on how the inversion
symmetry acts on these deformations of the principal hierarchy.

A couple of remarks:

1. The hierarchy (5.1.1) is a deformation of the principal hierarchy in the sense that
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its dispersionless limit coincides with the principal hierarchy:

im0 = 1°"el, Gt

2. The function G(t) is known as the ‘G-function’ of the Frobenius manifold. It was
originally discovered by Getzler in his study [29] of recursion relations for genus
one Gromov-Witten invariants. Indeed, for examples of Frobenius manifolds aris-
ing from quantum cohomology it is the generating function of the elliptic Gromov-
Witten invariants of the symplectic manifold in question. However, its definition
makes sense for an arbitrary Frobenius manifold and is non-zero for examples not
arising from quantum cohomology. It has been computed explicitly for many Frobe-
nius manifolds [62]].

Example 36 (Reconstructing the KdV Hierarchy). [23|] For the Frobenius manifold cor-
responding to the KdV hierarchy,

1 7}
F=2t5, E=t-
6 ’ ot’
the G-function is zero, and so the perturbations { -, -}, 07" vanish. The 4-point

functions Cqpy« () also vanish because the pre-potential is cubic, meaning that the per-
turbation { -, - }yy also vanishes. The Hamiltonians receive the correction (53.1.8):

Hy %+525%':/81t(X) dX,

1 1
A %4—526%@/:/Slét(x)?’—ezﬂtx(x)z dX,
1 1
Ay %+£25%/:/Slﬂt(x)4—£2ﬂ (X)tx (X)2 dX.

This leads to the first few flows of the hierarchy getting corrections

ot

oT0 — X

ot 1,
7L * ttX+l—25 txxx,
a2

1
= Sty — Ze2tytyx — —ttexx.
0T2 2 X 2 XXX 12 XXX
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5.2 Preliminaries

As pointed out above, in order to understand how the inversion symmetry acts on the
first order deformation to the hierarchy, we must compute how it acts on the various

objects involved in its Hamiltonian representation. The four-point functions,

d*F (t)
Capy (V) = gt arrare

are heavily involved in the construction of these objects, and so understanding their

transformation properties will be our starting point.

5.2.1 Four-point Functions in Canonical Coordinates

In canonical coordinates we replace partial derivatives with covariant ones. Therefore in

canonical coordinates, the four-point functions are given by
Cijkl = 0'0;0OF = ' (u)0;0; 0O F.

Equation (1.4.1) means that locally the structure functions of our Frobenius algebras are
constant:
c'jkzéj'd'(, (5.2.1)

which implies that in the canonical coordinates, the four-point functions will be linear
combinations of Christoffel symbols. This means that if a four-point function has more
than two indices distinct, then it is zero. More concretely, by definition of the covariant

derivative
g =0—T};80 — T3 +T1;3..

Ifimj=k=I,

ci =Tt
Ifizj—k£I,

chi = —Th;
Ifimjtk=l,

chi = —Ti;
Ifitj—k=I,

¢ =i

It now follows from the fact that Owc(X, Y, Z) it totally symmetric, and (d,d;) diagonal that
these are all non-zero 4—point functions. Now using the transformation properties of the
Christoffel symbols computed (4.1.1) in Chapter 4] we can read off the transformation
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properties of the four-point functions: If i = j =k =1, then
||| = rl (f:| -0 Ingl) = égii +0 IOQfl;

Ifi=j=k#1, then
dy = —T = —(F}, — dlogfy) = & + d logfy;

Ifi=j#k=I, then
cy = =Tl = —(Fl, + d logfy) = &, — d logfy;;
Ifi #j=k=I, then

CiJjj = rijj = _(I:Ijj +0j |ng1) = éijjj +0j |ng1.

5.3 Action on Deformed Hamiltonians

Together with the transformation properties of the deformed flat coordinates developed
in Chapter[d] we now have essentially all the components we need to compute the action
on the deformed Hamiltonians.

5.3.1 Perturbation 1: 5,%”(; K
The first step will be to write the perturbations 53‘%“ found by Dubrovin and Zhang

[23] in canonical coordinates.

Proposition 19. In canonical coordinates, the first perturbation to the Hamiltonian den-

sities takes the form
N U\ 2 N oh du, du\?
8 My = / S <&> + Y TR (—p - —r> dX.
24 0ur oX N dup oX 0X
(5.3.1)
Proof. Theorem states that the Hamiltonians of the principle hierarchy obtain a first

correction

_ ItH gtV
S = /Sl B (t)dX 1= 5, + €20 = /51 (hn,x(t) +82:n+1,K;H1v(t)a_xa_x> 9%,
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where

Zoaov(t) = 0O
1 oh 1 oh,_

- o HO Kk Hv n,a y (o ( n—1,a

ZnaaanV) = 5 (chely o o) G ~ 2% o

term A term B

Consider term A. In canonical coordinates, this becomes

1 S s o _0hn,;< OUmdun 1 o 0hn k. OUm AU
ZlS«I mzrnzl(csm 'n our )0—Xa—x_z‘a,b,r%m:1(c Cabm Uy )aX ax.

Using (5.2.1) this simplifies to

N 0hnK aUmaUr N br ahnK 0Um0Ub .
24 2 o0 OX OX 2O ay, ax ox T Al

mr,s=1

As pointed out above, the four-point functions in canonical coordinates are linear combi-
nations of Christoffel symbols, and so if they have more than three distinct indices they

vanish. Therefore we decompose the above sums as follows:

