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Abstract

The purpose of the paper is to show that, in low dimensions,
the WDVV equations are bi-Hamiltonian. The invariance of the bi-
Hamiltonian formalism is proved for N = 3. More examples in higher
dimensions show that the result might hold in general. The invariance
group of the bi-Hamiltonian pairs that we find for WDV'V equations is
the group of projective transformations. The significance of projective
invariance of WDVV equations is discussed in detail. The computer
algebra programs that were used for calculations throughout the paper
are provided in a GitHub repository.
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1 Introduction

The Witten—Dijkgraaf—Verlinde-Verlinde (WDVV) equations are an overde-
termined system of Partial Differential Equations (PDEs) that originated in
two-dimensional topological field theory [I7,[68]. Since then, they have been a
central subject in Theoretical Physics, with applications ranging from super-
symmetric quantum mechanics [5, 37, 46], topological quantum field theory
[39], string theory [10, 18] and supersymmetric gauge theory [40].

In nearly all the above research subjects, WDVV equations are associated
with integrable systems. The deep connections between these two fields were
first described in the seminal work of B.A. Dubrovin [24]. Since then, WDVV
equations continue to attract the attention of Mathematicians. Few recent
works show the depth and breadth of their investigation [9], 12} [60] 61, 36,
16l 69] 59, 62].

The aim of this paper is to present new results on the Hamiltonian formal-
ism for WDVV equations and related geometric properties, and eventually
stimulate further research along this direction in the field.

The Hamiltonian formalism for PDEs has been developed for more than
50 years with the idea to reproduce geometric structures and mathematical
results analogous to those of integrable systems in Hamiltonian mechanics
(see, e.g., [52]).

The main difficulty in bringing the Hamiltonian formalism to the WDVV
equations is that the Hamiltonian formalism was developed for evolution
PDEs, while WDVV equations are an overdetermined system of PDEs in a
single unknown function. More precisely, an evolutionary system of PDEs of
the form

up = fHu ul ul ), i=1,...,n (1)
in n unknown functions of two independent variables u' = w'(t,z) is said
to be Hamiltonian if there exists a linear differential operator A = A9,

where AY7 = AW (yk uk uk . .) and 8, = 0, 0+ 00, (o-times), and a
density H = [ hdx, where h = h(u*,uf, u” ,...) such that
T I ijon OH
up = fr(u!,ul,ul,, .. .) =AY &,m. (2)

H is said to be a Hamiltonian density. The operator A is required to define
a Poisson bracket between conserved densities F', G of the PDE:

{F,G}A :/5—FA”"8 6—G.d:v. (3)

out 7 oud
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The skew-symmetry of the Poisson bracket is equivalent to the skew-adjoint-
ness of the operator: A* = —A, and the Jacobi identity is equivalent to
the vanishing of the Schouten bracket of the operator: [A, A] = 0 (see, e.g.
[19, 38|, 47, [49]). An operator A fulfilling the above properties is said to be
a Hamiltonian operator.

A bi-Hamiltonian system of PDEs is just a system of PDEs that is Hamil-
tonian with respect to two operators A;, As (and the respective Hamilto-
nian densities). The operators are required to be compatible: their Schouten
bracket vanishes [A;, As] = 0, or the pencil A; + AA; is a Hamiltonian op-
erator for every A € R. In this case, Magri’s Theorem [48] yields an infinite
sequence of commuting conserved quantities or symmetries, which is usually
identified with integrability.

In order to see how to transform the WDVV system into an evolutionary
system, we shall first recall the basic notions. We will follow [25]. The
mathematical problem is: in RY find a function F' = F(¢!,...,t") such that

] PF
- ottoteot?

= 7)o Is a constant symmetric nondegenerate matrix;

3

B n’ve e At+a B
ateoteot
ra;

2. ¢} are the structure constants of an associative alge-

3. F is quasihomogeneous: F(cht!, ... cIvtN) = cdrp (¢t . V).

If ey,..., ey is the basis of R" then the algebra operation is e, - €5 = ¢l 5(t)e,
with unity e;. The WDVV, or associativity, system of PDEs takes the form

, O°F OPF , OF OPF
" =" : (4)
Ot Ot Ot8 otv ooty Ot ot otH OtA OB oty
The unknown of the system is not exactly F', as the above requirements

completely specify the functional dependence from ¢! (up to a second degree
polynomial, see [25]):

F= —7711 (th)? Z Mt (¢! Z Nkt f(, ). (5)

k>1 k ,s>1

This implies that the WDVV system is an overdetermined system in one
unknown function f of N — 1 independent variables. Just as an example, in
the case N = 3 we have a single equation on f = f(t%,t3) = f(z,t). It was
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proved in [24] that, when 7;; = 0, the matrix 7,3 can be transformed by a
linear change of coordinates that preserves 9/0t! to

Nap = 5a+ﬁ,N+1 =

— O O
o = O

1
Of, (6)
0

and the WDVV equation becomes

fttt = fx2a:t - fazxzfxtt- (7)

A technique was developed by O. Mokhov [50] in order to rewrite the
WDVV equation in the case N = 3 as a first-order quasilinear system, or
hydrodynamic-type system, of PDEs. Namely, if we introduce coordinates
a = feex, 0 = fowt, ¢ = fue then for (7)) we have the compatibility conditions

ay = bxa
bt = Cyg, (8)

c: = (b? — ac),

We will say that the above system is a first-order WDVV system. The above
system is of the general conservative first-order quasilinear form

i i ov'
up = (Vi) = >, )
where u’ = u!(t, x) are field variables, i = 1, ..., n. The above representation
allowed to find a bi-Hamiltonian formalism for the equation (7)) [29]:
A O H, 0H,
i o902 i 04
uy = A S A S (10)

with respect to two compatible local Hamiltonian operators A; and A, with
expressions

—20, s0,a a,b
A= | 300, 3(8,b+0b0,) 3¢0, + ¢, ) (11a)
b0, 20,c—c,  (V*—ac)d, + 9,(b* — ac)

0 0 3
0o —02ad, . (11b)

A2 - T
8 —0,a0% 028, + 8,00 + D,a0,a0,



The above Hamiltonian operators are homogeneous with respect to the grad-
ing degd, = 1. The Hamiltonian densities are Hy = [cdz (for A;) and
Hy = [[—(1/2)a(8,'b)* — (0,'0)(d, ¢)] dx (for Ay; this one is nonlocal). It
should be remarked that B. Dubrovin proved that WDVV equations are in-
tegrable by providing a Lax pair for arbitrary N [24]. Nonetheless, knowing
the bi-Hamiltonian formalism for a system of PDEs is an additional source
of information. In the WDVV case, it will be shown here that the additional
information is provided by the invariance properties of the bi-Hamiltonian
structure.

