arXiv:1804.02585v1 [math-ph] 7 Apr 2018

Vortices, Painlevé integrability and
projective geometry

Felipe Contatto

Queens’ College

This dissertation 1s submitted for the degree of Doctor of Philosophy.

Department of Applied Mathematics and Theoretical Physics

University of Cambridge

Supervisor: Dr. Maciej Dunajski

March 2018






Vortices, Painlevé integrability and projective geometry

Felipe Contatto

The first half of the thesis concerns Abelian vortices and Yang—Mills
theory. It is proved that the 5 types of vortices recently proposed by
Manton are actually symmetry reductions of (anti-)self-dual Yang—Mills
equations with suitable gauge groups and symmetry groups acting as
isometries in a 4-manifold. As a consequence, the twistor integrability
results of such vortices can be derived. It is presented a natural defini-
tion of their kinetic energy and thus the metric of the moduli space was
calculated by the Samols’ localisation method. Then, a modified ver-
sion of the Abelian—Higgs model is proposed in such a way that sponta-
neous symmetry breaking and the Bogomolny argument still hold. The
Painlevé test, when applied to its soliton equations, reveals a complete
list of its integrable cases. The corresponding solutions are given in
terms of third Painlevé transcendents and can be interpreted as origi-
nal vortices on surfaces with conical singularity.

The last two chapters present the following results in projective dif-
ferential geometry and Hamiltonians of hydrodynamic-type systems. It
is shown that the projective structures defined by the Painlevé equa-
tions are not metrisable unless either the corresponding equations admit
first integrals quadratic in first derivatives or they define projectively
flat structures. The corresponding first integrals can be derived from
Killing vectors associated to the metrics that solve the metrisability
problem. Secondly, it is given a complete set of necessary and sufficient
conditions for an arbitrary affine connection in 2D to admit, locally,
0, 1, 2 or 3 Killing forms. These conditions are tensorial and simpler
than the ones in previous literature. By defining suitable affine con-
nections, it is shown that the problem of existence of Killing forms is
equivalent to the conditions of the existence of Hamiltonian structures
for hydrodynamic-type systems of two components.
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Chapter 1

Introduction

This thesis approaches two areas related to each other by Painlevé in-
tegrability. The first half deals with Abelian vortices and the second
with differential and projective geometry. Each of the chapters is self-
contained and has its own notation clearly explained. In general, paren-
thesis () and brackets | | around tensorial indices mean normalised sym-
metrisation and antisymmetrisation, respectively. The symbol £ means
lie derivative, except in section [2.2.1] Equalities expressing definitions
are denoted with =. Finally, tensorial indices within an unspecified
coordinate system correspond to the abstract index notation [57].

Abelian vortices are topological solitons in 2 dimensions arising from
the Abelian Higgs model. This is a relativistic U(1)-gauge field theory
with a ¢*-potential whose vacuum manifold S! is given by the Higgs
fields that annihilate the potential, that is to say, satisfying |¢|* = 1. Its
non-trivial topology provides stability to the vortices. In fact, the topo-
logical charge is interpreted as the winding number of the Higgs field
at infinity or, equivalently, as the number of zeros of the Higgs field,
counting multiplicities. Moreover, since vortices are a result of the Bo-
gomolny argument, they are given as solutions to a system of two first
order equations that also satisfy the Euler-Lagrange equations. In prac-
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tice, vortices are given as solutions to the so called “Taubes equation”
[65] subject to boundary conditions, a single second order equation as
opposed to the two first order ones. The Taubes equation is not easy
to solve and is usually tackled numerically. The first analytic solution
was given by Witten [70] and was interpreted as an SU(2)-instanton
with rotational symmetry. After that, two more explicit solutions were
found by Dunajski [22] involving Painlevé transcendents.

Another four similar types of solitons were proposed by Manton [4§]
as a generalisation of the Taubes equation which includes the Popov
vortices [59], a result of the symmetry reduction of anti-self-dual Yang—
Mills (ASDYM) equations with gauge group SU(1,1) and symmetry
group SU(1,1) acting as isometries on a 4-manifold. The other three
types are known as Jackiw—Pi, Ambjgrn—Olesen and Bradlow vortices.

It is a natural question to ask whether these last three vortices arise
as symmetry reductions of ASDYM equations, like the Taubes and
Popov vortices. In Chapter 2| we give an affirmative answer to this
problem written as Theorem [2.1] In fact, Jackiw—Pi vortices arise as
symmetry reduction of the ASDYM with gauge group SU(1,1) and
symmetry group being the Euclidean group FE(2), Ambjgrn—Olesen
vortices come from ASDYM with gauge group SU(1,1) and symme-
try group SU(2) and finally, Bradlow vortices arise from ASDYM with
gauge group F/(2) and symmetry group SU(2). The symmetry groups
are all isometry groups of surfaces of constant curvature. Theorem
relies on the construction of an ansatz of the gauge field that is equivari-
ant (invariant up to gauge transformations) under the symmetry group.
The procedure for such construction is summarised in Appendix[A]l The
interpretation of these vortices as instantons allows us to determine, in
Section [2.1.4), on which surfaces they are integrable under the twistor
point of view. In this case, the vortex equations reduce to a Liouville
equation in a similar way as in Witten’s work. In Section [2.1.5 the
notion of superposition of vortices is explained, generalising the super-
position of Taubes vortices originally derived by Baptista [4]. In Section
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2.2, we use the result of Theorem [2.1|to derive a stationary energy func-
tional for these vortices from the non-Abelian pure Yang—Mills energy.
A suitable extension of the 4-dimensional theory to 5 dimensions allows
us to derive a time-dependent theory for the vortices, so that they can
be interpreted as stationary solutions to first order equations that also
solve the dynamical FEuler-Lagrange equations. This dynamical the-
ory provides a natural definition of kinetic energy and thus the moduli
space metric can be calculated using Samols’ localisation method [61].