1 N Ahnx OUm du N 0hnk dun du
A - SS nKvY¥mv4s n,K n UUs
term Alu = 55 (Sml’#mcsm dus X 0X ' .4 #nCS Iun OX IX
N dhny (du N dhny /dus)?
sm n,K m n,K _S
+s.m:2157éncsm OUm ( > ZCSS JUs <(9X>
1Y s s O Oum OUs | L 9Pk (Ous 2
24\ (G T OUs OX OX T 4, " dun \ OX
+ N Csmahn,K %% + N Cssath % 2
sm=1s#£n " dum 09X IX & = dus \ 9X
1 N 9 OUs (Oum _ Ius\ N 0N Oum (Oum  dus
24 Sm:%#m S duy X \ X dX Sm:%#m M ouy, X \ X  9X
_ 1§ san e 0 (Otm O
28\ Fom o Oum X\ OX  OX
+ A NS Ohnx Oum 0Um_%
smTssm S Gun X \ X X
_ N $rmahn7K % % . % _ N $rmahn7K aUm 0Um _ %
C emTem S 0Um OX \ X 9X) (4o, P dum 9X \ 9X  9X
1 s ss mah( k) (OUm OUs 2
Y —~ v | - 3.2
24 TS 50, (ax ax> (5.3.2)

sm=1s#m
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Now consider term B. This term is a lot simpler since it contains no 4—point functions.

In flat coordinates we have

1 Jh dt# dtv
y E YTn-1k
term B|; = _ﬂCAEn cg, Cou v dx dx’

Again canonical coordinates simplify this expression,

1 N Ohn_1x duym du
term Blu= 5, > (88" () (@ 75 " 5 g

rli,s,nm=1
:_i - r’“LhnflK % ’
24i: (3Ui (0):4 i

Hence
1 N ah(ﬂ K) 0Um 0US 2 1 N ahnflK duS 2
term A|,+term B|, = —— nera—-— (———> (—) ,
24Wb§57,ém S duy \ X 9X 24 Z dus \ dX
which is equal to the (integrand appearing on the) right hand side. O

Now we have an expression for the first perturbation in canonical coordinates, we

can apply the inversion symmetry.

Corollary 4. Under the inversion symmetry, the first perturbation to the Hamiltonians
transforms as
o = +h8 g+ (5.3.3)

where

R _ . Ohag ) [Oun OJus\® - N 7 dus) 2
L _hx - (S n.K Zsm_Zs R Z-s
na i24/ <sm:137£m< hn7K(rsm+dm|09t1)+ 0Um> <0X (9X> ihn—l,KS: <0X> dX,

unless (n,k) = (0,1), in which case

ou Ay \>
5y = B, — 24/1”]j#a'9“<ax ax> dx.

Proof. Recall the transformation properties for the unperturbed Hamiltonians:

n+1 ifa=N, 1, ifa=N,
- 1 o . ~ .
hn’K(t(t)):if—hﬁ’k(t); A=< n, ifa#1N, a=< a, ifa#1N,
' n—1, ifa=1 N, ifa=1

We use these, combined with the relationship between Christoffel symbols corresponding
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to a pair of metrics related by a conformal transformation. We have

2 N oh 2
nK _ / n 1K) % + Z rlpr (n,K) 0UP . % dx
K24 dur oX rpTrep  OUp \OX  0X
1 ongs A oy [ E10haz Pz . o\ [dup  du\?
== M4 dgloghy) | =K £ 1K 8 ) (22 -2 ) dx

1 [N o 10hi1z ha 1R dus )\ 2
- +=— : O — dX.(5.3.4
24/s,1tls;r’ <t1 ous @ ! (ax) (5.34)

Now using the fact that f; is the Egoroff potential for the metric /], dsf1 = fjss, the above

formula (5.3.3) follows immediately. For the exceptional case (n,k) = (0,1), note that the
perturbation takes the form

otH atY 1 N /o au?
051~ 24/ o X ax X 24 slr‘i:;#ic”‘ (a_x_a_x> ax

From the transformation properties of the 4—point functions the result follows immedi-
ately. O

5.3.2 Perturbation 2: 63*{%’”
The inclusion of a G-function also gives a correction to the Hamiltonians, whose trans-
formation properties will again be investigated in the canonical coordinate system. A
key ingredient in understanding the behaviour of this perturbation is the transformation
properties of the G—function under the inversion symmetry. This was computed for an

arbitrary semi-simple Frobenius manifold by Strachan [63]]:

A N 1 R
G=G — — = | logt;.
* (24 2) g
Thus we have all the information we need to compute the action of the inversion symme-
try on this second perturbation.

Proposition 20. In canonical coordinates, the second perturbation to the Hamiltonians

N hnk 0G)\ [ dus)?
/A -1 Nn,K S
5%@7,(_/315;:7 ( 30 ,—au5> (—0)() dXx, (5.3.5)

where n~! is the metric on T*.# induced by n.

takes the form

Proof. This follows from the fact that in canonical coordinates the multiplication diago-
nalises. O
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Corollary 5. Under the inversion symmetry, the perturbation 6./, transforms as
SH = £08H +H 5 (5.3.6)

where

B n 06 (ohng oo oo\ (N 1)) (9us\?
:F/ Z( AR 50 (dus —hn7xds|09tl> <ﬂ_§>> <0—X> dX,

unless (n,k) = (0,1), in which case

SHY, = 5%1+<24 2>/za.|o t1< > dx

_ s (N1 /E%E
- 5%11+<24 2> L5 ax ax 9% (5.3.7)

Proof. Combining the above proposition with the transformation properties of the G-

function gives

. N 0hanG du; - N oG /dy;
= +f L higy — | =
1;” ou du; <dX> T s <

(D) (5 i)

For the exceptional case (n,k) = (0,1), note that the perturbation takes the form

gGath ot < JG au
545 = [0t G x ox X = s 2, g (o o

Using the transformation properties of the G—function, we have

oA = |, aogty) (24)” ax
o1 = 21 au. 24 2 ogty ) { 5x
N 1 N . (0u\?