First-order homogeneous Hamiltonian operators (HHOs) were introduced
n [26]. They have the form

AY = g9, + Ffjui, (12)

where g = g (u) transforms as a symmetric contravariant tensor (we will al-
ways assume that det(g”) # 0) whose inverse g;; is a flat pseudo-Riemannian
metric with Christoffel symbols I, = —g;. I

It should be stressed that solutions of WDVV equations yield Frobenius
manifolds, or integrable hierarchies of PDEs defined by bi-Hamiltonian pairs
of first-order HHOs (see, e.g., [22 21] 24]). However, the above quasilinear
system of first-order PDEs (8) is exceptional with respect to the theory of
Frobenius manifolds as it is bi-Hamiltonian with respect to a pair of a first-
order HHO and a third-order HHO. Higher order homogeneous Hamiltonian
operators were introduced in [23], and have a considerably more complicated
structure than ((12)). Third-order HHOs can always be transformed to the
canonical form

Ay = 0,(h70, + c¢luk)o,, (13)

(again, we require that the leading coefficient is non-degenerate: det(h¥) # 0)
[20, 57, B8, [7] which is invariant with respect to the action of projective
reciprocal transformations [33], [34] (see Section [2| for more details).

In further papers it was shown that a bi-Hamiltonian formulation as above
exists for a different choice of the matrix 7;; (in the case N = 3) [41] or after
the exchange of t and z in (7)) [42], and much more recently, in the case
N = 4 for n™M [55]. In a new interesting paper [51], the classification
of N =3 WDVV equations admitting a Hamiltonian formalism with a local
first-order HHO as in (11]) was given.

It was natural to try to prove that WDVV equations admit a bi-Hamilto-
nian formulation by means of a compatible pair of a first-order HHO and a
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third-order HHO for any choice of . The idea for the proof is first to prove
that the invariance group of WDVV equations, i.e. linear transformations in
the space (t!,...,t") that leave 9/t invariant [25], do not change the form
of a bi-Hamiltonian pair as above. Then, it is enough to prove the statement
only on normal forms with respect to the invariance group.

Indeed, using the invariance group of the problem, one can reduce the
matrix 7;; to two canonical forms if the quasihomogeneity weights are dis-
tinct:

mi = 0: the canonical form is n") = (ns/;) with

0 1
(1)

naﬁ - 5a+ﬁ,N+1 - h (14)
1 0

where F' = L(#1)2N et SN g Noatt g2 N,

m1 # 0: this case can only happen if dp = 3, and the canonical form is
2\ -
n® = (néﬂ)) with

0 1
7]53/; = Oa4B,N+1 = (15)
1 0

where 1 # 0 and F = £(t1)3 + 300 o0 (#9)2 + (82, tV).

If one drops the quasihomogeneity request on F, a smaller group of linear
transformations can be used to show that if N = 3 then there are 4 dis-
tinct canonical forms [51]. The results in [51] also suggested that we should
consider a wider class of first-order HHOs, namely the non-local Ferapontov
operators (see e.g. [27]). It should be stressed that the necessary theoretical
background and software for computations with nonlocal operators was not
available until recently [14) [15].

That led to the first part of the results in this paper. Namely, in the case
N = 3 we have:

e for any choice of the matrix n the first-order WDVV systems admit a
third-order homogeneous Hamiltonian operator in canonical form

Ay = 0,(h70, + c¢luk)o,; (16)
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e the first-order WDVV systems defined by matrices n in the orbit of
nM admit a first-order local homogeneous Hamiltonian operator of the
type

A7 = g0, + TP uk; (17)

e the first-order WDVV systems defined by matrices n in the orbit of
n® admit a first-order non-local homogeneous Hamiltonian operator
of Ferapontov type

AY = g70, + T uf + aVjuld, Viub
+ 8 (Viuld; Yl + wl o, Viut) + yuldy b, (18)

where V; = 0V*/0u/ is the matrix of velocities of the first-order WDVV
system @ and «, 8, v are three constants;

e finally, first-order WDVV systems are bi-Hamiltonian: the Schouten
bracket of the two operators vanishes, [A;, As] = 0, or the pencil A; +
AAjs is a Hamiltonian operator for every A € R.

e We also realized that the quasihomogeneity of F' in the assumptions
on the WDVV problem (item 3 on page [4)) can be dropped without
changing all our results in the above items. Indeed, in a recent pa-
per [51] Mokhov and Pavlenko classified the WDVV equations without
the requirement of quasihomogeneity of the solutions, and obtained 4
canonical forms. For all of them we recover the bi-Hamiltonian pair,
as we will show in Section 4.2l

The above results imply that in the case N = 3 the WDVV quasilin-
ear first-order systems are linearly degenerate, non diagonalizable and in the
Temple class, as it follows from the main results in [35]. Indeed, the presence
of third-order operators yields many interesting properties of the underlying
first-order quasilinear system of PDEs.

In higher dimensions proving a general invariance theorem is more diffi-
cult, and will be considered in the future. However, if N =4 and n = ™) it
was already known that the first-order WDVV system had a first-order local
HHO [31] and a compatible third-order HHO [55]. In this paper we prove
that

o if N = 4 and n = n® then the first-order WDVV system admits a
third-order HHO of the form ;
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e if N =5and n =n" or n = n® (with 4 = 1, as the case with an
arbitrary p # 0 was beyond the capabilities of our servers), then the
first-order WDVV systems admit a third-order HHO of the form (13).

We did not try to find the first-order operator in the case N = 4 and
n =n® or when N = 5: indeed, the results in [II] that we used to find the
first-order operators in the case N = 3 do not hold when N > 4.

Even if invariance is fully stated only in the case N = 3, the presence of
first-order and third-order HHOs in higher dimensions is enough to support
the following conjecture.

Conjecture. The WDVV equations in the form of quasilinear systems of
first-order PDFEs are bi-Hamiltonian with respect to a pair of a third-order
HHO in canonical form and a first-order HHO, which can either be local
in the case n = nY, or nonlocal of general Ferapontov type

AY = g9 (0, + TP (W + 3 e (W0 (g, (19)

where ¢*® is a constant symmetric matriz, in the case n = 77(2).

There are interesting implications of the conjecture. Indeed, it was proved
in [33, B5] that third-order HHOs can be regarded as distinguished projec-
tive varieties, namely, quadratic line complexes. They determine families of
varieties, linear line congruences, that correspond to first-order quasilinear
systems of PDEs (first-order WDVV being one such systems in all known
cases).