The problem approached in Chapter |3| relates to the other two in-
tegrable Taubes vortices described in [22]. A systematic method in
deriving these vortices is presented by modifying the original Ginzburg—
Landau Lagrangian, which ultimately amounts to allowing the surface’s
metric to depend on the modulus of the Higgs field. This modified
model gives rise to accordingly modified vortex equations whose inte-
grability can be studied by Painlevé analysis. The modified model con-
sidered here is based on the introduction of a power of the modulus of
the Higgs field as a factor of the pure gauge part of the Lagrangian and a
suitable modification of the |¢|* potential so that the Bogomolny argu-
ment [5] still holds. Under such class of models, all Painlevé-integrable
cases are derived and it is shown that there are three integrable cases
in total, two of them being those originally found in [22]. All of them
can be interpreted as ordinary Taubes vortices on surfaces with conical
singularity:.

The second half of the thesis concerns projective geometry. Mainly
two problems were studied in 2 dimensions, the metrisability of pro-
jective structures and the existence of first integrals of the geodesic
equations of a general affine connection. The latter problem is related
to the existence of Hamiltonian formulations of hydrodynamic-type sys-
tems of two components.

It is well known that, given a metric on a manifold, there exist curves,



called geodesics, such that their length locally minimises the distance
between 2 given points. The metrisability problem consists in studying
the converse. Given a set of curves on a manifold, when is there a
metric whose geodesics are precisely these curves? Here, only the local
problem is considered. The metrisability problem is solved by finding
a non-degenerate solution to the so called metrisability equations [25].
These equations are linear and tensorial for 2-dimensional symmetric
contravariant tensors. If a solution is non-degenerate (interpreting it
as a symmetric matrix), then a metric that solves the problem can be
constructed and such solutions are comprehensive.

In 2 dimensions, the set of curves that can be interpreted as geodesics
of affine connections is given by solutions of second order ODEs poly-
nomial in first derivatives and involving only cubic powers or less, as
explained in Section 4.1} Classic examples of such ODEs are those ad-
mitting the Painlevé property, among which there are the six Painlevé
equations. In Chapter 4], we study the metrisability problem of the pro-
jective structure defined by all Painlevé equations. It turns out that, the
only Painlevé equations that define a metrisable projective structure are
those that either admit a first integral that is quadradic in first deriva-
tives or define a projectively flat structure. As explained in Section
[4.3], the only Painlevé equations for which there is a choice of constants
such that this happens are III, V and VI. The corresponding metrics all
admit a Killing vector, which gives rise to a linear first integral to the
parametrised geodesic equations, while the geodesic Hamiltonian gives
rise to a quadratic constant of the geodesic flow. By eliminating the
affine parameter between them or, equivalently, using Theorem [4.3], we
recover the above-mentioned quadratic first integrals of the Painlevé
equations. In Section [4.3.4] we show that the metrics associated to the
metrisable cases of equations III and V are related to each other in the
same way as III can be recovered from V by coalescence.

It is known that the maximal dimension of the solution space of the

metrisability equations in n dimensions is w [25]. It is conjec-
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tured that the maximal dimension of the solution space for degenerate
solutions (imposing the constraint that the determinant of the 2-tensor
is zero) is @ For n = 2 dimensions this was proved in Lemma 4.3
of [6]. In Section we provide some evidence for this conjecture and
derive some consequences thereof. In Theorem [4.9 this conjecture is
proved under the condition that the kernel of the solution to the metris-
ability equations (which is non-trivial by hypothesis) is fixed. It is also
shown, in the same Section, that this maximal dimension is attained by
a Newtonian projective structure. An intriguing feature of the kernel
of a degenerate solution is presented in Theorem [4.7 where it is proven
that any such kernel defines an integrable distribution and that the
corresponding integral manifolds are totally geodesic, naturally defin-
ing an induced projective structure on them. Equivalently, the image
of any degenerate solution (interpreted as a symmetric matrix) defines
an integrable distribution and spans the integral manifold.

Chapter [p| concerns the problem of local existence of Killing 1-
forms for a given 2-dimensional affine connection and its relation with
hydrodynamic-type systems of two components. In Theorem it
is shown, using Frobenius Theorem, that the necessary and sufficient
conditions for an affine connection to admit a Killing 1-form are the
vanishing of two scalar quantities. The existence of precisely two Killing
forms involves the non-vanishing of the anti-symmetric part of the Ricci
tensor and the vanishing of a 2-tensor and, finally, the existence of three
Killing forms (which is the maximal number) is equivalent to the pro-
jective flatness of the projective structure defined by the connection
along with the symmetry of its Ricci tensor. For special connections,
that is to say with symmetric Ricci tensor, the scalar conditions become
the Liouville invariants v5 and w;. We are then able to find a geomet-
ric proof of a result of Liouville [41] that says that if v5 = w; = 0,
then there exists a change of coordinates such that the ODE associated
to the projective structure does not involve first derivatives (c.f. The-
orem [.7). The proof is essentially the determination of coordinates
such that the affine connection defined by Thomas symbols is exact.