= 5H01+<24 2>/Sli;0.logt1<a—x> dX.
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5.4 Action on Deformed Poisson Prackets

5.4.1 Deformations of the Poisson Brackets in Canonical Coordinates

We follow the ideas of Dubrovin & Zhang, repeating their arguments for the construction
of the perturbations but this time in canonical coordinates. They construct the perturba-
tions in flat coordinates, homogeneous of degree three. Thus, in general we may assume
that the general form of the perturbation in canonical coordinates is of the form

P (1) = Bl (u) + &2 (P, (0) + Pl (w)) + 0.

Proposition 21. In canonical coordinates, the first perturbations to the first Poisson
bracket takes the form

. . 3 . 1 .
P (u) = f'J(u)D§<+§Dx(f'J(u))D§+§D§(f'l(u))mx, (5.4.1)
where
fll(u 9 _ sdi % o9 crtu T M, M
2 au. Ogu 2 Ny Ogy ST )

i,],r,S

Proof. Recall first that in the flat coordinates this perturbation takes the form

PP = 2 (190002 + 30192 )05 + 2R 1P 0)0x ).

This follows from antisymmetry of the Poisson bracket

paB 0%
(7,9} = / e et (5.4.2)
and that the functionals .
/SltV(X)dX+ o(e%)

span its centre. Secondly, in order for to define a Poisson bracket, we must have
that f98(t) are the components of a tensor of rank (2,0). Finally, we view the operator
Ox as the covariant derivative along the vector field tangent to the image of a loop in
our manifold, written in flat coordinates. Thus in another coordinate system where the
Christoffel symbols are non-zero, we must replace this operator with the appropriate
covariant derivative:

ox — Ox. (5.4.3)
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For example,
xfoP(t) = o Ea—tﬁf”(u(t))
X N X ] (9Ui 0Uj
oot o iy ot otf ot . [ otP
-2 (d—Uia—UjdX(f (u(t)) + 0X<0u.>0—ujf (u(t ))0—u.0x ou; 1 (u(tg.4.4)

ot® 04" du ot j U
au Z dudu X & du kgx ’

Now

so we can rewrite the above expression (5.4.4) as

o ot Lo rr OUs 0t . Ous
ota atB i
=2 0—uia_ujDX(f (u(t))). (5.4.5)

The covariant derivative along a fixed vector field is a derivation
Oy : (T QT M) - T(TM T M)

that preserves the rank of tensors. So the array [x(f'l) still defines a tensor of rank two,
although its components may now depends on the jets:

N 9 9 . 0 9
Ox(FIU)o— @ — = S (f'l —®
% x(f(u)) U ®0uj g( (u,ﬁxu))d .®0UJ

Therefore we may also replace the higher order derivatives as well:
a)% - |:|)2(7
0)% — Di.
O

Corollary 6. In the canonical coordinates, the flows of the principal hierarchy do not
diagonalize.

Proof. This follows from the fact that the tensor f'/(u) is not diagonal in the canonical
coordinates. |
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Remark. Dubrovin’s approach to the theory of Poisson brackets of this form is different
in the following way: He considers Poisson brackets of the form

7= [ Z <5Va>zAgBaX<5J>dx

where the coefficients Ag B

are not tensors for S# N. As a consequence, under a change
of coordinates their transformations properties are extremely complicated. In my for-
malism, we replace the operators dx with covariant ones [y, where dx is understood as

a vector field on the manifold, that is

L 3 (55) 0 (5o

P are tensors of rank (2,0). The reason for doing this is that

Here all the coefficients AJ
when we come to look at the action of the inversion symmetry, this will make it easier to
compute.

We repeat the idea for the second deformation arising from the inclusion of a G—function.
In the case just considered all the coefficients in the Hamiltonain operator P['lj],(u) are
functions of f'l(u). For the second perturbation this is not the case.

Proposition 22. In canonical coordinates, the second perturbations to the first Poisson
bracket takes the form

Pl (u) =l (u) 0% + (ng(a” (u)) + b”(u,dxu)> 0% + (Oxb' (u, dxu) + %Di(a” (u)))Ox,
(5.4.6)

where
296

2l (u) = 26 (0" 7.

. . [0y du;
i _mimi hba e |
b (u,oxu) =0'0/G <0X 0X> , (5.4.7)

and we use the abbreviation ' = n''[J;.