As the above correspondence between integrable systems and projective
varieties is non-standard, it is instructive to show it in the simplest example
of WDVV equation . We will use the form . The leading coefficient
g = (g¥) of Ay in (11D):

(¢h=[0 1 —a (20)
1

has the inverse matrix ¢ = g~ that is a Monge metric. It can be written

in the form
g = —2bda* + 2ada db + 2 da dc + db*. (21)



Now, it is easy to realize that the above metric represents the equation of a
quadratic line complex in the space of lines of the projective space P?. Indeed,
considering two infinitesimally close points in a 4-dimensional projective
space P = [u®, u!, u?,u3] and P+dP = (u®+du®, u' +du', u? +du?, v+ du?),
the minors of the matrix (P, P + dP) turn out to be of the form p% =
u'du’ — v/ du' (note that v = 1 and du’ = 0 when passing to the affine
coordinates a = u!, b = u?, ¢ = u?®). Such forms are the Lie form of Plicker
coordinates. We recall that the Pliicker coordinates characterize lines in P3
modulo the further Pliicker relations p“p"* + pipki 4+ p*pih = 0. We can
rewrite g as

g =2(adb—bda)da + 2da dc + db”. 22
db—bda)d dadc + db?

The above metric turns out to be a quadratic expression in the Lie form of
Pliicker coordinates; the corresponding quadratic line complex is given by
the system

2p12p01 + 2p01p03 + (p02)2 — O, p01p23 +p02p31 +p03p12 =0. (23>

The line congruence corresponding to the system (§]) is an n-parameter family
of lines in P"*. In homogeneous coordinates [y!, ..., y""?] it has the general
form y* = uy™* + Viy™*2 [4, [3]. The lines of the congruence pass through
the points y* = v, y"*!' =1, y"*2 = 0 and ¢* = V¢, ¢y =0, y"*2 = 1,
respectively. The corresponding Pliicker coordinates are the minors of the

matrix )

u o-e-oou™ 10
The line congruence is linear if there are m linear relations between the
Pliicker coordinates; these are n linear line complexes. As it was proved
in [35], every first-order quasilinear system of PDEs admitting a third-order

HHO is associated with a linear line congruence. In the WDVV example
the linear line congruence takes the form

v =ayt + by, P =byt+ o, P =yt + (VP —ac)y’ (25)

The above constructions have a general validity: each time that a third-
order HHO in the form is found for a system of conservation laws (as we
will do many times in the paper) then one can construct the corresponding
algebraic varieties.
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Then, it turns out that the bi-Hamiltonian pairs and the systems of first-
order PDEs are invariant with respect to projective reciprocal transforma-
tions. These are non-local (or non-holonomic) transformations of the inde-
pendent variables of the form

di = (ap’ + a)dz + (a;V' + b)dl, (26)
dt = (bu' + c¢)dz + (b;V' + d)dt,

which, together with the affine transformation of dependent variables, gen-
erate the projective action on the linear line congruence and the quadratic
line complex. More in detail, the above transformation can be factorized in
a sequence of transformations R o F o Ry where E is just the exchange of ¢
and z and R; are transformations of the form

di = (a;u’ + a)dx + (a;V' + b)dt,  dt = dt, (27)

where the dependent variables undergo a projective transformation @' =
(Alu’ + A})/(a;u’ + a) (see [33] for the definition). Hence, the whole bi-
Hamiltonian WDVV hierarchy becomes a projective-geometric object (in
known cases). The above conjecture can be rephrased as follows:

Conjecture. To every WDVV system there are associated a quadratic line
complex and a linear line congruence.

This fact might have an (at the moment unpredictable) impact in the
applications of WDVV equations. The projective group, in its realization as
a group of distinguished reciprocal transformations, is larger than the invari-
ance group of WDV'V equations (which is the group of linear transformations
leaving 0/0t! invariant, see Section [3)) and its implications in the search for
solutions of WDVV equations is still to be understood. Consequences in pro-
jective and enumerative geometry are not unlikely. See Section [6] for details.

The paper is structured as follows. Section [2] describes the pre-requisites
on homogeneous Hamiltonian operators. In Section |3 the invariance of bi-
Hamiltonian pairs with respect to invariance transformations of WDVV equa-
tions is proved. In Section [4] bi-Hamiltonian formalism for all normal forms
of WDVV equations in the case N = 3 is provided. Section [5| considers the
problem of finding Hamiltonian structures for WDV'V in higher dimensions.
The concluding Section [6] discusses the projective-geometric aspects of the
results obtained so far.
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The calculations have been done by means of computer algebra systems.
In particular, Schouten brackets involving nonlocal operators have been cal-
culated by the Reduce package CDE, and checked by the Maple package
jacobi.mpl; both packages are described in [14 [67] (see also [47]). Further
calculations have been done in Reduce (finding first-order nonlocal operators
when N = 3, and finding third-order operators in the cases N = 3, N = 4)
and in Maple, also using the package Jets [§] (finding third-order operators
in the case N =5). The programs are available at a GitHub repository [65].

2 Preliminaries: Hamiltonian operators

In this paper we will look for Hamiltonian operators for quasilinear systems of
first-order PDEs that are generated by WDVV equations. Known examples
suggest that these can be homogeneous operators of first and third order.
Let us describe such classes more in detail.

First order local homogeneous operators have already been described
in the Introduction. We will need their nonlocal generalization . Such op-
erators were introduced and studied by Ferapontov (see [27]). We will always
assume that the leading coefficient is a non-degenerate matrix: det(g”) # 0
(we set (gij) = (¢)~1). It is well known that the Hamiltonian property is
equivalent to the following conditions: the symmetry of ¢, the fact that
ng = —g,-pfij are the Christoffel symbols of g;; (interpreted as a pseudo-
Riemannian metric), and the identities:

gikwik = gjszm (28a)
[Wa, wg] =0, (28c¢)
R = 8 (wgkwél - wikw%l) (28d)

Here, V is the Levi-Civita connection of g;;, RZ = gingkl (we follow the
sign conventions of [21]), the bracket [w,,ws] is the usual commutator of
the matrices w, = w', and ws = w%k. If the operator is local, then the
conditions reduce to those of the local operators ([17).

Third-order homogeneous Hamiltonian operators are much more com-
plicated in general. However, in the canonical form (13)) (again, we will
assume that the leading coefficient is non-degenerate, det(h*”) # 0, and we

12



set h;j; = (h*)~') the Hamiltonian property of A, implies that c;;j being given
by

1
Cskm = g(hsm,k - hsk,m)a (29>

where ¢;;;, = high;pch?, so that the leading coefficient determines the operator
[33]. The Jacobi property further implies that [33]

hmk,s + hks,m + hms,k = 07 (3())

Cmsk,l = _hpqcpmlcqsk' (31)

The equation is equivalent to the fact that h;; is the Monge form, or
Monge metric, of a quadratic line complex, a distinguished family of projec-
tive varieties. The projective properties of third-order HHOs will be discussed
in Section [6l

It is important to remark that h;; turn out to be second degree poly-
nomials with respect to the field variables, under the further algebraic con-
straints . A complete classification of operators in the form is given
in [34, B3] for a number of components n < 4. The classification uses the
projective invariance of third-order homogeneous operators with respect to
reciprocal transformations of the form .