5



As explained in Corollary [5.6, the derivation of the scalar conditions
and the fact that degenerate solutions to the metrisability problem give
rise to Killing forms of special connections, along with the invariants in
[6], gives a complete list of invariants that determine whether a projec-
tive structure is metrisable, without needing to calculate its solutions.
Proposition gives the form of all possible connections admitting
exactly two first integrals up to change of coordinates.

Theorem [5.2|relates the existence of Killing forms of particular types
of affine connections to the existence of Hamiltonian structures of hydro-
dynamic-type systems. This relation, along with the scalars and 2-
tensor mentioned in the previous paragraph gives a solution to the prob-
lem of finding necessary and sufficient conditions for a hydrodynamic-
type system of two components to admit 1, 2 or 3 Hamiltonian struc-
tures.



Chapter 2

Vortex equations from self-duality

The Abelian Higgs model at critical coupling admits static solutions
modeling vortices which neither attract nor repel each other [46]. The
mathematical content of the model consists of a Hermitian complex
line bundle L over a Riemannian surface (X, gy), together with a U(1)
connection a and a complex Higgs field ¢ satisfying the Bogomolny
equations
Dp=0, [=uws(l—|¢])

Here wy is the Kéhler form on ¥, D = 9 — ial®Y is the covariant
O-operator (the anti-holomorphic part of the covariant derivative D
defined by a), f = da is the Abelian Maxwell field and a®V is the
anti-holomorphic part of a. Setting |¢|*> = exp (h), and solving the first
Bogomolny equation for the one-form a and substituting it into the
second one — as in the end of the proof of Proposition [2.3| - reduces the
second equation to the Taubes equation [65]

Ah+2(1—€") =0, (2.1)

which is valid outside small discs enclosing the logarithmic singularities
of h — the locations of vortices on . Here A is the Laplace operator

on (2792)



In [48] Manton has considered a two-parameter generalisation of the
Taubes equation

Ah —2(Cy — Ce") = 0. (2.2)

The constants Cy and C' can be rescaled to 0,1 or —1, and Manton
has argued that only five combinations lead to non-singular vortex so-
lutions:

e O = (Cy = —1 corresponds to the Taubes equation [65]. The
magnetic field f decays to zero away from vortex center.

e (' =y =1 is the Popov equation [58, 59].

e (' =0,Cy = —1 corresponds to the magnetic field with constant
strength equal to 1. In [48] this was called the Bradlow vortex.

e U = 1,0y = —1 is the Ambjgrn—Olesen vortex. The magnetic
field is enhanced away from the position of the vortex [2], 48].

e (' =1,C) =0 is the Jackiw—Pi vortex equation, which arises in a
first order Chern—Simons theory [34] 32]. In this case |¢|* tends to
zero at the position of the vortex and (on non-compact surfaces)
at 0o.

The aim of this chapter is to show (Theorem 2.1]in Section [2.1.3) that
Manton’s equation for all values of Cj, C' arises as the symmetry
reduction of the anti-self-dual Yang-Mills equations (ASDYM) on a
four-manifold M = > x N, where N is a surface of constant curvature,
and the symmetry group is the group of local isometries of N. The
value of Cj in is determined by the curvature of N (in fact, the
Gauss curvature of N is —Cj) and C' depends on the choice of the gauge
group G¢. We shall demonstrate that N = S? if Cy = —1, N = H? if
Co =1, and N = R? if Cy = 0. The gauge group is SU(2) if C' = —1,
SU(1,1) if C = 1 and the Euclidean group E(2) if C' = 0. In the
integrable cases the Gaussian curvatures of ¥ and N add up to zero. It



is worth pointing out that similar symmetry reductions were performed
in [50], although not in the context of vortices.

In Section we shall show how the five vortex equations are
related by a superposition principle which leads to a construction of
vortices with higher vortex numbers.

The four-dimensional perspective allows us to derive a canonical
expression for the resulting energy of vortices. By considering the ki-
netic energy of the dynamical Yang—Mills theory on R x M in Section
2.2.1], we shall derive integral expressions for moduli space metrics cor-
responding to various choices of constants in (2.2). If the gauge group
is non-compact, then the kinetic energy and the resulting moduli space
metric are not positive definite and the moduli space may contain sur-
faces where they identically vanish. In the integrable cases of equation
(2.2)), the moduli space metric takes a simple form that generalises the
one for integrable Taubes vortices described in [64]. These integrable
cases correspond to M being Ricci-flat — that is to say, the Gauss curva-
ture of X being C) — in which case the ASDYM equations are integrable
under the twistorial point of view.

2.1 Equivariant anti-self-dual connections and sym-
metry reduction

In this Section we shall formulate the main theorem. Let us first intro-
duce some notation.



