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F-MANIFOLDS, MULTI-FLAT STRUCTURES AND PAINLEVE
TRANSCENDENTS*

ALESSANDRO ARSIET AND PAOLO LORENZONI*

Abstract. In this paper we study F-manifolds equipped with multiple flat connections and
multiple F-products, that are required to be compatible in a suitable sense. Multi-flat F-manifolds
are the analogue for F-manifolds of Frobenius manifolds with multi-Hamiltonian structures.

In the semisimple case, we show that a necessary condition for the existence of such multiple
flat connections can be expressed in terms of the integrability of a distribution of vector fields
that are related to the eventual identities for the multiple products involved. These vector fields
satisfy the commutation relations of the centerless Virasoro algebra. We prove that the distributions
associated to bi-flat and tri-flat F-manifolds are integrable, while in other cases they are maximally
non-integrable. Using this fact we show that there can not be non-trivial semisimple multi-flat
structures with more than three flat connections. When the relevant distributions are integrable,
coupling the invariants of the foliations they determine with Tsarev’s conditions, we construct bi-
flat and tri-flat semisimple F-manifolds in dimension 3. In particular we obtain a parameterization
of three-dimensional bi-flat F-manifolds in terms of a system of six first order ODEs that can be
reduced to the full family of Py ; equations.

In the second part of the paper we study the non-semisimple case. We show that three-
dimensional regular non-semisimple bi-flat F-manifolds are locally parameterized by solutions of
the full P;y and Py equations, according to the Jordan normal form of the endomorphism L = Fo.
As a consequence, combining this result with the result of the first part on the semisimple case we
have that confluences of Py, Py and Py correspond to collisions of eigenvalues of L preserving the
regularity. Furthermore, we show that, contrary to the semisimple situation, it is possible to construct
regular non-semisimple multi-flat F-manifolds, with any number of compatible flat connections.
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Mathematics Subject Classification. 53D45, 34M55.

1. Introduction. F-manifolds have been introduced in [21] as a unifying geo-
metric scheme that encompasses several areas of modern Mathematics, ranging from
the theory of Frobenius manifolds to special solutions of the oriented associativity
equations ([29]), from quantum K-theory ([24]) to differential-graded deformation
theory ([32]).

An F-manifold M is a smooth (or analytic) manifold equipped with a commuta-
tive and associative product o : TM x TM — T'M on sections of the tangent bundle
TM, such that o is C(M)-bilinear (C'(M) is the ring of smooth or analytic functions
on M) and such that

Pxoy(Z,W) =X o Py(Z,W) +Y o Px(Z,W), (1.1)

where Px(Z, W) := [X, ZoW]—[X, Z]oW — Zo[X,W]. The condition (1.1) is usually
called the Hertling-Manin condition and it implies that the deviation of the structure
(TM,o,]-,]) from that of a Poisson algebra on (T'M, o) is not arbitrary. Usually M
is also required to be equipped with a distinguished vector field e, called unity or
identity, such that for every vector field X, X oe = X.

Since the operation o is C'(M)-bilinear and commutative, it can be identified
with a tensor field ¢ : S*(TM) — TM. Once c is locally written in a coordinate
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system as c;k =< ¢(05,0), dx’ >, then the commutativity, the associativity and the
Hertling-Manin condition (1.1) translate respectively as

i i
ik = Ckj>

il il

Ci1Ckm = CkiCim>»

s k k s s k k s k s k s
Cim0sChy + cq05¢i, — €5,05¢5,, — Cop 0ichy — ;015 — ¢ Oy = 0.

An F-manifold (M,o,e) is called semisimple if locally (T'M, o) is isomorphic to
C(M)™ (where n is the dimension of the manifold M) with componentwise multipli-
cation. This means that locally there exists a distinguished coordinate system such
that, if X and Y are vector fields then (X o Y)? = X'Y?. This is equivalent to
say that ¢/, = 070} in this distinguished coordinate system (these are called canoni-
cal coordinates for o whenever they exist). We will denote canonical coordinates with
{u',...,u™}. If o is semisimple, then the identity vector field e is given by e = 3, %.

A few years later, Manin introduced F-manifolds with compatible flat structure
([30]), which we call flat F-manifold for simplicity. In particular, he proved that many
constructions related to Frobenius manifolds [14, 31], such as Dubrovin’s duality [15],
do not require the presence of a (pseudo)-metric satisfying the condition g(X oY, Z) =
g(X,Y o Z) for all vector fields X,Y, Z (such a metric is said to be invariant).

DEFINITION 1.1 ([30]). A flat F-manifold (M,o,V,e) is a manifold M equipped
with the following data:
1. a commutative associative product o : TM x TM — TM on sections of the
tangent bundle T M,
2. a distinguished vector field e such that X oe = X for every vector field X,
3. a flat torsionless affine connection V, such that (Vxc) (Y, Z) = (Vye) (X, 2)
for all vector fields X, Y, and Z.
4. Ve =0 (flat identity).
A semisimple flat F-manifold is defined analogously, with the requirement that the
operation o is semisimple.

The manifold M in the Definition 1.1 is a real or complex n-manifold. In the
first case all the geometric data are supposed to be smooth. In the latter case TM is
intended as the holomorphic tangent bundle and all the geometric data are supposed
to be holomorphic.

Observe that in the Definition 1.1 there is no mention of the Hertling-Manin
condition (1.1) since the symmetry condition on Ve forces (1.1) to be automatically
satisfied (see [20] for a proof).

The role played by flat F-manifolds in the study of integrable systems has been
investigated in [26, 27]. Further generalizations of these structures that are tailored
to the study of integrable dispersionless PDEs have been proposed in [1, 2, 28]). In
this paper, following similar ideas, we introduce and study what we call multi-flat F -
manifolds. They are a natural generalization of bi-flat F-manifolds (see [2, 28]) and
they are deeply related to the notion of eventual identities and duality introduced in
[30].

In order to define multi-flat F' manifolds we need to recall a few facts about
eventual identites:

DEFINITION 1.2 ([30]). A wector field E on an F-manifold is called an eventual
identity, if it is invertible with respect to the product o, and if the bilinear product
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defined via
X+xY:=XoYoE 1 for all X, Y wvector fields (1.2)

defines a new F-manifold structure on M. If E satisfies the additional condition
[e, E] = e then it is called Euler vector field.

By definition, an eventual identity is the unity of the associated product x. A
useful criterion to detect eventual identities is the following:

THEOREM 1.3 ([11]). An invertible vector field E is an eventual identity for the
F-manifold (M, o,e) if and only if

Lieg(o)(X,Y) =[e,E]o X oY, VX,Y wvector fields. (1.3)

In the semisimple case, it is actually easier to characterize eventual identities. We
have indeed the following theorem.

THEOREM 1.4 ([1]). Let (M, o,e) be a semisimple F-manifold and let E be
an invertible vector field and assume that the eigenvalues of the endomorphism of
the tangent bundle V. = Eo are distinct. Then condition (1.3) is equivalent to the
vanishing of the Nijenhuis torsion of V.

In other words, in canonical coordinates for o eventual identities are vector fields
of the form

E=) E'(u)5,
i=1

and the product % has associated structure constants c;”k given by :
el = b 5i6t (1.4)
ik — Ei(u?) JUk ’

Observe that powers of the Euler vector fields are eventual identities. This follows

from the fact that eventual identities form a subgroup of the group of invertible vector
fields on an F-manifold [11].

We have now all the ingredients to define multi-flat F-manifolds.

DEFINITION 1.5. Let (M,V,o0,e) be a flat F-manifold with unity e. A multi-
flat F-manifold (M,V® o, e, E,1 =0...N — 1) anchored at (M,V,o,¢) is a manifold
M endowed with N flat torsionless affine connections V) = v, vV vN=1 4
commutative associative product o on sections of the tangent bundle T M , an invertible
vector field E satisfying the following conditions:

1. E is an Euler vector field.
2. Given E) := E'=FEoFEo---oF I-times, | =0,...,N — 1, (by definition,
Eqy = e, Eqy = E), we require

VOE = 0. (L.5)
3. Given Eqy and the related commutative, associative product oy (defined as
XopY :=XoYo E(_l)l, s0 that o(gy = o and o(y) = *), we require that the
connection V) is compatible with o(y- In other words we require that
(Vg?c(l)) Y, 2) = (Vgpc(z)) (X, 2), (1.6)
for all vector fields X, Y, and Z for alll =0,...N — 1.
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4. The connections VIV, 1=0,..., N—1 are almost hydrodynamically equivalent

(see [2]) i.e.
(dywy — dgan)(X oqy) =0, (1.7)

for every vector fields X and for every pair 1,I'; here dyq is the exterior
covariant derivative constructed from the connection V.