We need a way to find Hamiltonian operators for WDVV systems. This
is provided by the theory of differential coverings [43]. In our particular case,
it is known [63] (but see also [66]) that a necessary condition for A; (both in
the local and non-local case) to be the Hamiltonian operator of a quasilinear
system of first-order PDEs (9] is:

gV =gV, VIV = VIV (32)

where Vi = 9V?/0u”* and V7 is the Levi-Civita connection of g;;. In the case
of third-order operators it was recently found [35] that the compatibility
conditions between a third-order Hamiltonian operators and a quasilinear
system of first-order conservation laws @ are:

him V™ = him Vi, (33a)
Cmit Vi A+ Crmit Vi 4 criiVyt =0, (33b)
hks‘/l]; = Csmj‘/im + Csmi‘/jm. (33C>

It is interesting to observe that the conditions might be relatively difficult
to solve for the metric g%, while the system of compatibility conditions for
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h¥, being expressed in lower indices, is indeed a linear algebraic system with
respect to the coefficients of the second degree polynomials h;;, which is easy
to solve.

3 WDVYV equations as systems of
conservation laws

As we have seen in the Introduction, the WDVV equations in the un-
known function f = f(¢%,...,t") are presented as a system of conserva-
tion laws @D by introducing new dependent variables. The general algorithm
for the transformation was first given in [50] in the case N = 3 and then gen-
eralized for arbitrary values of N in [31], the details are exposed below.

Algorithm.

1. Choose one distinguished independent variable t', i > 1 (for example
t?), and all third-order derivatives of f that contain at least one instance
of t2; call them u' = fiop2p2, u? = fi2245, ..., " = fouvyv. These are
new dependent variables, and n = N(N — 1)/2.

2. Choose another independent variable t# # t2, j > 1 (for ezample t3),
and, for any u', find uly as the t*-derivative of an expression V':

uls = V'(u)e. (34)
There are two possibilities:

(a) either Vi(u) is one of the coordinates u*, with k # i;

(b) V¥ is a third-order derivative of f which is not one of the u*. In
this case, V' must be expressed by means of one of the equations
of the WDV'V system. This is always possible due to the structure
of the WDV'V system.

There are equations in the WDVV system which depend on variables
that are not ¢? or t3 derivatives; such equations shall be discarded in the
above construction. However, changing the two distinguished independent
variables, and using other equations in the WDVV system, one obtains N —2
distinct commuting systems of conservation laws with the same structure as
above.

14



In general, first-order WDV V-systems for a fixed (but arbitrary) N and
a fixed choice of n are provided by the Algorithm as N — 2 commuting two-
dimensional quasilinear first-order systems of PDEs with n = N(N — 2)/2
components [31].

Definition 1. We say that a quasilinear first-order system of conservation
laws ([34) where (u') are third-order derivatives of f and the equations are
compatibility conditions for a WDV'V system to be a first-order WDVV sys-
tem.

The purpose of this paper is to show that first-order WDVV systems
admit a third-order HHO in canonical form and a compatible first-order
local or non-local operator of the type for low dimension N.

In particular, in the case N = 3 we will be able to prove that all first-order
WDVYV systems, i.e. for any choice of matrix n, admit a bi-Hamiltonian pair
as stated above. To this aim, the strategy is:

1. prove that the invariance group of the WDVV equations do not affect
the ‘form’ of a bi-Hamiltonian pair as above;

2. prove that there is a bi-Hamiltonian pair as above for each canonical
form of the WDVV equations, i.e., the canonical form of the matrix

Nij -
The invariance group of the WDV'V equations with the quasihomogeneity
constraint is the group of linear transformations that preserve the direction

of 9/0t!:

=Py’ +Q%,  det(P§)#0, PP=6} (35)
[25]. We have the transformation rules
0 0 -
— =P dt* = Pgdt”
ot " oip’ g (36)

which imply that the equation (4 is transformed into the same equation with
respect to the new coordinates (t*) (of course, one should change coordinates
in ' and 7;;).

Theorem 2. Let N = 3, and suppose that a WDVV system in first-order
form ul = (V'(u)), is bi-Hamiltonian with respect to a pair of compatible
Hamiltonian operators Ay, As, where Ay is a nonlocal first-order HHO
and Ay is a local third-order HHO .
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Then, the coordinate change does not change the form of the bi-
Hamiltonian pair Ay, As.

Proof. The matrix P = (P§) of the change of coordinates can be factorized
as

P= Tl : TQ, where (37)
1 P P} 1 0 O 1 P P
P=1[(0o P} P}, Th'=[(0 P} P?|, To=[(0 1 0 (38)
0 P P} 0 P P} 0 0 1
The matrix 7] can be further factorized as
T\ =R, -F- Ry, where (39)
1 0 0 1 00 1 0 0
R1 =10 « 6 s E=10 01 s R2 =10 Y ) (40)
0 0 1 010 0 01

when P§ # 0 (when it is zero no factorization is needed).

Let us now choose t = t3 and = t2. When N = 3 there is only
one WDVV equation, from which the above Algorithm yields the following
system:

uy = u?,
ui = u, (41)
u? = ¢(u)w>

where ¢ is a rational function of the field variables.

The transformation 75 does not change third-order derivatives of f, hence
it does not affect the system (41)).

The transformation R; (equivalently, Ry) has the effect of a reciprocal
transformation that preserves the coordinate ¢, namely

di = Pidr + Pidt = adx + Bdt,  dt = dt. (42)

Such transformations are proved to preserve the canonical form of a third-
order HHO [33] and the locality (or the non-local form) of a first-order HHO
[54, 32]. At the same time, the third-order derivatives u' = fi10, U? = fout,
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u® = fu undergo the affine transformation:

ul — (){3&1’

u? = o?pat + o, (43)
ud = aBut + 2a80° + o,

where @' = fzzz, U = fzzp, U5 = fzz. Again,that does not modify the
structure of the bi-Hamiltonian pair.

The transformation F is just an exchange of the independent variables.
It preserves both the canonical form of the third-order HHO [35] and the
locality (or the non-local form) of the first-order HHO. This completes the
proof. O

Remark 3. In the case N = 3 after a change of coordinates of the type Ry
we obtain a new WDVV equation. Hence, we can construct a new quasilinear
first-order WDV'V system:

up = (V'(0))z (44)
using the above Algorithm. However, it can be proved that in general there
does not exist an affine transformation that brings the new system into the
system 4t = (Vi())z. Later, the relation between the two systems will be

clarified.