Proof. In the flat coordinate system, Dubrovin and Zhang showed that this second per-
turbation takes the form

P{”l{i(t): aB ()03 + <3ax( ())+b“ﬁ(t,axt)> Ox + (OxbP (t, dxt) + 82 (aP (1)) dx

9G G aoppe B0 ap) otH
o’ g G 1 —au’n )%

The expression (5.4.6) then follows in an analogous manner to the calculations carried

a®P(t)y=c"PYy—  poB(t,ot) =

out in the proof of Proposition 211 O
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5.4.2 The Inversion Symmetry and the Deformed Poisson Brackets

Now that we have expressions for the Poisson brackets in the canonical coordinate sys-
tem we can start to compute how the inversion symmetry acts on them. Just as in the
proof of Proposition [I5] presented in Chapter[] firstly, we must compute how the objects
fli(u), dl(u), and bl (u) behave under the inversion symmetry. The second step will be to
consider the behaviour of their covariant derivatives.

Recall that

7 1 17} 17}
f=5 flu — =— ol — @ — el (THQT M, M
2 du. P50 12,2, ooy Coy; <N )
We need consider the transformation properties of f'/(u) in two stages, according to
whether we are considering diagonal components of f'l(u) or not. Firstly, if i # j we have

1 . 1 1 . .
B2 = )= nlEied)
1 . . _ .
= Tzn"n”(—r!-—rii)
t1 Aiinij j f4 £ £
= 3= -+ 2(6. logt; + J; logty)
= flf”+t—1(r7“+f7“) (5.4.8)

12

In the case i = j, we have

f“=li22625 = liz(n“)ZZCﬁfliz(n“)z <;(Cﬁs)+dn>

1 . . 1 _
= 1_2(’7”)2<r;(_riri)_r=i>:1_2(’7”) (;(r::l) rll)
ff A i 2 ~
= 1—2(’7) (F1i — i logfy) — [} + & logfy
r#l
- f
= Gf' - 5(N-2)(7")?loghy
Therefore
£ (u) = ' (u) + B¢l (u), (5.4.9)
where

>

H(2-N)g",  fori=j.

It will be useful to also have an expression for the transformation properties in the flat

fﬁij(U):{ 2 (M"+AY), fori#],
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coordinate system. Let us denote

ap « 0f9off .

P =
i1 au; 0uJ
Un-packing this we have
Noote ot 8 dt"’ atB of® ofP
£ 0U; u? = 0u. oy ? ; ou; c?uJ
1 fas N ofe P\ . eqy O\ OfF
= = foy - —
12( +Zdu. 0ui L +J; &) ou; du,’7
_ Negg 1 oo alp | 5Pl
= —3f +1—21;n au,-(5 tF + oY)
Noop, 1 (a1 0 510 )<
2" 12 (5 a6 % o ) 21 (5-4.10)
Now commutativity of the diagram
i — 8w+
Jut |umt (5.4.11)

J i ou; ~ 0 i adu o~ ~ A
fean [P0 - Gag (PO +8e7P(D)

Ot 0tP ek w3z
W = T o (BT + ), (5.4.12)

where ¢f¥ are defined by (5.4.10). This follows from the fact that the canonical co-
ordinate system is fixed by the inversion symmetry (recall that the action in canonical
coordinates is by a conformal transformation of the metric ). There is a check we can
perform to make sure the calculation is correct. In the flat coordinates the tensor %8 =0
if a =N, or B =N, which follows from the fact that ¢;,5 are constants. Now by definition
of the inversion symmetry, t; is a function of f; alone, and so

otN BN

ofe — (N2’

Therefore
fNe — 0= gN* =0. (5.4.13)
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We need only check the case (a,B) = (N,1) since the others will be satisfied trivially by
the definition (5.4.10). We have

e N1 TN
LY lZZdu, - 12 122”“”
since fN is the Egoroff potential for the metric /j. So the identity (5.4.13) is satisfied.

We also take note of the analogous statement in canonical coordinates. Namely the

endomorphism f} (u) induced by lowering one index using the metric is trace free:
N o N o
Z @05t =0, Z f"Sosfy = 0. (5.4.14)
&1 =

To see prove the first assertion, we simply un-pack the definition of the tail term (f)” We
have
st1 —12 E

%@rsét} 1 1> . 2-Naf
z =
$=1

Il
™™
Bl
VN
Y
Koy
+
(1)
U',"')

since &(f;) = 0. To prove the second assertion we write out the expression for the tensor
fil in canonical coordinates. We have

N
5 oo = Z erofh =y &=y ' (zéﬂs)
s=1 s | S

as (J(8) = 0= 5,1, = 0. The identities (5.4.14) will be useful when we come to let the
operator act on the Hamiltonians, since the components of their exterior derivatives

transform according to

- Ra s
AU fi  dus qEt1 a,p(U)

under the inversion symmetry. Using the identities (5.4.14) together with ﬂxdsfl =0it
also follows that

(0% (') dfL = 0, Z 0% () oL =0, forn>0: (5.4.15)

M=
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By (5.4.14)), we have, for example:

/N /N N
X @041 | = Ox @) o1+ S @°0x (06fa).

The other identities follow analogously.

For the second perturbation, P[ilj},,(u), we must understand the action on the objects

N G N
al(u)y=25"(n"?==, b(u,dxu)=00'G=< (u —uj).
ou; X !

A quick calculation gives

al(u) = tfal(u) +8n' (1% - 1) =:ffal (u) + B¢ (u). (5.4.16)

Therefore in the flat coordinate system we have

ot otk « N gt ofP
ag _ Y 420K 3,7,0K f aB ij
90 IF< (ffa +&@°*) for @ |le oy du —— @' (u).