2.1.1 The group G¢

The key role will be played by a Lie group G¢ C SL(2, C) which consists
of matrices K such that

1 0 i (10
K(O —C)K_(O —C)’ where C € R,

or, equivalently,

_ _ ki ko . 2 _ 2 _
GC = {K = ( Ck_g k’_1> ,kl,kg € (C, and ’]ﬁ’ C|k’2| =1>.
(2.3)

Therefore G_; = SU(2),G; = SU(1,1) and Gy = E(2) — the Euclidean
group. The generators of the corresponding Lie algebra gc,

1 0 1 0 -1 14 0
‘]1_5(—02' 0)’ ‘]2_§<—C 0 ) ‘]3_5(0 —z')’
(2.4)
satisfy commutation relations

[J1, o] = =CJs, [Jo, T3] =1, [J5,2i] = Ja.
The explicit parametrisation of G¢ as well as the left-invariant one-

forms are constructed in Appendix [B]

In what follows, G¢, will denote the Lie group defined in the same
way, but changing C' into Cj.

2.1.2 The four-manifold

Let M be the Riemannian four-manifold given by the Cartesian product
> X N with a product metric

g = gs + gn, (2.5)
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where (X, gy) is the Riemann surface introduced in the beginning of
the chapter, and (IV,gy) is a surface of constant Gaussian curvature
—(C. Let w be a local holomorphic coordinate on >, and z be a local
holomorphic coordinate on N so that

4dzdz
(1 = Col2[*)*

gy = Qdwdw, and gy =

where 2 = Q(w, W) is the conformal factor on . The Kéahler forms wy,
on X and wy on N are given by

7 2idz N\ dz
= —Qdw N dw = = 2id
e o A
where 55— 5d
zaz — zaz
— ) 2.6
b= si=cup) (26

We shall choose an orientation on M by fixing the volume form voly; =
wy A Wp.

2.1.3 Equivariance

Let G¢ and G, be Lie groups corresponding, via (2.3), to two real
constants C' and Cj. In the theorem below, G¢ will play a role of a
gauge group — G in Appendix [A] - and G, will be the symmetry group
— S in the same Appendix.

Let £ — M be a vector bundle with a connection which, in a local
trivialisation, is represented by a Lie-algebra valued one-form A € go ®
AL(M). The Lie group Gg, is a subgroup of the conformal group on
(M, g), and acts on M isometrically by

klz + ]{2 ), (27)

W, ———
00]{322 + 1{31

(w, z) — (

11



kv ko \ .
where < Cofs T > is supposed to belong to G¢,.

This relation will allow us to relate the holomorphic coordinates z,z
of N to the coordinates of G¢,/U(1) as described in Appendix [B| (c.f.
equation (B.1))).

We shall impose the symmetry equivariance condition (A.1)) on A.
Applied more specifically to our case,

LyA = DW, (2.8)

where X is any vector field on M generating the action (2.7) and DW =
dW — [A, W] is the covariant derivative of a go-valued function on M.

In the coordinates (w,w, z,Z) introduced above we have
A= As+Ay, where Ay = A,dw+Azdw and Ay = A.dz+Azdz.

Theorem 2.1. Let A € A" (M) ® go be Ge,-equivariant. Then

1. There exists a gauge and a choice of complex structure in M such
that

A= i o2 1-Cyzz ™ 7 2.9
( —5=¢dz Coff —4a ) (29)

where 8 is defined in (2.6), a is a u(1)-valued one-form, and ¢ is
a complex Higgs field on 3.

2. The ASDYM equations on (M, g) are
D=0, f+ws(Co—Clo)*)=0 (2.10)
where f = da. Equivalently, setting |¢|* = e",

Aogh —2Q(Cy — Ce") =0, where Ay = 40,0. (2.11)
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We shall split the proof of this theorem into two Propositions

Proposition 2.2. Let G¢, be the maximal group of isometries of (N, gn),
where N = R? S? or H2.  The most general Gg,-equivariant Ge-
connection is gauge equivalent to (2.9), up to a choice of complex struc-
ture in M.

and

Proposition 2.3. The ASDYM equations on are equivalent to

Proof of Proposition 2.2

In this proof, we use the coordinates (k1, k2, k3) of G, as described
in Appendix [B] and the technique described in Appendix [Al

First, let us introduce gc-valued Higgs fields &, 5 and &3, that
can be interpreted as the should satisfy the constraint equations (A.2)),

[Ag, @3] =0 (2.13)
fn%%pq); + frqsq)mq)g = 07 (2.14)

where @7 are the components of the Higgs fields defined by ®,, = @7, J;
and only depend on (y,7) and A, and Az are the -components of
the gauge field and only depend on (w,w). The ®3 components are
assumed to be constants.

To solve these equations, choose a gauge such that &} = &% = 0,
we will justify why this is possible below. Then these equations imply
(@%)2 = 1, that is to say ®3 = ¢, where ¢ = +1. Then, if we define
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¢1 = P and ¢y = P?, we have the following solution

D) = 1 J1 + P o
Dy = € J1 — €1
@3 = 6J3.

Let us show that we can indeed always choose ®3 to be diagonal.
First, if C' = —1 then this is always possible because hermitian matri-
ces are diagonalisable by unitary change of bases. If C' > 0, begin by
performing a gauge transformation to set ® = 0 and ®3 > 0. The so-

lution to the constraint equations will give ® = +1/1 4 C (2)*. Then

perform a gauge transformation by ki = —\%\/1 +4/1+C (@%)2, ko =

2
+ 2 , Where we are using the description of G¢ as in ([2.3).
\/5\/1+\/1+C(c1>§)2

This transformation will make ®3 diagonal.