Remark 4. In the case N = 3 the transformation E brings the system
into the system
i = o(R)s,  4F =y G =43 (45)

interchanging @' and @ bring the system in the same form as .

The case N = 4 cannot be treated in the above way. Indeed, the in-
variance transformation mix the independent variables, and the commuting
systems are transformed in a more complicated way. However, we will be able
to show that third-order HHO are present for first-order WDVV systems in
canonical forms of WDVV equations when N =4 and N = 5.

4 Bi-Hamiltonian formalism for WDV'V equa-
tions, N =3

Having Theorem [2] at hand, we can investigate N = 3 WDVV systems and
look for bi-Hamiltonian pairs in their representation as quasilinear systems
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of first-order PDEs. If we prove that if the WDVV system obtained by each
canonical form of the matrix 7;; is endowed with a bi-Hamiltonian pair of
the type that we discussed in the Introduction, then this will be true for an
arbitrary matrix ;.

We will also discuss bi-Hamiltonian pairs for the canonical forms in [51]
and for one significant example which comes from centroaffine geometry [28].

While we will look for third-order operators in the canonical form ,
we shall explain the reason for choosing the ansatz for the first-order
operators.

Indeed, computational experiments show that Dubrovin’s canonical form
n® does not admit a local first-order HHO. Then, the form (I8 is the only
possibility in the class of Ferapontov operators: the vectors that multiply 9, !
must be (generalized) commuting symmetries of the quasilinear systems of
PDEs in view of the Hamiltonian property of A; [27] (see (28])). Now, first-
order WDVV systems are non-diagonalizable, as we will discuss in Section [6]
and non-diagonalizable systems with a low number of components have only
two such symmetriedl] namely ¢, = u.9/0u’ and py = (V?),0/0u’, which
correspond to ¢ and x translational symmetries. This means that the Hamil-
tonian property for an operator A; of the form (18] is equivalent to the

conditions (28al), (28b]) and

4 BVES Vi8] — Vs + VP&l) + 1(Gith — 318
(obviously, the above two symmetries commute). So, finding operators
amounts at finding the metric ¢¥ and the three constants o, 3, 7.

To this end, we recall a theorem in [I1] that states that, for non-diagonaliz-
able hydrodynamic-type systems in n = 3 unknown functions, the metric of
a first-order Hamiltonian operator for the system shall be proportional to a
contraction of the square of the Haantjes tensor:

g = fHEHS,  f=f(a). (47)

See [I1} eq. 2.2 and 2.4] for a coordinate expression of the Nijenhuis and the
Haantjes tensors.

Summarizing, in the case n = 3 there are one unknown function and three
unknown constants to be determined in order to find a first-order operator.

!There is only experimental evidence of this fact for n = 3, 4, 5 (E.V. Ferapontov,
private communication).
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We will use the above equations in order to determine, by computer algebra,
the first-order operator A; for first-order WDV'V systems.

4.1 B.A. Dubrovin’s normal forms of 7
We start with a result that follows from known calculations.

Theorem 5. Fach first-order WDVV system in the orbit of nW) under the
action of the transformations 1s endowed by a compatible pair of local
homogeneous Hamiltonian operators Ay as in and Ay as in .

Proof. The existence of a bi-Hamiltonian pair as in the statement was proved
in [29] (see also the Introduction). The fact that the bi-Hamiltonian pair
propagates to each element of the orbit is a direct consequence of Theorem [2]

O

A completely new result holds for Dubrovin’s second canonical form .
We stress that we could obtain this result only for recent developments in
the calculations of Schouten brackets for weakly nonlocal operators [13], [14].

Theorem 6. Each first-order WDV'V system in the orbit of n? under the
action of the transformations 15 endowed by a compatible pair of homo-
geneous Hamiltonian operators Ay, a nonlocal operator as in , and As

as in .

Proof. If m1 # 0, then we have the canonical form

n= (48)

=~
O = O
OO =

with u # 0, to which it corresponds the equation

e fiee foor — froe + (fmct)2 — foaafare — M(fztt)Q = 0. (49)

The Algorithm yields the quasilinear first-order system

ac — b* + uc?
G=|——7"—"—
t /,Lb—]. xv
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where we used the notation a = fize, b = fizt, ¢ = faore for the sake of sim-
plicity. We will adopt the same notation throughout the rest of the Section.

The above system admits a third-order HHO A, which is completely
determined by the metric

b(ub — 2) (a + pe)(1 — pb) (ub— 1)?
hij= | (a+pc)(L—pb)  plat+pe)’+1  platpe)(l—pb) |, (51)
(b —1)*  pla+pc)(L—pb)  p(ub—1)°

and has the following form:

—pd? 0 2
A= 0 93 0z 135 0x : (52)
0 0,0 (2K, + 0,K07)
T T ub—1%x  2\Yz T i T

where
(a+ pe)® +b(2 — ub)
(ub —1)2 '
We stress that the operator lies in the projective class ¢®®, according to the
classification in [34, 33]. Systems that possess a third-order Hamiltonian
operator have a non-local Hamiltonian that is specified in [35].
Using the results from [I1] (see the beginning of the Section) we find that

the system has the first-order operator of Ferapontov type A; defined
by the metric

K= (53)

b2u? —a’u —2bu — 3 a — abp + bep?® — cp 2b — b2 p + 2 u?
.. 2_o9p2,,2 2 3_
g = | a—abu+ bep? — cp %b —2b22,u + 02%23 clacu”—2b A;mtzllbuw n>—=3) 7
2 2 2 clacp”—2b"p~+4bpu+c”p”—3) 5
20 —b*p+cp = bu—1 - (bp—1)?

(54)
where

§ = a’Pp? — 2ab’cp® + dabep + 2ac i — dac + b u? — 463 — 3b% 18
+ 46 + 6bc®p® + it — 5
and the values of constants from are a = —p*, 3= 0,7 = p.
Using the results from [I5] and the module developed in [I4] of the soft-
ware package CDE we are able to prove the compatibility of A; and As: the
Schouten bracket [A;, Ay] vanish.

The fact that the bi-Hamiltonian pair propagates to each element of the
orbit is a direct consequence of Theorem [2] O
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4.2 0O.I. Mokhov and N.A. Pavlenko’s normal forms of

n

In a recent paper [51] Mokhov and Pavlenko classified the WDVV equations
(4)), without the requirement of quasihomogeneity of the solutions (item 3 in
the Introduction), under transformations of the type 77 (37). They came to
the following four canonical forms:

00 1 1 01

=10 X 0|, XN=1 =100 1]|; (55)
1 0 p 110
1 01 100

=10 X 0], XN=1, =0 X 0], =1, 2=1. (56)
1 0 p 00 p

According to Theorems [5] and [6] the above examples can be rewritten as bi-
Hamiltonian first-order WDV'V systems. Let us provide the first-order and
third-order HHOs in all the above cases.