The conditions (1.5) and (1.7) fix uniquely the Christoffel symbols of the con-
nection V) in terms of the Christoffel symbols of the connection V, the structure
constants of the product o(;) and the Euler vector field E. Indeed, in local coordinates,
the condition (1.7) with I’ = 0 reads

Pk s pOk s _ ks Tk s

s Cim £ ]m

Multiplying both sides by E(l), taking the sum over 7 and using (1.5) one obtains
Ok _ pk (OF k
Iy =15 — ¢ VsEg. (1.8)

Due to the invertibility of the operator E(_l)lo the condition (1.7) must be checked
only for I = 0. Remarkably, using formula (1.8) it is possible to check that also the
condition (1.6) must be checked only for [ = 0. In order to prove this fact, in the
semisimple case it is sufficient to compare the explicit formulas for the Christoffel
symbols in canonical coordinates obtained imposing the conditions (1.5) and (1.6)
with the explicit formulas obtained writing (1.8) in the same coordinates. In the
general case, the proof is based on the definition of eventual identity and on the
formula

m (l)z (l) (l)l i, : m s : m
(E(l)o)h (vj V ) (E(l)o)s[cijleE(z)chr - CrleeE(l)Chj]
that can be obtained using (1.5), (1.6) with [ = 0 and (1.7).

This means that multiflat F-manifolds can be defined as flat F-manifolds equipped
with an Euler vector field E and N — 1 additional almost hydrodynamically equivalent
flat torsionless connections V 1y, ..., V(n_1) satisfying the conditions V ) Eq) = 0.

In the first part of the paper we will study semisimple F-manifolds endowed with
N flat structures. In principle N might be arbitrary, however we will see that the
coexistence of more than 3 flat structures is in general impossible. The case of two
structures has been studied in details in [2, 28]. It turns out that three-dimensional
bi-flat F-manifolds are parameterized by solutions of Painlevé VI equation. In this
paper we will find an alternative proof of this fact. We will also study the case of
tri-flat F-manifolds in the three-dimensional case.

In the second part of the paper we will consider the non-semisimple case. First
we will study regular non-semisimple bi-flat F-manifolds, leveraging on the recent
results obtained in [10] unveiling a deep relation between regular bi-flat F-manifolds
in dimension three on one side, and the full Painlevé equations Py, Py and Py on
the other. More precisely, regular bi-flat F-manifolds are characterized by the Jordan
normal form of the operator L = Fo. For three-dimensional manifolds, this gives rise
to three cases, corresponding to Ly, Lo and L3 given by:

A0 0 Ao 10 Ao 10
L1 = 0 )\2 0 s L2 = 0 )\1 0 s L3 = 0 )\1 1 ) (19)
0 0 A3 0 0 A3 0 0 X\
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(here \; with different indices are assumed to be distinct). Regular bi-flat F-manifolds
in dimension three whose endomophism L has the form L; are actually semisimple
and, as recalled above, are locally parameterized by solutions of the full Painlevé VI.

We will focus our attention on three-dimensional regular bi-flat F'-manifolds whose
operator L has the form Lo or L3 and we will show that in the former case they are
locally parameterized by solutions of the full Py, while in the latter case they are
locally parameterized by solutions of the full Pyy. This highlights a striking paral-
lelism between confluences of Painlevé equations and collision of eigenvalues of the
endomorphism L (preserving regularity), a fact which in our opinion deserves further
investigation. It would be definitely interesting to extend this correspondence beyond
the regular case. Unfortunately for the non-regular case there are no structural results
similar to those developed in [10] at the moment.

We point out that the approach championed in [2] and [28] is based on the study of
a generalized Darboux-Egorov system and cannot be applied to the non-semisimple
case, while the methodology developed here, in which the key role is played by a
geometric version of Tsarev’s conditions of integrability paired with a commutativity
condition between the Lie derivative with respect to a set of eventual identities defining
a subalgebra of the centerless Virasoro algebra and the covariant derivative of the
associated connections, does not require the semisimplicity of the product.

Finally, in the last part of the paper we show the remarkable phenomenon that,
while in the semisimple case there are in general obstructions to the existence of multi-
flat F-manifolds, in the regular non-semisimple case it is possible to construct multi-
flat F-manifolds with an arbitrary (countable) number of compatible flat connections
(all the powers of the Euler vector field).

2. Background material.

2.1. Flat F-manifolds and Integrable dispersionless PDEs. In this sec-
tion, we survey the relationships between F-manifolds, flat F-manifolds and other
geometric structures on one hand, and the theory of integrable dispersionless PDEs
on the other. We also introduce Tsarev’s conditions, which play a key role in deter-
mining multi-flat F-structures.

According to Tsarev’s theory [40, 41], integrable quasilinear systems of PDEs of
the form

(]

ul = v (u)ul

€T

i=1,..,n (2.1)

are defined by a set of functions Fﬁj (i # j) satistying the conditions (called Tsarev’s
conditions)

Ol + T — Tk —TLTY, =0, ifisk#j#i (2.2)

ij> ik ijr g
Once the conditions (2.2) are satisfied the solutions of the system

ot = Fij(vj — %) (2.3)

define a set (depending on functional parameters) of commuting flows of the form
(2.1). From (2.2) it follows that the solutions of (2.3) satisfy the conditions

Ot 0,0 L .
9; (M) :a,c(v/v]) Vi j£k#i, (2.4)

Conversely, given v’ satisfying (2.4) and using (2.3) as definition of Fﬁj, the com-

patibility conditions (2.2) are automatically satisfied. Quasilinear systems satisfying
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conditions (2.4) are called semi-Hamiltonian [40, 41] or rich [37, 38]. Sévennec [39]
later found a nice characterization of semi-Hamiltonian systems. He showed they co-
incide with diagonalizable systems of conservation laws. As the notation suggests, the
functions Fﬁj can be identified with (part of) the coefficients of a torsionless connec-
tion V. The reconstruction of V can be done in essentially two non-equivalent ways.
In the first case, we call the connection V a Hamiltonian connection. In this case, V
is the Levi-Civita connection of a diagonal metric g:

9;In \/g; =T, J# i (2.5)

Given a diagonal metric g for which the functions Fﬁj satisfy the above conditions,
all the remaining Christoffel symbols are uniquely defined through the classical Levi-
Civita’s formula. However, as it is easy to check, the general solution of (2.5) depends
on n arbitary functions of a single variable: if g;; is a solution then ;(u?)g;; is still
a solution. The connections defined by (2.5) have been introduced by Dubrovin and
Novikov in [16]. We call them Hamiltonian connections since they are related to the
Hamiltonian formalism. For instance, in the flat case the differential operator

P = g"6.9, — g"'Tul (2.6)

defines a local Hamiltonian operator for the flows (2.1) defined by the solutions of
(2.5). The non-flat case is more involved: the Hamiltonian operators are non-local
and the non-local tail is related to the quadratic expansion of the Riemann tensor in
terms of solutions of the system (2.3):

i Tond
R;; = E EqWpW?, .

[0

The existence of this quadratic expansion is a non-trivial property. It was conjectured
by Ferapontov [17] that all solutions of the system (2.5) possess such a property.
Ferapontov’s conjecture has been checked for reductions of dKP and 2d Toda in [19]
and [7] respectively.

The other way to reconstruct a torsionless affine connection V having Fﬁj as a
subset of its Christoffel symbols in a distinguished coordinate system was devised in
[27]. This leads to the notion of natural connections and F-manifold with compatible
connection and flat unity [26].

DEFINITION 2.1. An F-manifold with compatible connection and flat unity is an
F-manifold (M, o,e) equipped with a torsionless connection V (not necessarily flat)
such that the following requirements hold

Ve =0,
(Vxe) (Y, Z) = (Vye) (X, Z),
Z o ROW.Y)(X) + W o R(Y, Z)(X) + Y o R(Z,W)(X) = 0,

where ¢ is the tensor field associated to o, R is the Riemann tensor and X,Y,Z, W
are arbitrary vector fields.