The constraint equations and mean that A, and Ay are
gauge potentials with gauge group being the little group of &3 = Js,
which is the U(1) generated by Jj itself. Now, the only type of gauge
transformations allowed are those in this U(1) subgroup. The solution
to those equations gives the w-components of the gauge potential A, =
ayJ3, Aw = agJs, for some functions a, and az which will transform
as the components of a U(1)-gauge field on .

14



With the Higgs fields above, we define a gauge potential on G, by

AK,?, — ®m£m/£3 - _€J3
Ay, = P&, = (6180 kg — €pg cos k3)J1 + (@2 8in K3 + €1 cos K3) J2

Ay, = B, = [1 /7/—Co sin(v/—Cok) cos kzbr+
te/r/—Cysin(y/—Coky) sin #3da | Ji+
+ [1 /7/—Co sin(v/—Cok1) cos rzda—
—e/\/—Cysin(y/—Cor1) sin k31| Jo + € cos(v/—Cokr) Js.

In these expressions, we can set A,, = 0 and k3 = 0 by performing a
gauge transformation gA,g~! +9,99~" with g = diag(ez"™, e 2"). We
thus recover a gauge field defined now on the quotient G¢,/U (1),

Ay, = —€paJ1 + €PrJs

1 .
Ay, = \/__Oosm(\/—C’om)glel -

+ ecos(v/ —Cok1)Js.

\/i_Cbsin(\/—CO/il)gnggjL

A direct calculation shows that this gauge potential is indeed G-
equivariant. Indeed, it satisfies £,, A, = D,W;, © = 1,2,3 where the
n;’s are left-invariant vector fields on G¢, defined in Appendix |B| and

ST

—C, .
W) =— Js,
! Esin(\/——Co/ﬁ) OB f2s
\% _CO . C
Wy = — — Js
9 Esin( o) sin Ko J3
W3 = 0.

In order to obtain a neater final expression, perform another gauge
transformation by diag(e™ 22, e22) and change into z-coordinates to

15



find the G¢,-equivariant Go-gauge potential (2.9) on M, where ¢ =
¢o — ¢y is a U(1)-Higgs field and we have chosen € = 1.

If we had chosen ¢ = —1, then the resulting form of A would be

4 ( Cob+ 30 —rtr=0dz ) |

L _gdz —CoB — ta

1-Cyzz

which is equal to (2.9)) up to a change z <+ Z, w <+ w, which corresponds
to a change in the complex structure. Here, as before, S is defined in

26).

Proof of Proposition 2.3 Let (w, z) be holomorphic coordinates on
M. The basis of self-dual two forms is spanned by

R(dw ANdz), S(dwAdz), wy+ ws.

The ASDYM equations (wy + ws) A F =0, and dw A dz A F = 0 take

the form

(1 - Colz*)”
4

The components of the gauge field F,, = 0,4, — 0,4, — [A,, A,] are

given by

F,, =0, Fmz=0 Q'+ F.:=0. (2.15)

—Cy+ Coo U
Fz=—r—F—503, Fow = < Juw 03,

(1— Cyez)2 3 fum s

i i _

Fap= ———=Dy ; Fop=——F—=Dgpo_,

1 —Cyzz o+ 1 — Cyzz po

i — i
= Do w0 = =Dy,

sz 1— C()ZEDygbO— 7 & 1— C()ZE ¢J+
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where ¢ = ¢9 — 1P, fuw = Owaw — Ogpay, D is the covariant derivative
with respect to the U(1)-connection a and

(10 (01 (00
=\o0o -1/ ““\oo) ““"\co)

D¢ =do —iap, Do = dp+ iad

Set

and
D =dw ® (0 — iay), D =dw® (Op —iay), sothat D =D+ D.
The ASDYM equations yield vortex-type equations
Dy = 0p¢ — iawd = 0, (2.16)
Sfum + %(—CO +Cép) = 0. (2.17)

This system of non-linear PDEs can be reduced to a single second
order equation for one scalar function. In fact, solve the first equation

(2.16]) for ag so that ay = —idy In(¢) and, using the reality of a, a,, =

10y In(¢). Using these expressions for the components of a, calculate
the Abelian Maxwell field f, and the second equation (2.17)) yields
[@.11).

2.1.4 Integrable cases

Following the integrability dogma [50], 21, [7], a symmetry reduction of
ASDYM is integrable if the ASDYM equations are defined on a back-
ground (M, g) with anti-self-dual Weyl curvature. Computing the Weyl
tensor of shows that conformal anti-self-duality is equivalent to
the vanishing of the scalar curvature of ¢g. Thus in the integrable cases
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the Riemann surface (X, gx) on which the vortex equations are defined
must have constant Gaussian curvature equal to minus the Gaussian
curvature of (N, gn), i.e. locally,

B Addwdw B Addwdw n Addzdz
BTGP YT U F ColwP)? T (1= ColzP)?

The local solutions of integrable vortex equations are given explicitly,
in a suitable gauge, by [4§]

(2.18)

b= 1+ Colw|* ds
14+ Cfs(w) |2 dw’

(2.19)

where s = s(w) is a holomorphic map from > to a surface of curvature
C'. The vortices are located at zeros of ¢, which are the zeros of ds/dw
and the poled!| of s of order at least 2.