The case n'. In this case in [51] it is provided a first-order local HHO Al.
We look for a third-order one. The WDVV equations in first-order form are
of the type (41)), where the function ¢ is defined by

& =b% —ac— \ub+ p (57)
It is easy to show that the equations have the unique solution h;;

—2b+ A a1
1 0 0

which is of type ¢©® (as (8)) according to the classification in [33]. We will
omit the corresponding operator Al as it can be easily reconstructed.
The Schouten bracket [Af, A}] turns out to be zero and thus the above

operators are compatible; the computation has been performed by means of
the Reduce package CDE, see [47, 67].
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The case n?. For n? we have the function ¢(a, b, c):

b —ac — A? — pb® + pac — pAb + p?

¢<a’7 b7 C) = 1 _ )\b )

(59)

for an arbitrary real constant u.
In this case, the WDVV system in first-order form has a third-order HHO
which is completely determined by the metric of type ¢ [34] 33]:

ILL _ b(2)\ _ b) (A—b)(ua—)«:—a) —()\—b)2)\
— —1
Boi — (A=b)(pa—Ac—a) (u—1)2(/\+a2l)L—2(u—1))\ac+02 —(ua—)fé—a)()\—b))\ 60
O p—1 (n—1)2 (p—1)2 , (60)
—(A=b)2)\ —(pa—Ac—a)(A—b)A (A—b)2
p—1 (n—1)? (n—1)?

Note that pu # 1, as det n? # 0.

The WDVYV system in first-order form also admits a non-local Hamilto-
nian operator of Ferapontov type A? that is compatible with A%. We present
the special case where © = 2, as the general case has an expression that is
too big to be shown here. We have

26N — a?X — 0> —5 a—ab\—bc+ch 2b— b2\ —c? — 2\
gi=| a—abr—beten 2W—p2A— 22\ ced A EN )
c(ach—2b2 A +4b—c?—)\) )
2b — b2A — C2 — 2)\ h—X\ (b*)\)2’

where
§ = A(0*(4b—3c?) — 2ac(2b— c?) +8b—c*) — (4b—c?)(2b— *) — 4 — (ac — b*)?

and the value of the constants in the non-local part isa =1,5=0,7 = .

The case n®. In this case we have

b>—ac+bc—2b+1
- .

¢(a,b,c) =

(62)

There exists a unique third-order HHO A3, it is generated by the following
metric of type ¢ [34] 33]:

(1-b—c)b+c—3) alb+c—2)+1 alb+c—2)
hij = (l(b +c— 2) + 1 —CL2 —(12 . (63)
alb+c—2) —a? —a?
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We also have an operator A? of Ferapontov type . It is determined
by the metric

—a? — 2ab 2a —ab—ac—0b> 4b—1b* —2bc—3
g9 = |20 —ab—ac—1* 4b—b? —2bc—3 Aacmal P WerdPob | (Gy)

a
a2 32 2_
4b—b2—260—3 4ac—ac babc+2b b %

where § = ac? — 4ac — 2b%c + 4b* — 2bc? + 8bc — 8b — 2¢ + 4. The nonlocal
part of the operator is determined by a« = 0,8 =1,v7 = 1.
Furthermore, the Schouten bracket vanishes: [A3, A3] = 0.

The case n?. In this case the function ¢(a,b, c)

b? — pac+ Mc? — 1
ola,b,e) = =L . (65)

There exists a third-order HHO which is in the class ¢® [34, B3]. Tt is
determined by the metric

b+ 1 bu(Ae — pa) — b2
hi; = [ bu(Ae — pa) N+ a® — Ae(2ua — M) Ab(ua — Ae) | . (66)
—pUAD? Ab(pa — Ae)) b?

Below we provide the metric g¥ that defines Af:

—a’u — X —4dp\  —=blap+c)) —bPu—cAN—1

T B AN I e b a2 | (67)
—bQM -1 c(acpu—2b b,ufc A+1) 1%

where § = 2ab%cA—a?c? A +2ac p—2acu\—b*N— 302 p— 202 ph — A A +2c2 =\
and the values of constants in are « = i, 5 = 0,7 = A. Also in this case
(A3, A3] = 0 for any \, u = +1.

4.3 An example: equation of flat centroaffine metrics

There is another significant example provided in [24] in the case N = 3:
1 00
n=100 1]. (68)
010
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This particular example has an interesting geometric interpretation as the
equation of flat centroaffine metrics for surfaces in R [28]. The WDVV
equation takes the form

fxxzfyyy - fxxyfxyy = 17 (69>
and the system in first-order form reads:

ay = bza

bt = Cqg,

(bc—i— 1)
Cy = .
a/ xX

The above system admits a third-order HHO of type ¢ which is again
completely determined by a metric h;;:

(70)

¢ -1 —ac

—ac 0 a?

and has the form:

0o - 0
A== 0 —0220), . (72)
0 —0,507 L0250, + 0,507

For this case we also have a first-order nonlocal operator A; which is
determined by metric g:

2ab ac+b>  2bc+3

g = (ac+b® 2bc+3 ofibletb | (73)
2bc + 3 ac®+b%ctb 2¢(bc+1)

and its tail vector « = v = 0,8 = —1. The operator is compatible with
Ay: [Aq, As] = 0. This turns the equation of flat centroaffine metrics, in the
form of a first-order quasilinear system of PDEs , into a bi-Hamiltonian
system.

Example 3 in [34] is just another form of , after transforming n®
into the identity matrix (u = 1). Also this case is bi-Hamiltonian by means
of the third-order HHO in Example 3 and the first-order nonlocal operator
presented in [14].
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Remark 7. Ferapontov operators of type can be transformed into local
operators by a reciprocal transformation if o« =y =0 [32]. The fact that in
the above case the first-order operator is localizable does not contradict the
fact that, according to [51)], it is not localizable by equivalence transformations
of WDVV. Indeed, in [30] a transformation between and the above
which can also be read as a reciprocal transformation between the first-order
systems s provided. It should not be a difficult exercise to show that such a
transformation brings the local first-order HHO of into the above non-
local first-order HHO.

4.4 Remarks on the generic case

A computation in the generic case is possible. In particular, if N = 3 a
generic choice of the matrix 7 leads to a first-order system of the form .
We can prove (by computer) that if 777 # 0 the generic metric of the third-
order operator is of type g3, while if n;; = 0 it is of type ¢¥ (see [33]). Such
computations show that, at least in the case N = 3, the third-order operators
exist independently, being the first-order system generated by the algorithm
or as a relation between the coordinates f involving the WDVV equation.
This fact suggests that a natural framework for characterizing the existence
of a third-order HHO might be that of [2], where all conserved densities of
the first-order system (in our case 5) are used to identify the system with a
projective variety.