(5.4.17)

Explicitly,
N
aB _ -1 ~aB
@ (12 )n

The calculation of the transformation properties of the b'i(u) is slightly more involved.
First off,

~ N N
G=G+ (ﬂ_§> logf; = dG = dG+ <Z1__> dlogfy,

G 9%G <0G (N 1
DJ (0_11,) N 0Ui0Uj —Zrijd—l.ls+ (24 2) < altl>

S

and so

Now use the transformation properties for the Christoffel symbols, and the fact that b'i
is anti-symmetric (this means we only need the transformation properties of F' and FJ )
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in the canonical coordinates to get

0i0;G = (0;G+ dlogfid;G + 9;logfiaG
(N
24

2){a(T) (1)

2 A N
= [ G+0.|Ogt10]G+dJIogtld,G+<ﬂ_§>

=

=0 as /=0

0;
0;
nss f]
A2 r]” r’|| + 0] r’ll +a| |0gt |Ogt1 ,\ (5418)

And so, using the fact that covariant differentiation commutes with the raising and low-

ering of indices, we arrive at

bl(u,oxu) = &0 (u,dcu)+ {8 (7119;G+A"aG)
s (N1 i )
+ tf”"””<24 2)( £ il +dlogfu. ”+0jlogt1A )}a—(ui_uj)
N 1\ @
= tfb‘](u,dxu)_F{ (nllae+n||a| )+t1 <§1—§>}0—X(ui—uj)
= 0 (u)+ @'l(u). (5.4.19)

To find the rule for the transformation properties of b“B(t), i.e. an explicit formula for

N ofo ofP

QP (t) =
i1 au; Ay

S—@(u),

consider the equation (5.4.18) in flat coordinates:

24 2

0°G  9°G +0Iogf1 oG  dlogh 0G (N 1) dlogf; dlogfy
otogtk — gfogtk - gfe gtk T oafx  ofe ofc  ofx -

Using this we can compute directly the transformation properties of the b®F(t):

0°G otH
baﬁ(t) = maatp(czanﬁp Cﬁa ap) 0X
_ oot 092G +0Iogt106 dlogfy 0G (N 1\ dlogf dlogf
ot atv otoatx oto  ofx otx  ofc 24 2) ot ofx
" t(er]Vp vope )atu
1 X

ota atP
= W 30 (t4bev + wev) ,
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for

~

~ G 0é otH N 1 ote otv
~EV 3 EQVP VaEp vlaco elavo 2 vl el
w —'[1 <(5ul’] —5ur; )—fp+(5 CH ) CH ) f‘7>—X —l—tl (———) (5 —X—5 —X>.

Let us now turn our attention to the behaviour of the covariant derivatives.

Oy fll (u). Since this is the first computation of this nature we’ll go through it step by step.
Firstly, we compute the covariant derivatives of h along the basic vector fields d/du;. Be-
cause of the index-dependence of the transformation properties of the Christoffel sym-
bols, we must decompose the calculations accordingly. Consider first the off-diagonal
components of h in the canonical coordinate system. Suppose S,i and | are all distinct.

Osf = 05t 4 5 (Fyh +T4h"%)
k=1

= Osf 4 TP Ty L T

= O+ (Fls+ dslogty) 199 + (7 — dlogfy) £
+(FL — oslogty) 11 + (Pl + dslogfy) 'S

= Osf + dslogfy (£ + fis—2f1).

We also have
Of = a4+ § (Mh +h%)

k=1

— ()if”+riif”+§r}khkj+Fi’jf”+ri’if“

k£I
— aif”+(I:}i—0iIogf1)f”+§(I:}k—0klogfl)fkj
k£l
+(F; — dilogfy) 11 + (Fl + 8 logfy)

= Gif— 3 adoghh + dilogfy (" — 1)

k=1

= Oifi+alogh(f' — f1) by identity (5.4.14) (5.4.20)



5.4. Action on Deformed Poisson Prackets 142

Therefore, for i # |

o N du
[V — =
Oy f X O fil

A e au " . . .
= Oyfll +s; (9—>(S<?slogt1(fSJ + fis—2fl)

OU T . ou; o .
+a—x'ai logfy (f" — 1)) + 0—)(’0,- logfy (1) — 1)

A~ o 10U _ . ]_du . .
— [ fii— iy =25 A (fii 4 fi : iy g
X 20y logfy f +tlaxa't1(f + "+ = dxaj 1(F14 1)
Ju . .
gy (17 1)
_ ij_ Ij (9Us Sj is
= Dxf 20xlogt1 + = Z—dstlf 4 f ) (5.4.21)

The case i = j is easier since there are less sub-cases to consider. Quick calculations give

Osf1 = Osf' + 20slogfy £ — 20slogfy 1,
Ol = ﬁif”—zailogflf“—zzaslogflfsi
S#I
which imply
ii ii i £ £si ou £ ogs
Dxf = Dxf delogtlf —|—2;—05|Ogt1f —Za—xgdslogtlf
|

= Oxfil - zaxlogtlf“+2z—as|ogflf9‘ by identity (5.4.14) (5.4.22)
In conclusion

ij = i i 1 s 0US is sj
Ox £ = Oy f1l — 2ax|ogtlfl+ axd (s sy ) (5.4.23)

Now compose this with the transformation law (5.4.9) to get

N
|:|)(f|J —t4Dxf|J —|—t3|:|x(p” —|—2t 0xt1f 1 +t dxtl(p” —|— Z %05& tl ij + fls) +t3((psj + (p's))