Connections satisfying these conditions are called natural connections. In the
semisimple case, in the distinguished coordinate system given by the canonical co-
ordinates of o, the first and second requirements specify completely the Christoffel
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symbols in terms of the subset given by ng:

Iy =0, Vi# §#k#1,

Uy =Ty 1% (2.7)
IY=— erz
1£i

It was proved in [26] that the second and the third conditions are equivalent to Tsarev’s
condition (2.2) for I'};. In this framework, the quasilinear system (2.1) can be written
as

Ut = Xo Ug - (28)
and the system (2.3) reads
VX = ¢, V; X (2.9)

In this setting the characteristic velocities v* are thought as the components of the
vector fields X in canonical coordinates. Since the Riemann invariants are identified
with the canonical coordinates, given a semi-Hamiltonian system, the associated nat-
ural connection is defined up to a reparameterization of the Riemann invariants, that
is up to the choice of n arbitrary functions of a single variable.

Like in the case of Hamiltonian connections, the most interesting case is when
the connection V is flat. In this case, a countable set of solutions of the system (2.3)
can be obtained from a frame of flat vector fields (X (1,0, ..., X(n,0)) via the following
recursive relations

VX(p1a+1) = X(p,a) o. (2.10)

In general, the two ways we just described to reconstruct a torsionelss connec-
tion V starting from the functions I‘ﬁj satisfying (2.2) are inequivalent: Hamiltonian
connections are not always natural connections and natural connections are not al-
ways Hamiltonian. Indeed, combining the conditions Vg = 0 and Vicfj = Vlcf’j,
one obtains 0;¢;; = 0;g;;, which implies that in order to have a connection which is
both Hamiltonian and natural, the metric must be potential in canonical coordinates
(Egorov case). This is for instance the case of semisimple Frobenius manifolds.

In many examples (including Frobenius manifolds) besides the recursive relation
(2.10) there exists an additional one, which we called twisted Lenard-Magri chain [1]

dv(l) (6 o X(p7a+1)) = dv(z) (E o X(p,a))- (2.11)

It is based on the existence of an additional flat structure and on an eventual identity
E. This leads naturally to define the class of bi-flat F-manifolds that was extensively
studied in [2, 28].

REMARK 2.2. In the semisimple case removing the condition Ve = 0 in the
definition of natural connections one has the freedom to choose the Christoffel symbols
I'%, [27]. The same freedom can be also described in terms of the special family of
connections [12]

VxY =VxY +VoXoY.

This is a family of connections satisfying the symmetry condition (1.5) (the product
is not assumed to be semisimple). Like in the semisimple case the condition Ve = 0
fixes uniquely the vector field V.
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2.2. Examples of bi-flat F-manifolds. In this section we present some exam-
ples of bi-flat F-manifolds.

2.2.1. Semisimple Frobenius manifolds. Any semisimple Frobenius mani-
fold (M,n,o0,e, E) is endowed with a bi-flat structure (V,V* o, x,¢e, E). More pre-
cisely:

e the connection V is the Levi-Civita connection of the invariant metric 7.
e (o0,e, FE) are the same data from the Frobenius manifold, while * is given by
Dubrovin’s almost dual product X xY = X oY o E~1 [15].
e the connection V* is defined by (1.8) with [ = 1. The flatness of this connec-
tion is a consequence of the condition VVE = 0 (see theorem 4.4 of [3]).
Any Frobenius manifold is equipped with a contravariant flat metric called intersection
form [14]. The connection V* in general does not coincide with the Levi-Civita
connection V of the intersection form. However, they satisfy the condition (de —
dg+)(X o) = 0 and they are compatible with the same product *. This implies that
V = V* + A for some function M. Using the properties of the intersection form it is
not difficult to see that A is indeed a constant.

2.2.2. Bi-flat F-manifolds and complex reflection groups. One of the
main examples of Frobenius manifold is the orbit space of a Coxeter group W [13].
In this case, in the flat coordinates of V the dual product has the form [15]

dOzH
*:)\ZE@TFH’ (2.12)

HeH

where ay is a linear form defining the mirror H, H is the collection of mirrors H
associated to the reflections in W, 7y denotes the orthogonal projection onto the
orthogonal complement of the hyperplane H and A is a suitable normalizing factor.
Products of this form appear in the theory of V-system [42, 43]. This example can
be generalized to the case of well-generated complex reflection groups. A first gen-
eralization was given by Kato, Mano and Sekiguchi [22] that proved the existence of
a flat structure (with linear Euler vector field) on the orbit space of well-generated
complex reflection groups and computed some examples of vector potentials related
to the agebraic solutions of PVI found in [5, 6] (see also [4]).

Due to the linearity of the Euler vector field, Theorem 4.4 of [3] ensures the
existence of a second flat structure compatible with Kato-Mano-Sekiguchy structure.
In all the examples the dual connection and the dual product have the form (see [3]
for details)

- d d
V=V - Z ﬂ(}9,‘£1r1r7rH, * = ﬂ@ﬁ‘,[{ﬂ'}]. (2.13)
H

In this case, V is the standard flat connection on C", w5 denotes the unitary projection
onto the unitary complement of the hyperplane H and the weight kp is proportional
to the order of the corresponding reflection. A further generalization was given in
[3], where it was proved that the bi-flat structures associated with complex reflection
groups might depend on parameters (related to a different choice of the weights in
(2.13)), even in the case of Coxeter groups. In this case it was conjectured that, under
suitable assumptions, the number of parameters coincides with the number of orbits
for the action of the group on the collection of reflecting hyperplanes minus one. The
conjecture was proved for Weyl groups of rank 2,3,4 and for the groups Is(m).
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2.2.3. Generalized e-system and Lauricella bi-flat structure. The system
of quasilinear PDEs

n
i i ki .
uy, = (u — E €LU ) U, 1=1,...n,

k=1

is called the generalized e-system [34]. The integrable hierarchy associated with the
(generalized) e-system was studied in [27] and [28] where it was also proved that
the associated natural and dual connections determined by the Tsarev’s Christoffel
symbols
i € Sy
I =— : 1 # 7, (2.14)

ut —ul

the structure constants ci; = 66} and ¢} = -L0%4}, the vector fields e = Y2 8; and
E =" u'd; define a bi-flat structure.

This example is related to the theory of Lauricella functions [23], Lauricella con-
nections and Lauricella manifolds [9, 25]. In particular Lauricella functions provide
n — 1 flat homogenous coordinates for the natural connection of the generalized e-
system described above. For this reason we call this example Lauricella bi-flat struc-
ture.

3. Eventual identities and flatness conditions. Given an F- manifold with
an eventual identity F we want to characterize flat symmetric connections V com-
patible with the eventual identity FE, i.e satisfying the following requirements

(Vxe") (Y, 2) = (Vye') (X, 2)
VE =0,

where ¢* is the (1,2)-tensor field associated to the dual product .

It is possible to provide an intrinsic characterization of the flatness condition,
which is given in Theorem 3.2 below. Before stating this result and proving it, we
elucidate a general fact:

LeEMMA 3.1. Let M be a manifold equipped with a bilinear product o on sections
of its tangent bundle o : TM x TM — TM and with a torsionless affine connection
V. Suppose o is equipped with an unit vector field e and that V and o satisfy the
following condition:

ZoR(W,Y)(X)+WoR(Y,Z)(X)+Y o R(Z,W)(X) =0, (3.1)

where R(X,Y) := VxVy —VyVx — Vix y] for all vector fields X,Y,Z,W. Then V
is flat if and only if R(e,W) =0 for all vector fields W.

Proof. Tt V is flat, certainly R(e, W) = 0 for all vector fields W. Conversely,
suppose R(e, W) = 0 for all vector fields. Then substituting Z := e in (3.1) we get
immediately e o R(W,Y)(X) = 0, i.e. R(W,Y)(X) = 0 for all vector fields W, Y, X,
and we are done. 00

Observe that the condition (3.1) appearing in the previous Lemma is exactly one
of the conditions that define an F-manifold with compatible connection [26]. Using
the above lemma we can prove the following useful flatness criterion.
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THEOREM 3.2. An F-manifold with compatible connection V and flat unity e is
flat if and only if the operator Lie. and the covariant derivative V satisfy the following
condition:

Lie.(VxT) — Vx(Lie,T) — Vi x)T =0, (3.2)

for any vector field X and for any tensor field T'.