It is interesting to observe that our examples do not cover the whole range
of Monge metrics that are classified in [33], as the most generic types g("
and ¢®. However, strictly speaking an occurrence of a metric of the latter
classes in first-order WDV'V systems cannot be excluded.

It is interesting to observe that, when N = 3, the first-order WDVV
systems produced by the Algorithm are always of the reducible type (43)),
according with the terminology in [I]. In the same paper it is proved that
linearly degenerate reduced systems are semi-Hamiltonian. In our case we
proved that such systems admit a third-order HHO, and hence they are
linearly degenerate (see [35] and Section [f]), but we prove that the systems
are bi-Hamiltonian (which, of course, imply semi-Hamiltonianity).
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5 WDVYV equations in higher dimensions

We still have no results of invariance of the bi-Hamiltonian structure for
higher dimensions. However, there are strong indications that third-order
HHOs exist for both normal forms " and 7® and all values of N, due to
their existence for N = 4 and N = 5. In one case, the third-order HHO is
paired with a first-order local HHO and we have a bi-Hamiltonian pair. We
present the main results in this section.

We shall remark that at the moment there exists only one first-order
operator for N = 4 and n = n: it was found in [31]. For N = 4 and
n = n® and N = 5 we cannot exhibit any first-order operator (local or
non-local) because the properties that we used in the case N = 3 [I1] do not
hold in higher dimensions. It is however reasonable to conjecture that we will
continue to have first-order operators, local in the case = ") and nonlocal
of type in the case n = 1®, and that they will form bi-Hamiltonian
pairs with the corresponding (conjectural) third-order operators.

5.1 The case N =4

In the case N = 4 for long time only a first-order local HHO was known [31]
in the case n . A few years ago, a third-order HHO compatible with
the known first-order HHO was found by a complicated procedure [55], later
simplified in [35] by means of equations (33).

Here we will present a third-order HHO for Dubrovin’s normal form
n?). This particular form of 7 generates the following WDVV system (here
(t,z,y,2) = (t1, 12,13, t4)):

pfyyzfoze + 2Fyye Foyz — Fyyyfozz — Foyyfyzz — 1fgee = 0,

FeayFyze = frozFyye — fozzfayz + Fozz + faoyyfozz + Wfzafyze — [y =0,
JeayTyyz — JawzFyyy + BSyyzfrzz — Bhoyzfyzz + fyzz = 0,

foaoyfoze — Wfowzfrze — 2fawzfoye + foaafyzz + 1fan. =0,

Jaowz foyy + Wawe fyze — Fyyefowe — Wfozzfayz + foze =0,

Frayfoyy + WfrazFyyz — Foaafyyy — Wfaye + 2fayz = 0.

The above overdetermined system of non-linear PDEs can be rewritten in the
form of two commuting hydrodynamic-type system using the identifications

a = fxwxab = faca:yac = fwwzad = fwyyye = fxyzaf = fxzz One of the systems
is:
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ay = by, by = d, Cy = €z,
Q= (bcalfu2 — bee?u? — cAdep? + aep? + bPedu—
v 0
. —badep + 2bcep + Adp — 3ae’u + bad + cf pu + 2ae)
x

)

—c2fep® 4+ aflep® + bafepu + du— (75)

ey = 5
N —cadfp — cae’pu + A fu— afiu —baf + 26&6)
) .

. (—0262u2 +afe?u® + bc’dy — cadep + 2c%ep — 2afeu + cad + af)
y ’
5 X

where § = —cu? + cafp?® + beap — a’ep + a®. As an example, the right-

hand side of the fourth equation comes from the compatibility condition
dy = (fyyy)» and the expression of f,,, in terms of a, ..., f through the
system ((74)).

The above quasilinear system of first-order PDEs admits a unique third-
order HHO determined by the following Monge metric h;; through the equa-
tions (only entries with ¢ < j are shown):

hi1 = d? hia = 62,u — 2e

his = 2d(—ep+ 1) hi4 = —ad + cep — ¢

his = u(b/u—be+cd —efu+f)  hig = e*u® — 2eu+ 1

hog = 2¢c(ep — 1) hog = —bep + b — cdp — efu® + fu

hoy = 2 p has = —aep + a — bep — cf 2

hae = 2cp(ep — 1) hay = 2u(bd + df p + €* /2 — e + 1/ )

has = aep — a — bep — cf hss = p(ad + b* + 2bfu — cep + ¢ + f2pu?)
has = p(b — bep — cdp — ef pi* + fpu) has = a®

h4s = —2acp h4g = 02,u2

hss = p(2ab + 2afp+ ¢ p) hse = p(—aep +a — bep — cf p?)

hes = 2c® (e — 1)

Remark 8. We have 2 commuting quasilinear first-order systems of PDEs
for each choice of n, and it is not automatically true that if one of them
18 bi-Hamiltonian the other will be bi-Hamiltonian with respect to the same
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operators. However, this is true in the case nV) and N = 4 [55]. More gener-
ally, it is known [64),[63] that if a diagonalizable quasilinear first-order system
of PDEs is Hamiltonian with respect to a first-order HHO, then other com-
muting diagonalizable systems will be Hamiltonian with respect to the same
operator. FEven if this statement carries on to our non-diagonalizable first-
order WDV'V systems (see Section @, at the moment we can only conjecture
that this extends to the compatible third-order operators.

5.2 The case N =5

This case is completely open: no Hamiltonian formulation was known until
now. We have been able to find one new third-order Hamiltonian operator for
the normal form ") (14)). The first-order WDVV systems are 10-component
systems; one of them (found using t? and ¢* in the Algorithm) admits one
third-order HHO (up to a constant factor) that is defined by the following
Monge metric h;; (only nonzero entries are shown):

hiy = —u” hiy = —2uSu”

hiz = (u%)? + 2u° hiy = —2u”

his = —(uﬁ)2 hig = v?u” — udu® + uPub + o8
hi7 = wlu” 4+ b + ut hig = —2uS

hig = —u? hi10 = —1

hoy = 2ulu” — 2uPu” — (uﬁ)2 + 20 hgy = —u?u” — wBub + wPub + 8
hoy = —2uS hos = w?u’ + b — udul +

hos = ulu” + uub + (u® — )% + ut hor = ulub — wPud + uPid

hos = u® — 2u° hog = —u?

h3g = 2u?u® + 2u? hgy = —u

hss = —2uub hss = —utub — v?ud + v
hsy = (u2)2 hss = —2u?

hgg = —u' hay = —2

hag = u? hy7r = ul

hss = 2u%u® hsg = utub + w?u® — u?u®
hs7 = —(u2)2 hss = u?

hes = 2utu® — 2ulu® — (u?)? her = —2utu?