Expanding,
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N . 2 {2 N N
tlz 05'[1 IS—l—(PSJ) = 1—12(”]”4-r]“)0x'[1+€10x (S;US>—Eax(U|+U)

o~ {2 N Ni L
= t%axtlfp”—l-—ldx Ug | — —2% 0)((U'—|-U')—5ljnllaxt1).
6 S; 5|~ (xluty

Hence
Ox fij = fil <|i|x + 20% |ng1> fij —I-fo (ix + 0k |ng1> (bij
f% A Nfilz. ijnlig ¢
+de z Us —E(ax(ui+uj)—5ln 0xt1). (5.4.24)
s=1

In the flat coordinate system, this reads

ot otB [ fnge O . 0 o)X
C!B - vyl v Y 2 I hGE —l I ol £l = I
Ox f 35 37 <t1(0x+ Ox logty)n™ + & (Ox + oxlogly) 4 & ot " +6 ot i;UI
Ntl eldta alat£ £ ~nEC f% s .
+—-—— B {5 X +0 axX 0xt1r] + 60)( i;U,. (5.4.25)

The appearance of terms of the form y;u; is intriguing. In the flat coordinate system
it has the following interpretation. Let % : T.# — T.#, X — EoX. Then the canonical
coordinates are the eigenvalues of this operator, and the trace is their sum:

N

Oxa'l(u). Somewhat simpler calculations (recall that a diagonalizes in the canonical co-
ordinates) give

04" = O —2dslogfia’, for s#i,
Oa' = 0d — 24 logfa.
Hence
Oxall = £/ 0x & + 2830181 + Byt (5.4.26)

5.4.3 The Action on the Sections [xdhy p and 0%dhg p.

The final ingredient we need is the action on the 1-forms Oxdhg , and D)Z(dho“p. Again, we

will use canonical coordinates to do the calculations.
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Oxdhg p. Recall that the Hamiltonian densities satisfy the recursion relations

We use this to obtain in canonical coordinates

Oy ("23;!0) _ < (;L;(SD Oihap
= %D,hmp,l using (5.4.27). (5.4.28)
Note the particular case
%ditl — Ox <d;lji*l> : (5.4.29)

Using the transformation properties of the exterior derivatives dhy p together with (5.4.28)
it is straightforward to compute the action on Oxdhg p:

ou oy i
T ID|hgp 1 = 0XI <Z|Z Ij|horp 1+ Afaltlh 7F~)1>
1~ (0hap 1~ (0dhia
= +0 : =U hg 5.4.30
& X< 0Ui > t x< 0U| ) a,p—1 ( )

where in the last step we have used the identity (5.4.29). The coordinate free expression
is: 1 1

|:|x (dha’p) = iﬁDx (dha’ﬁ) F %Dx (dh]_’l) h5!7p:1 (5.4.31)
This agrees with the earlier results when we investigated the action of the inversion
symmetry on the dispersionless principal hierarchy. The above expression is essentially

those transformation properties.

02dhg p. We first obtain an expression for the it" component of the section 04dh, p in
canonical coordinates and then apply the inversion symmetry. Using the recursion rela-

tion (5.4.27) we have

ou
|])2( (0iha7p) = Ux <0X Oihg p— 1)
= Ij)Z(UiDiI‘IO(,pfl—|—éxuiDXDihor,pfl
= DZulihg p1+ (xu)?Oihg p2. (5.4.32)

Hence we need to calculate the transformation properties of Diui. We treat dxu; as
a vector field and compute its covariant derivative accordingly, and so as above the
transformation properties of the Christoffel symbols will then dictate the transforma-
tion properties of D)2<ui. Due to the index dependence of the transformation properties
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of the Christoffel symbols we will decompose the calculation as follows. Let v= zividi €
(T4, #). Suppose S# i. Then

stl — asvl + z I—Ipsvp
p=1
= O+ 4Tl
= 0V + (Mg — dslogfy) V + (T + dslogfr) v

If s=i then
OV = av+ Yy ryvP
p=1
= OV ATV + S
= oV +(Fi—alogh)V + Y (I — dploghy) v
P
= 0OV —dlogfV — ; dplogfivP.
p#i
Hence
OxV = OxV +;dxus(dslogf1(vs—vi)) + dxUi (—d logfyV/ —;05I09f1v3>

= [OxV — dxlogfyV +;0slogf1vs(dx(us —u)). (5.4.33)
|
Now, for the particular case V' = dkui, we get
~ ~ n ~
D%u = O%ui — 20x logfidxui + 3 dslogfa (9xus)?. (5.4.34)
s=1

We can re-write this as

~ . 1.
O2u = 02 u; — 20 logfydxu; + f—r;(dxu,dxu).
1
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Now we have all the ingredients to invert (5.4.32). We get

D>2<(0i houp)

~ A 1. 1- ~
= (Diui—delogtldei—i—Er](de,de)) <i D,hap 1:|:le tihg &, p— >

1 1.0

~

1 /- N\ - A hs
= if— <|:|X — 20)( |Ogt1> Dx(di hﬁ’&) F a.p-1 <Dx — 20)( |Ogt1> Dx (0| h]_ 1)
1 %

1

n 1.~ 1.~ 1 ~ A n
+1(0xu,dxu) (iﬁﬁi ha p-1F tqﬁitlha,r)1> F ﬁaxui Ox (dihy1)ha 5(2.4.35)
1 1

The first two terms appear to mimic those of (5.4.31), while the meaning of the latter two

is more mysterious.