The integrable cases on simply-connected Riemann surfaces under
the anti-self-duality framework are the following:

e The Taubes vortex (C' = Cy = —1) is integrable on H?, in which
case it is a symmetry reduction of ASDYM on H? x S2%. In this
case, s is a Blaschke function

(w—c)...(w—cn)
W) = ) )

where |c;| < 0. This is the original integrable reduction of Witten
[70].

e The Popov vortex (C' = Cy = 1) is integrable on 52, in which
case it is a symmetry reduction from S? x H2. In this case, s :
CP' — CP' is a rational function p(w)/q(w), where p and ¢ are
polynomials of the same degree with no common root.

e The Bradlow vortex (C' = 0, Cy = —1) is integrable on H?, in
which case it is a symmetry reduction from H? x S2,

Notice that |¢|? is invariant under s — 1/s.
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e The Ambjgrn—Olesen vortex (C' = 1, Cy = —1) is integrable on
H?2, in which case it is a symmetry reduction from H? x S2.

e The Jackiw—Pi vortex (C' = 1, Cy = 0) is integrable on R? in
which case it is a symmetry reduction from R? x R2.

In each case the symmetry group is G¢, and the gauge group is G¢.

These integrable cases of (2.2]) do not exhaust the list of all integrable
vortices: there are other integrable cases related to the sinh-Gordon and
the Tzitzeica equations [22], [10], 9].

2.1.5 Swuperposition of vortices

Given a solution to the vortex equation ({2.2)) define the vortex number

to be |
N- L / f (2.20)
27T N

This is an integer equal to the first Chern number of the vortex line
bundle L — >, and we shall assume that this integer is non-negative.

Let us now explain why there exist only five vortex equations among
the nine possible combinations of values of C' and Cj. Equation ([2.16))
implies that the vortex number N coincides with the number of zeros
of ¢ counted with multiplicities [46]. Since ¢ is holomorphic, N is
necessarily non-negative. Since N is proportional to the magnetic flux,
the magnetic field B = —2i f,, /€2 cannot be negative everywhere on 3,
but implies that this is only possible for the choice of constants

(Cv CO) - (_17 _1)7 (07 _1)7 (17 _1)7 (17 0)7 (17 1)7 (07 0)7

where the last possibility means that the magnetic field is null every-
where away from the zero of the Higgs field and (2.2]) is the Laplace
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equation. We shall call this the Laplace vortex.

The resulting six equations are not disconnected from one another.
We shall show that it is possible to construct higher order vortex solu-
tions of one type by superposing two other types of vortices. Let h be
a vortex solution on Y with vortex number N satisfying

Aoh +2Q(—Cy + Cre") =0 (2.21)

away from the vortex locations, so that |¢|?> = e/ has N isolated zeros,
counting multiplicities. We say that this vortex is of type (C, Cp).

Consider a metric on X
~ h
gy = € gy,

which has conical singularities at zeros of |¢|2. Let h be a vortex solution
with vortex number N on (3, gy) satisfying

Aoh + 2e"Q(—Cy + CeM) = 0, (2.22)

so that |¢|? = € has N zeros. We shall say that this vortex is of type
(C,C1) with a rescaled metric. Adding both PDEs and (2.22),
we find that )

Ag(h 4 h) +2Q(—Cy+ Cethy =0

and that " has N+ N zeros. Therefore the superposition of a vortex
of type (C, C1) with a rescaled metric on a vortex of type (C1, Cy) gives
rise to a vortex of type (C,Cy) with vortex number being the sum of
the first two vortex numbers, N + N. In the case C = Cy = —1 this is
the Baptista superposition rule [4].

Taking into account the six possible vortex equations, we make a list
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of all possible superpositions

Taubes + Taubes = Taubes
Bradlow + Taubes = Bradlow
Laplace + Bradlow = Bradlow
Ambjgrn—Olesen 4+ Taubes = Ambjgrn—Olesen
Jackiw—Pi + Bradlow = Ambjgrn—Olesen
Popov + Ambjgrn—Olesen = Ambjgrn—Olesen
Popov + Jackiw-Pi = Jackiw—Pi
Jackiw—Pi + Laplace = Jackiw—Pi
Popov + Popov = Popov,

where the non-commutative summation + means that the first vortex
(of type (C,C}) with a rescaled metric) is superposed on the second
one (of type (C1,Cp)) to result in the vortex on the right hand side of
the equality (of type (C, Cp)) with higher vortex number.

2.2 Energy and moduli space metric

The energy functional E of pure Yang—Mills theory on M can be re-
duced to the energy function of an Abelian-Higgs model on X using the
ansatz (2.9)). This can be done by direct calculation,

1
E = —@ TI'(F /\‘ng)

M
1 1 — C _

where

B = _2waE/Q

is the magnetic field on Y. This expression for the energy is proportional
to the one given in [48].
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If we assume that N is compactf] then the first integral is the area
of N given by

_4g0, if Cy <0
Areay = / WN = { 4, it Cy =0
N

a(g—1) if Cy>0,

where g is the genus of N and we normalised the area of the torus
(Co = 0) to 47. Thus the energy can be written, using the Bogomolny
argument along with [D,,, Dz]¢ = —if,w¢ and the integration by parts
(with an additional boundary condition D¢ = 0 if ¥ is not compact)
as

Areay

> AreaNN
1672

A ’

/Z [(B +Co— CloP)” — % Do|*| ws — C

where N is the vortex number defined by (2.20]). If the vortex equations
(2.16]) and are satisfied, then the energy is proportional to the
vortex number, characterising a non-interacting theory, and this value
is the global minimum of E' if C' < 0. However, equation (2.16) cannot
be naturally derived from this argument if C' = 0. In fact the theory
corresponding to this energy functional does not involve any Higgs field
in this case even though the symmetry reduction of ASDYM necessar-
ily gives rise to a holomorphic Higgs field satisfying (2.16). This is a
counter-example to the principle of symmetric criticality, proved under
certain conditions in [56].