hes = u' hrr = —(u')?
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For the second normal form n® we were able to find a third order operator
as well, with the simplifying assumption u = 1 (again, we used t*> and ¢* in
the Algorithm). Indeed, the computation is too hard for the servers that
we can use if we allow p to be a generic non-zero constant. The operator is
defined by the following Monge metric h;; (again, we present only non-zero
entries with ¢ < j):

hi1= (u7)2 hia=2u"u’
hys=—(u®)?+(u?)*—2u° hyg=—(2u®—2)u”

his= (u®)? hie=—u?u"+ulu® —uPul 4+ ubu® —ud
hi7=—u v —wub +utu® —u? hyg=—(2u®—2)u"

hig=—u'"u® —u3u® +utu” +ubul +ulO4ud  hyo= (u®)?—2u"+1

hoo= —2u3u7+2u5u7—|—(u6)2—|— (u®)? —2u? hos=u?u’ +ulub —udub +udu® —u®

hoy = —2u5u° —2u 1B+ 215 hos= — " =Bl uPul 4 uBu® —ud

hye=—utu’” —u?ub — (u3)? 4+ 2uPu+ ho7=—utul® +u?u® —u?u® +utu®
+u4u9_(u5)2+(u8)2_u4

hos= u®(u® +u'® —2u®) +utu” —ubu® hoo= u®(u® —u'® —2u3) —u?u® +utub 4+u?
0By 0ys

ho1o= (2u® —2)u® hs 5 =—2u2ub +2u*u® —2u*

hy 4= —u'u’ —udu® —utu” +ulud Futfu has= 2ubu?

hae = ulu® +ulud —ulu® +utud hyr=—(u?)2+ (ul)?

hss =—2u?u® —2u*ub 4202 hag=—u'u® —ul%ut +u?u® —udut +ul

hz10= (2u’—2)u* hys=2u"u" 4+ 20"+ (u®)? + (u”)? —2u” +2

hys=—2ubub hae=—u'Cu® +u2u® —2uu® —utub +uPu® —u?

har=v'u® —utPut +uu® —udut —ut hag=2u'ub+u?u” +uub +uub +ulu® —u®

hao= ulu” 4+ (u10)2 + 201003 +uubt P10 = -0 — P —utu” —ubud +ul0ud
+(u3)2_u4u9_(u8)2+u4

hs 5 =—2uu’ + (u®)? hs 6= —uu® —u?ud +uu® +utu®

hs7= (u?)? hs s = —u'0u® + 120’ +utul —uPud —u?

h5 9= —2u8u2 h5 10 = (u8)2

he o= —2u'u® +2utu® 4 (u?)? 4 (u?)? he7=2u’u'

hes= u'u’ —u'%u* —u2u® +udut —2utu® —ul hgo=—2u'u®—2u%u?

h(; 10= 2u8u4 h77: (’LL2)2

h78 = —2u4u2 h79 = —2u4u1
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hrio= (u*)? hss= (u')? 4205 42028 — 2utu® + (u®)? +2u*
hgo= u'u®+2u'%u? +uu? +u?u’® +utu® hs10=—u'"u® —u2u® —utub —uPul +u?
hoo = 2u1u10+2u1u3+(u2)2+(u4)2 ho 10 = —u'u® —u'0ut —uu® —uPut +u!

hio10= 2u4u9+ (u8)2 —out

6 Conclusions: projective geometry of WDVV
systems

The results that we achieved so far have very interesting implications in
terms of projective geometry that we will discuss in this Section (see also the
Introduction).

In a recent paper [35] it was proved that any hydrodynamic-type system
that has a third-order homogeneous Hamiltonian operator has a rich geomet-
ric structure. The results transfer to first-order WDV'V systems. Indeed, in
the case N = 3 we have:

1. There exists a quadratic line complex of lines in the projective space
P3 associated with the first-order WDVV system. The construction is
a straightforward generalization of what we have written in the Intro-
duction.

2. The first-order WDVV system defines a linear line congruence in the
projective space P*. This is a 3-parameter family of lines in the pro-
jective space P*. Again, this is shown in the Introduction.

3. The first-order WDVV system is linearly degenerate and belongs to the
Temple class.

4. The first-order WDV'V system is non-diagonalizable.

5. The first-order WDVV system admits a Hamiltonian and a momentum
with respect to the third-order HHO; their expressions are local after a
potential substitution b, = u’ and are given by explicit formulae [35].

6. The first-order WDV'V systems are equivalent to the system using
a projective reciprocal transformation of the type .
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Let N =4, 5. Then, the above properties (with the exception of equiva-
lence) hold for the first-order WDVV systems that we considered in Section
for the normal forms (), 1.

Several considerations can be made in view of future research.

Conjecture: every WDVYV system is associated with a quadratic
line complex and a linear line congruence. This is just a rephras-
ing of the conjecture that every first-order WDVV system admits a local
third-order HHO. However, the Conjecture put in this way suggests that
WDVV equations have a projective-geometric interpretation that is yet to
be uncovered. The generalization to the Oriented Associativity equations
for F-manifolds is an active research topic (see e.g. [0]) and quadratic line
complexes occur also in that case [56] (see also [53]). A future role of such
objects besides the bi-Hamiltonian structure that they provide is foreseeable.

Projective equivalence of WDVV systems. The last statement in the
above list implies that, in the case N = 3, if our WDVV systems admit
a third-order homogeneous operator they should in principle be all equiv-
alent. In practice, it is extremely difficult to solve the equations for the
unknown transformation. An explicit transformation between the WDVV
equations and in [31] shows the computational difficulties. It is
preferable to recompute the operators for any specific presentation of the
WDVYV system. Note that the transformation is not an invariance trans-
formation of WDVV equations. In principle, the equivalence does no longer
hold in higher dimensions.

First-order operators and projective geometry. First-order local or
non-local HHOs do not have a projective-geometric interpretation yet. How-
ever, we expect that those that are compatible with third-order HHOs will
have a projective-geometric role. It is an interesting remark the fact that the
metric of the first-order operators that we found have rational coefficients
(in upper indices!) and the denominator is always the square root of the
determinant of the Monge metric. Such a determinant is a perfect square,
and its zero locus is the Kiimmer surface of the underlying quadratic line
complex, see [34, 33].
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Projective geometry in the original WDV'V setting. The projective-
geometric structures that we found so far might be transported in the ‘initial’
setting of WDVV. A theoretical framework for the Hamiltonian formalism
for general PDEs has already been developed in [44]. In that framework, vari-
ational bivectors for the WDVV equation in the non-evolutionary form @
have been found (although with an explicit dependence on the independent
variables) [45]. An understanding of the role of quadratic line complexes
and line congruences in the initial formulation might shed new light on the
relationship between WDVV equations and projective-geometric invariants.
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