Confirmation of the action on [x. We will show how to confirm (5.4.31) using the

conformal geometry approach. Let us recall briefly how the covariant derivatives of two

one-forms are related via the inversion symmetry. Let ¢ = 5;@du; € ['(T*.#,.# ). Suppose

i #J.
If i = j, we have
Therefore,

Ox@ =

Ojg = Jj@a— ZF,.% g —Tho —Thia

= Jj@=20,@— (I:}i — 0 Iogfl) @ — (i —djlogfy) @
— 0j@+alogfig + d;logtia. (5.4.36)

0@ = da-— ZF% Q- szgrﬁ%
|
= a@— (7 “—dilogfl)(n—;(fﬁJrﬁilogfl)(ps
I

- ﬁitn+&,logf1(n—&.logf1;(ps. (5.4.37)
|

17} 0 0
Us UID"»’H'Z Us

Z

au, A ~ . odu
Ox @+ 5or 9 (0 logtigp —a |09t1;¢5> + I(0i '09t1fPs+‘9s|°9tS‘ﬂ)@_xs

A A A 0
Ox@ + dx logtiqq + o, Iogtlg (psa—x(us—ui). (5.4.38)
|
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From this calculation we just obtain the transformation properties of the operator ﬁx

acting on 1-forms.

Consider the case @ = dihg p. Using the transformation properties of the functions {hy p},
and the fact that e(hy p) = hg p-1, we have

z 0sha,p = ha,pfl - ai ha,p,
S#I

and the expression (5.4.38) becomes:

ou

Ox (&ha.p) = Ox (3iha p) + dx logfidihg p+ 8 logfidxhg p — X

Composition with the transformation properties of the {hy p}gives:

“ ~ 1. - 1. .-
Ox (dihg,p) = 0Ox (iﬁdhﬁ,aﬂFqﬁitlhﬁ,a)

1~ =« 1. .- 2 an 1.~
= iEDXhﬁ aF ﬁdx 1hra £ ,[A—g,ﬁxﬁi'[lh~ aF ?dh@xhﬁ,a- (5.4.40)
1 1

Note the use of the identity ﬁxﬁifl = 0, which may be interpreted as the fact the [is a
metric connection, or that the function f; is a flat coordinate for the metric j. We also

have
- N 1. - 1. .-
oxlogtidhyp = OJxlogty iﬁﬁu haa T f_zditl fd |
1
- N 1.~ 1. .-
dilogtioxhgp = dilogt; iﬁdxhﬁ,a F tqﬁx 1hag |-
1
This means, perhaps quite remarkably, that
- . . 1~ _~
1

Finally we get
1 0Ui

2 ox
which, upon use of (5.4.29), verifies (5.4.3T). The point of this approach is that it can
now, at least in theory, be extended to compute the transformation properties of higher

1. .
Ox (dha.p) = iEDx(ﬁi hia) F oitihg p-1, (5.4.42)

covariant derivatives of the sections {dhgy p}.
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5.5 The Inversion Symmetry and the Principal Hierarchy at

Genus One

We have now built a library of transformation properties of all the components in the
Hamiltonian representation of the principal hierarchy. Therefore let us now state the
main Theorems of this chapter.

Theorem 11. The perturbation to the flows

au; . Oy o N dh Jh
a-l-nla :Ser“Dx< 5u )—FEZDx(Z fISD>2<< ana) ZZDXfISD <0—3’:>>+ﬁ(54)-

[y s=1

arising from the transformation

92 1
ZW[24 |Og deTCqutx]t V( ) + ﬁ(£4)7

transforms under the inversion symmetry as

oui A . n oA
nla = rgﬁ)( i +Ox é?g-i—WIOQtl rgza)(-ﬁ dslogts rgzﬁ){ Ou(Us— i) + O(£%),
oT" a a; ;
[y S#I
where
——— A
o 6#~ SN = & - O# ~
~(1 JOIN ~ PPN )
Fg,ﬁ)r;i = tjz_f']“Dx ( 5U| ) —|—2tl(3xt1A,%ﬂﬁa itfr]“ﬁxtlTlna —|—t10xt1r]“ 53:{
_—— A~
~ COANAx s OHs -~
+t1; +f; 5us”’“ + 53’: Ox (Us— ;)
|
~(2) N 1 - A ~
Ad i = z tfhls+t1‘l"s {if—(Dx—Zﬁxbgtl)Dx (Oshra)
&1

1 .
(O 20xlogh + axus)mxashll) tznwxu,axu)(asha,pl)}
1 1
1N/, oA I A N . ) ~
:|:§ z <tf(Dx + 20x Iogtl)h'5+ th(Dx + 0x Iogtl)(p's — 1—2t1 (dx(ui + Us) — 5'Sn$0xt1)>
&
1~ - A
X{tl x(Oshag) — x(ajhl,l)hﬁl,a},

fil, ¢/l are as above, and

+, ifa=N,
—, else.