If N is not compact we can still make sense of energy density (or
energy per unit of area of N).

Originally, F is the energy functional of pure Yang—Mills theory in

2Notice that this is already the case if Cp = —1, as N = S2. Otherwise we assume that the
corresponding surfaces are quotiented out by a discrete subgroup of G¢,. If Cyp = 0, N is a two-
torus T2 (R? quotiented out by a lattice) and if Cp = 1 N is a compact Riemann surface of genus
g > 1 (H? quotiented out by a Fuchsian group). The ansatz must then admit this further
discrete symmetry.
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four dimensions, which under the ASDYM condition is

1
EFE=— | Tt (FAF)=k,
87T2 M
where k is the instanton number. Comparing both expressions for the
energy, we derive a relation between the vortex and instanton numbers,

Areay

k=—-Cy N=(1-g)N, g=0,1,2,....

4

2.2.1 Dynamical theory

Yang—Mills instantons on M can be regarded as static solitons on R x M
with a product metric —dt?> + g. Implementing the symmetry reduction
of Theorem 2.1}, but from five dimensions, leads to vortices on X inter-
preted as stationary solitons in a dynamical theory on R x . We shall
use this approach to find the kinetic term in the total energy functional
on R x X2, and use it to read-off the metric on the moduli space of static
vortices. Let F be a go-valued Yang—Mills field on R x M. The action
functional of pure YM theory with ¢-dependence is

1

S =——
g2 Rx M

Tr(F A #5F) = / Ldt,
R

where L is defined by the second equality and involves the integral on
M alone. Under the symmetry reduction of Theorem 2.1, £ becomes a
Lagrangian on R x X,

A 1 — c - _
£ === [ (B + (o= C0BP) - {DaBDuo + Dt D)~

— ﬁf()wfow + §|D0¢‘ )UJZ-
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The Euler-Lagrange equations, resulting from calculating the variation
with respect to ¢, a,, and ag, are, respectively,

DDg¢ + DgDyyp — QD0D05 + Q(_CO + CQ%)C_ZS =0, (2.23)

2 2
205 (3 fum ) + Oufon — iC(De0 — D) =0, (221)
o
o fis + Dl + o (6D36 —9Dys) = 0. (2:25)

The equations resulting from varying ¢ and ag are the complex conju-

gate of equations (2.23)) and ([2.24]), respectively. The third equation is
usually referred to as Gauss’ law.

This system of second order dynamical equations is satisfied by static
solutions to the first order vortex equations (2.16H2.17)) in the temporal
gauge ag = 0. In fact, Gauss’ law (2.25)) is automatically satisfied. To
see that is satisfied, use (the complex conjugate of) (2.16) to
write DyDg¢ = [Dy, Dyl = ifuwd and eliminate f,m with (2.17).
Finally, equation is satisfied upon eliminating f, in the same
way and using O (¢5) = (Dwﬁb)a + ¢Dgp = ¢Dyo.

The kinetic energy T' can be read off from £. In the temporal gauge
when ag = 0 it takes the form

Areay 2. . L
T = - /E lﬁawaw - C¢gb] Wy, (2.26)

where the dots denote t-derivatives. This generalises the known kinetic
energy for the Taubes vortex (C,Cy < 0) [64].

In the usual Abelian Higgs model in the critical coupling (yielding
Taubes vortices), there is a moduli space My of static N vortex so-
lutions. All these solutions have the same potential energy, so there
are no static forces. The moduli space acquires a metric from the ki-
netic energy of the theory, and the geodesics of this metric model slow
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motion of N-vortices. There are several ways to obtain the metric for
both flat and curved backgrounds [46], [16]. One way to proceed for the
integrable vortices is to assume that the vortex positions depend on
time, and substitute the explicit solution into the kinetic energy
(2.26). This, when quotiented out by the gauge equivalence (which is
equivalent to imposing Gauss’ law [46]), gives a quadratic form on M y.
In case of Taubes vortices the resulting metric is positive definite, but
we see that is not positive definite if C' > 0, which is the case for
Jackiw—Pi, Popov and Ambjgrn—Olesen vortices.

Samols derived a localised expression for the metric of the moduli
space of Taubes vortices [61] (see also [64] and [38] for the metric of
moduli space of hyperbolic vortices), where the moduli are the vortex
positions (or zeros of the Higgs field). The moduli space metric of
Taubes vortices with simple zeros {W7y, ..., Wn} is, from ({2.26]),

Areay
8

N
> (W) + 20w,b;) dWidW
ij=1
where b; = Og(h —2log |w — Wj|)|,,_w, zyw, and Q(W;) means that the
conformal factor €2 is being evaluated at the point (w,w) = (W;, W;).