Proof. Since the unity e is assumed to be a flat vector field, we have that Lie, = V.,
and therefore the condition (3.2) is equivalent to R(e, X)(T) = 0. Now by Lemma
3.1 we know that V is flat if and only if R(e, X) = 0 for all vector fields X. O

Using the fact that X is an arbitrary vector field, we have the following Lemma

LeEMMA 3.3. Condition (3.2) is equivalent to
Lie.(VT) — V(Lie.T) = 0, (3.3)

for any tensor fied T .

Proof. Observe that we can write VxT = (VT)(X) = C(VT ® X) for any vector
field X, where C'is the contraction. Therefore using the property that Lie, commutes
with contractions and it satisfies Leibniz rule with respect to the tensor product we
have

[Lie.(VT) — V(Lie.T)](X) = Lie.((VT)(X)) — VT (Lie. X) — Vx (Lie.T)
= Lie,(VxT) — VT(le, X]) — Vx (Lie,T)
= Liee(VXT> - VX(LieeT) - V[&X]T.

|

Observe that in the proof of Theorem 3.2 the symmetry of Ve does not play any

role. The only hypotheses that were used are the presence of a flat identity e for the
product o and condition (3.1) for the torsionless connection V.

4. The semisimple case.

4.1. Multi-flatness conditions in the semisimple case. We apply now the
flatness criterion discussed in the previous Section to study multi-flat structures in
the semisimple case. As a consequence of the previous results we have the following

THEOREM 4.1. A semisimple F-manifold with compatible connection V and flat
unity e is flat if and only if

L o
e(rig) = 81#] = 07 Vi 7é J
i=1

where Fﬁj are the Christoffel symbols of V in the canonical coordinates of o.

Proof. Under the current hypotheses, V is flat if and only if (3.3) holds for an
arbitrary tensor field 7. However, notice that (3.3) is automatically satisfied when
T is a function since covariant and Lie derivatives coincide on functions. Moreover,
the operators Lie, and V,; commute with contractions and satisfy Leibniz rule with
respect to tensor products. This easily implies that (3.3) holds for an arbitrary tensor
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fields T if and only if it holds for an arbitrary vector field T. Writing the right hand
side of (3.3) in canonical coordinates of o, for T an arbitrary vector field, we get

e (0;T" + 1%, T%) — 0;(e(T")) — T'ye(T*) = (') T",
since e commutes with 9; in canonical coordinates. Therefore (3.3) is fulfilled if and
only if e(Fék) = 0, due to the arbitrariness of 7. On the other hand, for a natural
connection in canonical coordinates one already has F;-k =01i#j#k #1i, while

all the other non-vanishing components are expressed as linear combinations with
constant coefficients of T'};, i # j (see formula (2.7)). O

Obviously, the flatness criterion provided by relation (3.3) and its equivalent forms
can be applied to the case of connections associated to general eventual identities. It
is easy to check that a torsionless connection V compatible with the dual product
defined by E and satisfying the condition VE = 0 has Christoffel symbols (in canonical
coordinates for o) of the form:

Iy =0, Vi#j#k#,

Fjj = —Erijy i # J (4.1)
. E' . 0, F*
F;i ::_li‘ﬁrﬁ_ Ei

Given an eventual identity E with associated dual product x, it is useful to have
relations characterizing the flatness of the connection given by (4.1) in the canonical
coordinate for o. This characterization is provided by the following:

THEOREM 4.2. Suppose that the functions Ffj satisfy Tsarev’s conditions (2.2),
then in canonical coordinates for o, the torsionless connection (4.1) is flat if and only

if
E(F:]) = —(8jEj)F§j, { 7é J-

Proof. Writing the invariant condition (3.3) in canonical coordinates for o we get
the following conditions

E(Fij) = _ngajEj7
E(T;) =T%,0,E" — 2I'} 0, E7
E(%) = -07E" —TLo.E".

The first condition is the statement of the Theorem. The second and third one
follow using the first one, the defining relations of the natural connection and the
obvious identities E(E?) = E‘0;E*, E(0;E') = E'0?E". 0O

4.2. Non existence of semisimple F-manifolds with more than 3 com-
patible connections. We are going to apply Theorem 4.2 to study the existence
of multi-flat structures on semisimple F-manifolds. Recall that, by definition, given
an N-multi flat semisimple manifold, the N connections V), [ = 0,..., N — 1 share

the same Christoffel symbols I‘éj, 1 # 7 in the canonical coordinates for o, while the
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remaining ones are determined according to the formulas (4.1), where E is the cor-
responding eventual identity F(;. Therefore, given the Fq), | = 0,... N — 1, it is
possible to reconstruct N-multi-flat connections only if the system for I';; (j is fixed):

Eqy(T) + (9;E},)T}; =0, 1=0,...N -1 (4.2)

admits non-trivial solutions 1"z for all ¢ # j. Indeed, (4.2) is just the flatness condi-
tion of Theorem 4.2. It is p0551ble to reduce the non-homogenous system (4.2) to a
homogenous one. To do this we introduce a fictitious additional variable ©"*! and
assume that T'}; is defined implicitly via ¢(u', ..., u™, u"*1) = ¢ where ¢ is a constant.
In this case the system (4.2) becomes

Eqy(9) = Euy(¢) — (angl))u”+1an+1¢ =0, 1=0,...,N—1.

Notice that the above condition is required to hold only at the points of the hypersur-
face ¢ = c. In this way, determining ¢ can be interpreted as the problem of finding
hypersurfaces, locally represantable as

+1 _ i 1 n
_Fz](u yeeey U )7 (43)

which are integral leaves of the distribution A generated by the vector fields {E(Z)}.

Therefore we are interested in characterizing the integrable distributions gener-
ated by the extended vector fields E(l), [ =,0,... N—1, where by definition of multi-flat
F-manifold Eq) = (u')!dy + ... + (u™)'0,, | = 0,...,N — 1, in canonical coordinate
for o = o(q).

THEOREM 4.3. Let A(i17~~~,ik) be the distribution spanned by the wvector fields
E(i1)7 . ,E(ik) in the n + 1-dimensional space with coordinates (u',... u"™ u"*1).
Then:

1. The distributions A1 .,y with m € Z\ {1} are integrable and these are the
only integrable distributions of rank 2 among A, |

2. DAo,1,2) 1s integrable.

3. Ao,1,2,3) is not integrable. Furthermore, at the points where ut # uk (i #
kyi,k=1,...,n) and u™t # 0 it is totally non-holonomic, that is the minimal
integrable distribution A containing A(o,1,2,3) has dimension n + 1.

4. More in general Ay, . 4.y, with i1 < iz < -+ < iy is not integrable for
4<k<n.

Proof. We have

i2)*

(m —1)(ut)Hm-1 ifi=1,..,n
l

_(m )(m + | — 1 ( )m+l—2un+1 ifi=n +1 (44)

By B = {
that is

[E(l)vEAl(m)} - (m - Z)E(m-i-l—l)a l 7é m,

[E(l)vE(’m)] :Oa l=m

Since [E(nl),E'(l)] = E(m), the distribution A(,, ;) is integrable. Moreover,
any other distribution of rank 2, A(;, ;,) is not integrable since (B, Ei,] = (ig —
il)E(i1+i2—1)7 and i1 + i3 — 1 =iy or i1 + i3 — 1 = io implies either i5 = 1 or i1 = 1.
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Since E(O), E(l) and E(g) satisfy the commutation relations of si(2,C):
[E(O)aE(l)] = E(O), [E(O),E(Q)] = 2E(1) and [E(l),E(Q)] E(2), we have that also
the distribution A(q ;) is integrable.

With regard to the fourth point, consider A, with 47 < -+ < i and
4 < k < n. If the two indices 41,12 are both strictly negative or if 77 < 0 and
i = 0, then [E(“ E(z2 ] ¢ Ag,,...in), due to the commutation relations. Thus we
can assume i1 > 0 and the indices ix_1, ik strictly greater than 1. Therefore again we
have [E(zk 1)7E(zk)] (Zk — g 1)E('Lk+zk—1 1) ¢ A(117_”)1k) since i + tp—1 — 1 > ig.