A=< n, ifa#1N, d=< a, ifa#1N, =£=
n-1, ifa=1, N, ifa=1,

n+1, ifa=N, 1, ifa=N,
{ (5.5.1)
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Theorem 12. The perturbation to the flows
oy 2 i 0
— Oy [ —— M9
T &N oy
(1
Jh 1N i i Jh
2 is n,a is is n,a 4
O O =y b® | Ox [ =——= o).
+€ x(Za x< >+<2521 xa”+ ) x<0us>>+ (€%)

arising from the transformation

02
ta(T) = Va(T) + EZW [G(O)]i—yr) + O(%),

transforms under the inversion symmetry as

ay A - . A
e = i+ Oxéng, i — Bcloghiéy 3 dbloghidnt, (s ) +0(e"
[y i
where
e in ¥4 i ODAr g oM
Ad i — 27" Ox 5u —i‘2t15xt1Ae%”~ g TN 0Xt157u. +f1oxf1h) 5u
——/ ~
R L ONH 55 OHL
+t1; 4 i + Buc Ox (Us— ;)

~(2) N 1 - oA ~
Agi = z IS-I—t {ir(Dx — 20x logty)Ox (0shﬁ’§)

o s=1 ty

1~ A A 1 -
:F h (Dx — 20)( |Ogt1 —l— 0xus)(|:|xash1’1) + tir) (0)( u, 0)( u)(dsha’p_l)}
1

z

(2 (tl(Dx + 20y logfy)4's —i—tl@xtlll-"s) + b+ (I)is>

"”IH f

fi

and 4,0, '), &' fi and & are as above.

Ox (8;Pn.1)hs 5,}

Remarks. Note that schematically both theorems state that the flows are mapped to

themselves, up to a conformal factor and the addition of an appropriately defined vector
field:

ou; 3 OUi .
na::I:t na+ Aa: -
dT[l]/ 0T[l]/

One drawback of the approach presented by Dubrovin & Zhang is that the complexity
of the expressions grows rapidly; for the modular Frobenius manifold first presented in
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Example 5] even the perturbations 6.7 ,, 874", are becoming unmanageable. Secondly,
as with their expression for the genus two free energy presented in [22]], the scope of the
Theorems[11] [12lremains at this stage abstract: we are restricted to computing examples
where the canonical coordinates are known explicitly. Such examples also happen to be
those for which the perturbations take on an extremely simple form, and a lot of the
structure derived above is not present.

Let us consider a slightly different approach that could be used to independently
verify the results of this chapter. Liu, Xu, & Zhang [41] computed the transformation
properties of the genus one free energy,

FUEoxt) = 71 (1.341) oy logh (5.5.2)

Dubrovin & Zhang’s deformed Hamiltonians are given by [23]]

2.7 M (i, oxt)
/ /A )

6%],0 + %},a - axaTh’G .

Thus using the transformation properties of the vector fields given in Proposition (16),

combined with the relation (5.5.2) one could independently verify the results of Propo-

sitions (19) and (20). The drawback of this approach is that tackling the transformation

properties of the Poisson brackets in this framework appears to be more vexatious.



Outlook

The main theme of this thesis has been to study how the inversion symmetry singles
out a special class of solution to the WDVV equations: modular Frobenius manifolds. In
addition to the specific points raised earlier, there are two major avenues for further
research that stem from this work:

1. Classification of modular Frobenius manifolds;
2. Construction of dispersive evolution equations with modular symmetry.

More specifically, in Chapter 2 we defined, and set out a program for classification of,
modular Frobenius manifolds. We used the homogeneity and modular properties of the
prepotential to construct an ansatz for the WDVV equations. As the dimension of the
Frobenius manifold increases the number of terms present in our ansatz grows rapidly
(particularly for the homogeneous cases), and finding all the solutions of WDVV for a
given ansatz becomes computationally unmanageable. An obvious avenue for further ex-
ploration would be to try to refine our ansatz by using not just the invariance under the
inversion symmetry, but the full SL(2,Z) action. It may also be of interest to place con-
straints on the behaviour of the pivot functions (which define the Rankin derivative in the
corresponding modular dynamical system) at T = ic, and obtain classification results for
modular Frobenius manifolds with specified analytic properties. It is also worth pointing
out that all the modular Frobenius manifolds in the literature have an interesting level
of symmetry between the polynomial variables. Perhaps this can be explained by more
sophisticated representation theoretic techniques.

All the systems found in Chapter 2 are of rank 3, and are equivalent (sometimes via a
non-linear change of variables) to a quadratic system. As already mentioned, if progress
towards classification is to be made in higher dimensions is to be made, the reasons
for this must be understood. Ohyama [49] has shown how a given quadratic system of
rank 3 is naturally associated to a second order Fuchsian ODE (like the hypergeometric
equation). It would be interesting to see if one can find explicit formulas for the structure
constants of these quadratic systems in terms of the structure constants of the Frobenius
algebras.

151
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It would also be interesting to try and construct the almost dual prepotentials for
the modular Frobenius manifolds of Chapter 2. The almost dual solutions should fall
within the class found by Riley & Strachan [51]. Explicit verification of this statement
for the modular Frobenius manifolds of Chapter 2 would help to provide understanding
of the geometric origins of these Frobenius manifolds. An associated problem would be
to construct the Landau-Ginzburg superpotentials for these solutions.

The action of the inversion symmetry on the dispersionless principal hierarchy is now
completely understood: it acts as a reciprocal transformation. This reciprocal transfor-
mation should also be present at the level of the fully dispersive hierarchies, and it would
be nice to obtain some explicit results. Chapter 5 shows how the flows behave at genus
one, and in particular the results depend on the transformation properties of .Z[. In
their work [41], Zhang et. al. presented a conjecture for how the genus-g generating
functions .Z9 transform under the inversions symmetry for all g > 0. Understanding the
action of the inversion symmetry on Dubrovin & Zhang’s universal loop equation ([24],
Theorem 3.10.31) would be key to proving this conjecture, and in turn perhaps allow one

to obtain explicit results for how the fully dispersive hierarchies are related.
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