Finally, it remains to prove the third point. By the fourth point, the distribution
A(0,1,2,3) 1s not integrable. Given a collection of vector fields {E(l }er their Lie hull is

the collection of all vector fields of the form {E, [E(l) E(m)] [E(n) [Eqy, E( o}
generated by the iterated Lie brackets. The minimal integrable distribution containing
A, ...iy) 1s the minimal integrable distribution containing the Lie hull of the vector
fields {E(zl E(zk)}

In order to compute the minimal integrable distribution contalnmg A (0,1,2,3); We
consider the sub-bundle of the tangent bundle spanned by E(O), 1) E(z) (3)> E(m) =

m72[E(2),E(m_1)], m = 4,5,...,n. To show that its rank is n + 1, it is sufficient to
show that the determinant of the A matrix does not vanish on an open set, where

1 e 1 0
ut e u” —ynt!
A=
(ul)n (un)n n(uj)n 1, n+1

n+1 o
1o ]
1 n _.nt+l__ 0 n-+1
U . U U G T 1 (u™1)

@ o @) T e @

Expanding the determinant of A along the last column, we get

= n a n
det(A) = ZAk (_u +1W\u"+17 (u +1)k> )
k=0 =

n+1

where Ay are the corresponding minors. Since the Ay’s do not depend on u we

can factor the derivative operator in front of the expansion and get:

det(A) = —urt1 2 S ()| = w2 det(Vo. )
Ountl jynt1—yi — Ountl jynt1—yi e

where Vg ., is the Vandermonde matrix. By the form of the Vandermonde determi-
nant, it is clear that det(A) # 0 in the open subset Q := {(u',...,u™ u"!) | u® #
uF(i # kyisk =1,...,n),u"tt £0}.0

REMARK 4.4. Notice that the extended vector fields Zy := E’(l+1) satisfy the
commutation relation

(Zay, Zm)] = [Eq11), Bmsn)) = (m = D) Egnyign) = (m = 1) Zn),
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of the centerless Virasoro algebra.
The above theorem has this important consequence

COROLLARY 4.5. In the semisimple case non-trivial multi-flat F'-manifolds with
more than 3 compatible flat structure do not exist.

Proof. Since the distribution A 1,2, .. m) with m > 3 is totally non-holonomic
in Q, the Chow-Rashevsky Theorem [8, 35] implies that there are no codimension
one integral leaves in each connected component of this subset. On the other hand,
the complement of Q in R™*! is the union of the hyperplanes u’ = u* (i # k and
i,k < n—+1) which are integral leaves of the distribution A(0,1,2...,m) but are not related
to solutions of the system (4.2) (since they cannot written in the form (4.3)) and the
hyperplane u"*! = 0 which is also an integral leave of the distribution Aw,1,2....m)-
The corresponding solution of the system (4.2) (I';; = 0) defines the trivial multi-flat
structure. O

REMARK 4.6. Unlike the multi-flat case we have been analyzing, it is possible
to have multi-Hamiltonian structures encompassing more than three structures. An
example is given by the following n + 1 metrics introduced in [18]:

k i
(u® —wu
(o) — M a=0,..,n. (4.5)
(uf)>
They are flat and thus their inverses define n+ 1 Hamiltonian structures of hydrody-
namic type that turn out to be compatible among each other.

4.3. Bi-flat and tri-flat semisimple F-manifolds. In this Section we present
the classification of three-dimensional semisimple bi-flat and tri-flat F-manifolds. Due
to the results of the previous section semisimple bi-flat F-manifolds are parameterized
by the solutions of the system

Ty = —TiTh + T + TRy, iAk#j#14, (4.6)

17 1 1779
Eo[Ty) =0, i#j
EqyTy) =-1%, i#j

where E(g) = Y11 9; and E(1y = >, u'9;. It is easy to prove that the above system
is compatible and thus its general solution depends on n(n — 1) arbitrary constants.

REMARK 4.7. Forn =2 Tsarev’s conditions (4.6) are empty. The general solu-
tion of the remaining conditions (4.7) and (4.8) depends on two arbitrary constants
€1 and e3. It coincides with the natural connection associated with the two-component
generalized e-system.

4.3.1. Three-dimensional bi-flat F-manifolds . Three-dimensional bi-flat
F-manifolds are parameterized by solutions of Painlevé VI equation [2, 28]. This
result has been obtained reducing a generalized version of the Darboux-Egorov system
for the rotation coefficients 3;; to a system of ODEs equivalent to the sigma form of
Painlevé VT (see [2, 28] for details).

In this Section, we follow a different approach, based on the study of the sytem
(4.6,4.7,4.8). In particular we show that this system is equivalent to a system of six
first order ODEs admitting 4 independent first integrals. Moreover, we provide an
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explicit relation between the solutions of this system and the solutions of the generic
Painlevé VI equation. The values of the 4 parameters of the Painlevé VI equation are
related to the values of the first integrals of the system.

As a first step we have to solve the system

Eo)(T};) = [01 4 02 + 85]T;; = 0,
Eqy(T) = [u'dy + u?s + uPd3)T; = T,
) Fyi (M)
the solutions of which are given by I'l; = ===~ where F; are arbitrary smooth

functions. Imposing Tsarev’s conditions and introducing the auxiliary variable z =
2 .3 )
==z, we obtain the system

dFis  (Fi2F13 — FioFs)z + FioFys — Fi3F3

dz 2(z—1) ’
dFy _ (Fo1Fa3 — Fo1Fi3)z + Fa3F31 — Fy1 Fag
dz 2(z—1) ’
dFi3 _ (Fi2F23 — FioF13)2 — FiaFa3 + Fi3F39
dz 2(z—1) ’ (4.9)
dFs; _ (F31F19 — F3oF51 )z — F51F39 + F30Foy '
dz 2(z—1) ’
Al _ (Fo1 Fi3 — Fo1Fag)z — FozFyy + Fo Fog
dz 2(z—1) ’
dFs3; _ (F32F21 — F31F19)z 4+ F31F30 — F30Fo
dz 2(z—1) ’

It is straightforward to check that the above system admits three linear first integrals

I = Fis + Fis, (4.10)
Iy = Fo3 + I5, (4.11)
I3 = F31 + Fao, (4.12)
and one quadratic first integral
Iy = F51Fi3 + FiaFo + FosFso. (4.13)

We consider also the cubic first integral

Is = =31y + 1 1213

(4.14)
= Fo1 Fi3F50 + FioFy3Fsy + (Io — I3) FisFsy + (I1 — I3) Fas Fao.

where Iy, I3, I3 are given by (4.10), (4.11) and (4.12) respectively. The correspondence
between solutions of the system (4.9) and solutions of the Painlevé VI equation is given
in terms of purely algebraic operations, as it is highlighted by the following Theorem:

THEOREM 4.8. Let (Fi2(2), Fo1(2), F13(2), F31(2), Fas(2), F32(2)) be a solution of
the system (4.9), then the function f(z) = Fa3F3y + 2F12F31 — 4 is a solution of the
equation

[2(z — 1) f"]? =[g2 — (do — d3)g2 — (d1 — d3)g1])* — 4f g1.92, (4.15)
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where gy = f—zf'+ % and go = (2 —1) f' = f+ % and the parameters dy, ds, ds3, q1,q2
coincide with the values of the first integrals I, I, I3, 14, I5 on the given solution of
(4.9). Furthermore, equation (4.15) can be reduced to the sigma form of the generic
Painlevé VI equation.

Proof. Let (Fi2(2), F21(2), F13(2), F31(2), Fa3(2), F32(2)) be a solution of the
system (4.9) and di,ds,ds,q1,q2 the corresponding values of the first integrals
I, I5, I3, 14, I5. In analogy with [2, 28] we introduce the function f(z) = Fa3F32 +
ZF12F21 - % satisfying f/ = F12F21. Indeed

d Fy3F31 Fg — Fi3F3aFo
F o) —

dZ ( 12 21) Z(Z — 1) )
d Io3F31 9 — F3F39 6
& FaFas) = —

dZ ( 23 32) 21 )
d Fo3F31 19 — Fi3F35 F:

2 (FigFy) = 23F31F12 . 13552501

Summarizing we have

FioFoy = f', FosFso=f—zf + %1 =gi.

Taking into account that F3y Fy3 + FioF5, + Fy3F35 = g1, we obtain
/ q1
FyFig=0E-1)f - f+ 5 =92

Using these relations we get (4.15). Up to an inessential sign the above equation coin-
cides with the equation (4.3) appearing in [28] and, as a consequence, it is equivalent
to the sigma form of the generic Painlevé VI equation (see [28] for details). O

This proves that each solution of (4.9) determines a specific Painlevé VI equation
and it identifies a unique solution of the corresponding Painlevé VI equation itself.
To get solutions of the system (4.9) starting from solutions of the equation (4.15) one
can proceed in the following way.

Given a specific instance of equation (4.15) and a solution f(z), define d; as a
root of the cubic polynomial

N — (2d13 — do3) A + (di5 — dizdas — 1)\ + q1diz — 2

and do and ds as do = dy — di3 + do3, ds = dy — dy3. In this way the parameters
dy,da,ds, q1,qo satisfy the identity go = —dsq1 + didads. Notice that the constants
dy,ds,ds, g2 are determined up to a sign, since the equation (4.15) is invariant under
the simultaneous substitutions

dy = —dy, dy — —da, d3— —d3, @ — —qo.

Given dy,ds,ds, ¢1 and f(z) one can reconstruct the solution of the system (4.9)
solving the algebraic system

Fio+ Fig =+di, Fy3+ Foy =+dy, F31+ F3o = +ds, FiofFo = f,
F23F32:91:f—2f/+%1, F13F31=g2:(z—1)f/—f+%1.
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The solution is

/ /
Flzzii, lezi(dz—gl), F13=i(d1—uf)»

puds — g1 " Hl =01/ (4.6)
Fy1 =+ (—p+ds), Fy3 = i%a F33 = +p,

where p satisfies
(f = dido)p® + (drdads + digy — dago — dsf' ) — didsgr + g1g2 = 0.

Indeed, defining the constants d;, da, d3 and the functions Fj; as above it is not difficult
to prove that

[2(z = 1) f")? = [FasFs1 Fip — Fi3Fa F ).

Since the functions Fj; are defined up to a sign, in a neighborhood of a point zy # 0,1
such that f”(zy) # 0 we can always choose the simultancous sign of F;; in such a way
that the following relation holds:

2(z2 = 1) f" = Fo3F31 Fig — FizFsaF.
Taking into account the definition of the functions g; and g we obtain the system

(FioFor) = f", (FisFs) = (z—1)f", (FasF3) =—zf",
(Fia+ Fi3) =0, (Fo1+ Fes) =0, (Fs1+ Fs2) =0.

It is easy to check that it is equivalent to the system (4.9) provided that f” # 0.

4.3.2. Three-dimensional tri-flat F'-manifolds. In this brief Section we pro-
vide a complete classification of tri-flat F-manifolds in dimension 3.
First of all we have to solve the system

;) =01+ 02 + 05]T}; = 0,

Eo) (T
Eqy(T};) = [u'dr +u*0y + u?85]T;,; = —Ty,

E(g)(l_"i]) = [(u1)281 + (U2)282 + (u3)283}1“2j = —2qu§j.

i
)
i
)

The general solution is given by

012(u3 — ul) Clg(ul — ’U,2) 021(u2 — u3)

I, = I =— : I3, =
2w — @ =) T @ )@ =) T Wl — e — )
Cos(ul —u?) Cs1(u? — u?) Csa(u® — ut)
F%S = Fgl = ) ng =

(=D =) T ) e R (- ) - o)

where Cia,Cs1,C13, C31, Ca3, C3o are arbitrary constants. Imposing Tsarev’s condi-
tion we obtain immediately the following constraints

Ci3 = —Cha, Ca3 = —Cyy, C3p = —C3y, Cr2+ Coz + (O3 = 1.

REMARK 4.9. Semisimple Frobenius manifolds are special examples of bi-flat F'-
mamnifolds, but it is not difficult to prove that Frobenius manifolds with tri-Hamiltonian
structure studied in [36], in general, do not constitute a special subclass of tri-flat F-
manifolds.
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5. The non-semisimple regular case. In this Section we are interested in
F-manifolds that are not semisimple, but that satisfy still a regularity condition. In
order to deal with the non-semisimple regular case we will use a result of David and
Hertling [10] about the existence of local “canonical coordinates” for non-semisimple
regular F-manifolds with an Euler vector field. Let us summarize the main results of
their work which are relevant for our situation.

DEFINITION 5.1 ([10]). An F-manifold (M, o, e, E) where E is an Euler vector
field is called regular if for each p € M the endomorphism Ly := Epo : T,M — T, M
has exactly one Jordan block for each distinct eigenvalue.

THEOREM 5.2 ([10]). Let (M,o,e,E) be a reqular F-manifold of dimension
greater or equal to 2 with an Fuler vector field E of weight one. Furthermore as-
sume that locally around a point p € M, the operator L has only one eigenvalue.

Then there exists locally around p a distinguished system of coordinates {u',... u"}
( a sort of “generalized canonical coordinates” for o) such that u*(p) # 0 and
e=20,, ci—“j = 5f+j_1, E=u'0p 4 +u"0yn. (5.1)

Notice that here we have performed a shift of the variables u! and u? compared
to the coordinate system identified in [10] to obtain simpler formulas. O

Let us point out that if the endomorphisms L, := E,o0 consist of different Jordan
blocks with distinet eigenvalues, then the results of [10] can be readily extended
using Hertling’s Decomposition Lemma [20]. However, in the case in which there are
multiple Jordan blocks with the same eigenvalues no results are available to the best
of our knowledge.

5.1. Three-dimensional non-semisimple bi-flat F-manifolds. In the three
dimensional case, assuming regularity, one has only three possibilities (see the matrices
Ly, Lo, Ly in formula (1.9)). One is the semisimple case (in which L has the form L;),
one is the case with one Jordan block and all eigenvalues equal (this corresponds to
L = L3) and this is the situation we analyze in detail in the first part of the next
section. In the third case (corresponding to L = Ls) there is a non-trivial 2 x 2 Jordan
block with one eigenvalue and a second distinct eigenvalue. This last case is analyzed
in detail in the second part of the next section

5.1.1. The case of one single eigenvalue and one Jordan block. In this
section, we use canonical coordinates for a regular non-semisimple bi-flat F-manifold
in dimension three to show that locally these structures are parameterized by solutions
of the full Painlevé IV equations.

THEOREM 5.3. Let (M,V,V* o, %, e, E) be a reqular bi-flat F-manifold in dimen-
sion three such that L, has three equal eigenvalues. Then there ewist local coordinates
{ut, u?,u3} such that

1. e, E, o are given by (5.1).
2. The Christoffel symbols Fé—k for V are given by:

Co e B(E) L, R(E)
Pog =T33, =153 = T2 oy =175 = 2

R(E) o B, R(E) , B(E)-A(F)
Fl _ F2 — F3 — F3
22 u2 ) 22 u2 ) 22 s 33
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where the functions Fy, ..., Fgs satisfy the system

dF,

10
dz ’

ar
dz

dF:
TZB = —FF3 — FbFy + F5 1y — F,

dF,
S = FiFs + BF - FsFy - F, (5:2)

dF;
dz
dFg
dz

= 2F4F3Z + 2F2F12 - 2F5F12 + F6F1 - F2F3 + F4 - Fg,

= F4F3Z + F2F12,’ - F5F12’ - F6F1 + F2F3 + Flz - P’g7

= —2F F322 — 2F2 122 + 2FsF\ 22 — F4Fiz + FoFyz
+ FyFs — Fyz + F3 — FyF5 + F32 — F.

in the variable z = Z—; while the other symbols are identically zero.
3. The dual product x is obtained via formula (1.2) using o and E.
4. The Christoffel symbols 1";‘}C for V* are obtained via formula (1.8).

Proof. Due to David-Hertling results, there exist local coordinates such that
e, B, 0 are given by (5.1). To determine the Christoffel symbols Ffj for the torsionless
connection V in these coordinates we start imposing the following conditions:

e compatibility with o: T}, —Tjtel, — T et + e, =0, 1 < 1,5,k <3,

e torsion freeness of the connection: Fk = F?l,

e flatness of unity: Ve =0 <— Flj O

This provides a system of algebraic equations for Ffj. These symbols are in general
2

jm

functions of u!', u?, u3. Imposing the commutativity of V and Lie,, coming from the
1

flatness of V we obtain that the symbols Ff,j do not depend on u".

Now we use the expression of the Euler vector field in the canonical coordinates
and impose the commutativity of V* with Lieg, coming from the flatness of V*. We
obtain:

E"0,, 05 = Dil O E' 4+ Ty 0;E™ + L1 0. E™ + 0;01.E" = 0.

Since F*,’C are expressed uniquely in terms of I'? IR the previous system of PDEs reduces

to a system for the unknown F; »- In particular, we observe that for [j, k,i] = [3,2, 2]
we get the PDE:

U (0y2T35) + 0ysT35u® + T35 = 0,

and for [j,k,i] = [2,3,3] and [j,k,i] = [3,1,1] we get an identical PDE for I'3, and
'}, respectively. The general solutions of these PDEs can be obtained directly with
the method of characteristics yielding

ud\ 1 ud\ 1 ud) 1
1—‘11))2 = F1 <u2) E, F§2 F2 (u) ﬁ’ ].—‘32 = F3 <uz> E

Substituting these solutions in the remaining equations, we obtain similar conditions
for '35, 'S, and I's,:

w3\ 1 wd\ 1 w3\ 1
Iy, =Fy (u2) , T2, = Iy () = I3, = Fs <u2> =
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Imposing the zero curvature conditions for V, we obtain the system (5.2) for the
unknown functions F; in the variable z = Z—; 0

The system (5.2) reduces to the full Painlevé IV family of equations.

THEOREM 5.4. Regular bi-flat F-manifolds in dimension three such that L, has
three equal eigenvalues and one Jordan block are locally parameterized by solutions of
the full Painlevé IV equation.

Proof. 1t is straightforward to check that the system of ordinary differential
equations given by (5.2) admits the following integrals of motion:

L =F,, Ih=2Fz+ F;+ Fy, I3s=—-2F3z+ Fyz— Fy, — F5.

Using these first integrals, the system can be reduced to a system of three ODEs given
by:

dF.
74 =4172° — 21 Iz + Fylyz + bFy — I3, — F} — 211 F5 — I,
z
dF;
d—5 = 412 + 61301 2° — OFy 11 2% — 2132 + 61 Fyz + I3y 2 — AF; 2 — I3
z
712F5 + 13F4 + F4F5 - IlFﬁ + 3[12’ — IQ + F4,
dF,
d—ﬁ = 41 2° + 12F4 11 2° 4+ 2152% — 91, Fy2? — AL 1L 2° + 8F3 22
z

—6[1F522 + 3]2]52 + 5[2F5Z - 5I3F4Z - 8F4F5Z - IlF(;Z — 6[12’2
+3I9z + I3 + 3I3Fs + FgFy — 5Fyz + 2F2 + I3 + F.
We further reduce this system to a second order ODE in the following way. First

we express F5 in terms of Fy and its first derivative using the first equation, obtaining
(here and thereafter we assume Iy # 0):

1 dF.
Fs = IR <_d4 + 41222 — 2L 012 — IsI) — I, + Fyl1z 4+ I, Fy — Ff) .
1 z

We substitute this in the second equation and solve for Fyg:

_ L [&R
C 217 | dz?
+8I7 2% — 8132 + (1113 — I3 + 91 Iz — 141727 Fy + (21, — 71 2)F} — F}].

dF.
5 —(Liz — F4)d—4 + LI — LIy — 212 — 21 122 + 212 T3 2+
z

Substituting these expressions for Fy5 and Fg in terms of Fy and its derivatives in the
last ODE of the system above, we obtain a third order nonlinear ODE for Fy. Multi-
plying it by 2I7(—1I,z + Iy — F}), it is possible to recognize that it is a total derivative
with respect to z of an expression involving the second derivative of Fy. Integrating
this expression one obtains the nonlinear second order ODE for the function Fy = F':

2F 1 (dF\? dF
—|—(Ig—]12’—F) < >

2
@4‘5 E +Il£+0+211[2(11[3_12_Il)z+

FIE(8IF — I I3 + 11)2* — 1013 1:2° + 4l 2* + (2113 — 21, — I3) I, F +
7
(20 + 1115 — 211 I3 — 2311 Iz + 1317 2%) [, 2F + <11 — LI+ 2122) F% 4

31 3
— (1712 — 211z> I, 2F? 4+ 81, 2F3 — 4L, F3 + §F4 =0,
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where C' is the constant of integration. Now we show that this ODE can be reduced
to the full Painlevé IV equation.

First we do a change of variables of the form F(z) = f(z) — Iz + I5 in order
to obtain a term of the form f (z)‘éé{f which is the term that appears in Painlevé IV.
Doing this we obtain the following ODE:

e <d2f

1 1
fo5 = M) + f4 + (221 +215) f3 + (211%2 + LIz — b+ 2122) 2+

where b = I3—1 and ¢ = C+ 1,13 13 — lIl I31;. Introducing the affine transformation

z =, / t—— and the function y(t) = |/ 7 f (, /=t — —) the previous ODE becomes:

dy 1 (dy\* 3, 3 2 2
CY_ () L2t panB 2 (b
Yar 2<dt> Toy HA 2 () e

which is indeed the full Painlevé IV family. O

REMARK 5.5. In the proof of the previous Theorem we have assumed that I; # 0,
hence the genericity statement. If Iy = 0 then the system (5.2) reduces to a system
of ODEs that can be integrated explicitly. In particular, using the integrals of motion
I =0, Iz and I3, the system obtained by reduction and involving only Fy, F5 and Fg
is lower triangular.

5.1.2. The case of two distinct eigenvalues and two Jordan blocks. In
this subsection we analyze the case in which the operator L,, has two distinct eigevan-
lues, one eigenvalue with algebraic multiplicity two (and nontrivial 2x2 Jordan block),
while the other eigenvalue is simple.

THEOREM 5.6. Let (M,V,V* o,x e, E) be a non-semisimple reqular bi-flat F-
manifold in dimension three such that L, has exactly two distinct eigenvalues and
two Jordan blocks. Then there exist local coordinates {u',u? u®} around p such that

u?(p) # 0, u?(p) # 0 and
1. e, E 0 are given by

€= Oyt + Oys (5.3)
E= u18u1 + u28u2 + u38u3 (5.4)
ch =0k 4 if 1<ij k<2 (5.5)
ey =1 (5.6)
cék =0 n all other cases (5.7)

2. The Christoffel symbols Fék for V1 are given by:

L _B() B
I'ig = Iy =

3 1
IS = ——5—

02 v 22 T w2 ) 02 ’
3_,1 3_,1 3_ .1
3 Fl(u“2u ) 1 F (u“2u ) 2 s (uuzu )
I'ys = w2 . gy = u2 , g = w2 >

1 1 2 2 3 3 2 1 3 3
Fll - _F31’ 1_\11 - _F31’ Fll - _F137 F12 - _F31’ 1_‘12 - _F237
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2 _ 1 3 3 2 _ 1l
1—‘21 - _P317 1—‘21 - _r237 1—‘23 - I‘317

F;,:a = _1%1, F§3 = _Fglv F§3 = _F§37
where the functions F,. .. Fg satisfy the system

dFy  F3Fy - FP + FiFs + B

dz z ’
dFy  F3F5 — FoFy — Fy
dz z ’
~ ) (5.8)
@ o 7F3F4 7F1 +F1F6 +F4Z+F1
dz 22 ’
dF5 - 7F5F1,Z + F5F62 + F2F4Z + F3F5 — F5Z — FQFl — F2
dz 22 ’
dF,
L ) Y 2y S ) o o
dz
in the variable z = “3;2“1 while the other symbols not obtainable from the

above list using the symmetry of the connection are identically zero.
3. The dual product * is obtained via formula (1.2) using o and E.
4. The Christoffel symbols Fj}q for V* are obtained via formula (1.8).

Proof. The first point of the Theorem is a direct consequence of the results of [10]
and of Hertling’s Decomposition Lemma (Thereom 2.11 from [20]) . Imposing that
V is torsionless, that it is compatible with o, and that it satisfies Ve = 0, we obtain
the following constraints on Ffj:

1l 2 o 3 13 1 2 i
'y =Ty, 'Yy =I5, Iy = —Ty3, 'y =0, I'fy =I5,
1l 2 o 3 _ 13
I3y = —T73y, I'syg=—I7%, I'syg=—T7s,

3 _ 13 1 3 _ 3
Iy =—T%3, Iy =0, Iy =TI,

ng =0, F%3 =0, ng = Féla

together with the trivial constraints Ffj =T ?l
Once we have expressed the Christoffel symbols of V* in terms of the Christoffel
symbols of V (using (1.8)), imposing the commutativity of V* with Lieg and the

commutativity of Lie, with V, we obtain a system of PDEs for the variables Ffj. This
system in particular implies that I‘fj(ul, u?,u3) can be expressed as functions of two

variables, as I‘fj(zﬁ7 u? — u'). Following a procedure similar to the process described

in the proof of Theorem 5.3, we can solve the two systems and we find that (here
usful .
u? )

Z =

218
u2

F3(2)
2

Fs(2)
)

3 _ 1 _ 2
1_‘13_ ) F22_ ) F22_

)
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F1 (Z)
u2

FQ(Z)
) Fil%l: w2’ Fg)l:

Fs(2)
)

FQ(Z)
u2

F§3 = ) F%Q = )
for arbitrary smooth functions F;(z). At this point, we impose the remaining condi-
tions. Imposing the zero curvature conditions for V, we obtain the system of equations

(5.8). O
Now we prove that the system (5.8) can be reduced to Painlevé V equation.

THEOREM 5.7. Regular bi-flat F-manifolds in dimension three such that L, has
two distinct eigenvalues and two Jordan blocks are locally parameterized by solutions
of the full Painlevé V equation.

Proof. 1t is straightforward to check that Iy = F3, I, = F1—Fyz and I3 = Fg+2F,
are constant along the solutions of the system (5.8). Using these three integrals of
motion in the system above we reduce it to the following three ODEs:

dF: I Fs — I,F, — F

TZQ =—FF+ S 22 2 2, (5.9)
dF. 2Ly (Fy + Fy) — (Is+2)Fy  L1iFy — I3 + I I3 + I
d—4:2F2F4+F42+ o(Fr+ Fy) — (I3 +2)Fy  LiFy 2-52-23+ 2 (5.10)
z z z

dF; IoFs — I3Fs + Fs L1 Fs — IoFy — F:

O = AP - FyFy - 2 + (5.11)

Solving for Fs in (5.9) and for F5 in (5.10) and substituting in (5.11) we obtain a
third order ODE. Using the integrating factor u = (—Fy(2)2% — Iyz + I1)z we get the
second order nonlinear ODE for the function Fy = F":

d*F dF\?
2:4(Iy + F2)(I) — Iz — FzQ)ﬁ - 2°(I) — 215z — 2F2%) (dz) +
3 2 2 2.3 dF
+22°(41 15 — 3152+ 31 Fz — AL Fz* — F°z )E—i_

FI3 (20527 — 213132° — 2I52% + ACT 2 + 21715 — 21313 — 217 — 31, 2) +
+21 (5I32% — 4I3132° — 511 152" + 211 [ I32% — AI3 2% + 4C L 2° +
+517 oz — 21132 4 211 152" — [2° — I} — 2172 — [12%) F +

2 (20052° — 1215 132° — 25111527 4+ 811 I I32° — 12152° + 4CT 2%+
+1217 2 — 217132 + 811 Ir2* — 21»2° — I} — 2I72) F? +

423(5132°% — 21,1327 — 511 Iz + I1 I3z — 2152° + I + 11 2) F3 +
—2°(=1012 4 2I32 + 511 4+ 22)F* + 2F527 = 0,

where C' is an integration constant. The above equation can be reduced to Painlevé
V first using the nonlinear transformation:

L1 H(z I
PO = By o1

and then setting z =  and G(s) = H(z) = H (1). The final result is the Painlevé V
equation

2 2
26 (L0t (1) 19 Lo (aoe b € 4 260D

ds? 2G " G-1) \ds G G-1
where a = —2I% + 2I,13 —2C + 2, + 2, b= —313, c = I, (I3+ 1), d = —1I3.
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O

REMARK 5.8. In the proof of the previous Theorem we have assumed that I; # 0,
hence the genericity statement. If Iy = 0 then the system (5.8) reduces to a system of
ODEs that can be integrated explicitly.

5.2. Regular case and confluences of Painlevé equations. In this Section,
we have shown that there exists an intimate relationship between regular bi-flat F-
manifolds in dimension three on one hand and Painlevé transcendents on the other.
Our analysis leads us to conclude that regular bi-flat F-manifolds in dimension three
are characterized by continuous and discrete moduli. The discrete moduli are provided
by the Jordan normal form for the operator L, which in turns determines which of
the Painlevé equations controls the continuous moduli.

Furthermore, the well-known confluence of the Painlevé equations is associated
to a corresponding degeneration of the form of the operator L characterizing regular
three-dimensional bi-flat F-manifold. In this way, confluences of the Painlevé equa-
tions are mirrored in the collision of eigenvalues and the creation of non-trivial Jordan
blocks according to the following diagram:

confluence confluence

Py Py Pry

A A A

I I I

I I I

I I I

I I I

I\f degeneration of distinct eigenvalues IY degeneration of distinct eigenvalues I\f
I preserving regularity 2 preserving regularity 3

As an open problem, let us mention the fact that it would be interesting to extend
this correspondence to include the remaining Painlevé transcendents on one side and
possibly non-regular bi-flat F-manifolds on the other.

5.3. Multi-flat F-manifolds in the regular non-semisimple case. In this
Subsection we are going to study three-flat and multi-flat F-manifolds in the regular
non-semisimple case. For simplicity we focus our attention on the case in which the
Jordan normal form of the operator L contains only one Jordan block with the same
eigenvalues.

5.3.1. Tri-flat F-manifolds. The next theorem shows that regular three-flat
F-manifolds in dimension three such that L, has three equal eigenvalues are locally
represented as follows.

THEOREM 5.9. Let (M, VQ = V,Vl,Vg,oo = 0,0l,OQ,EO = €,E1 = E,EQ =
E o E) be a regqular three-flat F-manifold in dimension three such that L, has three
equal eigenvalues. Then there exist local coordinates {u',u* u®} such that
1. The vector fields e and E and the product o are given by (5.1).
2. The Christoffel symbols Fé—k for V are given by:

3

Fy(u
fi : 2( ) f3
r;3:r§2:r§3:@,r§2:r33:7u2 ,r§2:r§3:?,
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where f1 and f3 are constants and the functions Fs, Fy, Fs, Fs are given by
F2 = —f12'2 — ]., F4 = —2f12, F5 = —f1232 — 2f32’7 F6 = —f322 + 2z (512)

in the variable z = Z—; while the other Christoffel symbols are identically zero.
3. The products o1 and oy are obtained via formula (1.2) using as eventual iden-
tities B and FEsy respectively.
4. The Christoffel symbols Fﬁ)l and Fﬁ)z are obtained via formula (1.8).

Proof. The first part of the proof is the same as the proof given for Theorem
5.3. Imposing the additional conditions coming from the flatness of V(®) we get the
formulas for F;k appearing in the statement of the theorem. O

5.3.2. An example with infinitely many compatible flat structures.
With similar computations it is possible to add further connections and try to con-
struct F-manifolds with four or more compatible flat connections. A very remarkable
phenomenon is the following: once a quadri-flat F-manifold has been constructed, no
new conditions arise if one tries to equip it with further flat compatible connections.
In other words, regular quadri-flat F-manifolds in dimension three with an operator
L consisting of a single Jordan block are automatically ”infinitely”-flat F-manifolds.

THEOREM 5.10. The data

k _ sk
Cij = 5i+j717

1
Eqy = E'= () 0, + 1 (u') ™10 + <lu3(u1)ll +50 - l)(u2)2(u1)12> Dus
and

ror_ L w2 lu?(la® + la + a + 2)
11 IERR S (a3 2)(ul)?

3 _ 1((2la® + 2la + a + 2)utu?® — (la? + 2la + a + 2)(u?)? + (lab + 21b)utu?)
b (a+2)(u)?
1 01 12 12 I(a®> +2a+2) )3 N a

F§2) :Pgl) =0, ng) :Fél) :_m, Féj) :F:(sz) :E

1((la? + a? + 2la + 4a + 4) (u?)? — 2a%uu® — (2ab + 4b)utu?)
2u2(a + 2)(ul)? ’

)3 )3
iy =1 -

H1 11 12 1)2 1 13 1)3 l(a+1)
P =T =T Tt e —o, T — g = et D
ros _ _ ((la® + 3la + 21)(u?)? — (ab — 2b)u'u? + 2au'u?) 02 _ M
22 (a+ 2)ul (u?)? » 22 w2(a +2)
D1 D1 )2 12 D1 )2 N3
T S B L

locally define a regular three dimensional multi-flat F-manifold (M, V gy, 01, Eqy, | =
0,1,2...) for any value of the constants a and b.
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