A similar calculation as the one performed by Samols (cf. also [46])
adapted to vortices defined by gives the following result for the
metric on the moduli subspace associated to the simple zeros of the
Higgs field

Areay
&

N
> (—CoQWi)8i; + 20w,b;) AWid W, (2.27)

ij=1
where the constant C; appears because the calculation involves the use
of equation ([2.2]).

In the integrable case, the background metric is locally given by gy

in (2.18) and the Higgs field is (2.19)) in a particular gauge. As above,
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we assume that |¢| admits only simple zeros and that each of them is as
zero of ds/dw and not a pole, which is always the case up to performing
the transformation s — 1/s (which leaves |¢| invariant). In this case,
b; can be calculated directly and is given by

TR
’ 1+ Co|w;> 2
here ;= 20 and s& = KOS £ =0,1,2,3,..., that is ¢
winere ana s = R = al 1S 1O Sa
J (J) k dwk 'w=w;’ ) Ly 4y Y,

the 5,(f Vs are defined by
s(w) = s + 58 (w — W)? + s (w — W)+,

where the linear term is absent because we assumed that W} is a simple

Now, the moduli space metric (2.27) of simple vortices can be cal-
culated and is given by

?’AmN Z aﬁ LAW,dWw ;. (2.28)

1,j=1

This is in agreement with the formula derived for integrable Taubes
vortices in [64]. In particular, tells us that the metric is zero
when s depends only holomorphically on the vortex positions, which
is the case for some Popov and Jackiw—Pi vortices. In fact, this is
what happens for the N = 2 Popov vortex on ¥ = S? corresponding
to s = (w — W1)?/(w — Ws)?, and to the N = 1 Jackiw—Pi vortex on
¥ = R? corresponding to s = (w — W1)2.
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Chapter 3

Integrable Abelian vortex-like
solitons

The existence and analyticity properties of Abelian vortices on the
plane were largely studied in particular in [35] 65]. Generalised vor-
tices were proposed by Lohe [43], whose model admits other types of
potentials at the expense of minimal coupling between the Higgs and
gauge fields. In fact, Lohe’s model modifies the kinetic term of the
Higgs field as well as the potential in such a way that the Bogomolny
argument still holds. The existence of generalised vortices under an
analytical point of view was established in [44].

Integrability of the Abelian-Higgs model is well known on a hyper-
bolic background where the general solution can be explicitly described
in terms of holomorphic maps [70, [64], 49, 45] (see also the previous
chapter). Moreover, Painlevé analysis shows that these are the only
cases in which vortices are integrable in the Painlevé sense [62]. How-
ever two more isolated integrable cases of Abelian vortices were found
by allowing the background metric to depend on the Higgs field, allow-
ing the Bogomolny equations to be written as sinh-Gordon and Tzitze-
ica equations [22], albeit they do not arise from a variational principle
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approach from the Ginzburg-Landau model.

In this chapter we present another modified version of the Abelian-
Higgs model by coupling the Yang-Mills term of the Lagrangian with
the Higgs field through a continuous function denoted by G(|¢|). Un-
der mild conditions on GG and upon a suitable modification of the po-
tential energy, the model admits vortex-like topological solitons from
the Bogomolny argument. A choice of coupling function of the form
G(|¢]) = 9|7, where ¢ € R, will give rise to a model that includes
the usual Abelian-Higgs vortices as a particular case (¢ = —1), but
admits further Painlevé-integrable cases, including those described in
[22], providing a variational approach to them. We determine all the
possible values of ¢ and all possible background metrics yielding inte-
grable models using the Painlevé test. The main result is that the only
integrable cases with relevance to vortex theory, both for the ODE and
for the PDE, correspond to ¢ = —%, 0,% on a flat surface and ¢ = —1
on a hyberbolic surface.

An ODE has the Painlevé property if its general solution does not
possess movable critical points. Critical points are singularities around
which a function displays multivaluedness. This definition is motivated
by the possibility of defining meromorphic functions from ODE’s on the
complex plane (c.f. [I4] for a short survey on the subject). Non-linear
second order ODE’s of the form 3" = R(x,y,y’), where R(z,y,y') is a
rational function of (y, ) with coefficients analytic in x, that possess
the Painlevé property were classified [55, 54, 29, 133] and there are 50
of them up to the change of variables

a(z) + b(x)y
c(x) +d(x)y’

for analytic functions a, b, ¢, d. This transformation preserves the Painle-
vé property. Among these 50 equations, 44 of them admit general so-
lutions given by classical functions while the other 6 are the Painlevé
equations. The Painlevé test is a technique to find necessary conditions
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for an ODE to have the Painlevé property and will be described, in our
case, in the following sections.

In section [3.1] we present the modified Ginzburg-Landau Lagrangian
and the corresponding Bogomolny equations, which can actually be
reduced to a single PDE that will be referred to as the modified Taubes
equation. On surfaces of revolution, this equation admits a symmetry
reduction to an ODE by rotational symmetry around the origin. On a
surface of revolution, if the PDE passes the Painlevé test then so does
the reduced ODE, but nothing guarantees that the converse is true.
Thus we perform a separate analysis of the reduced ODE in section
and of the PDE in Section [3.3] It turns out that the analysis of the
ODE does not reveal any more integrable cases than that of the PDE.

Within the class of models considered, there can only be integrable
cases on a hyperbolic background with Gauss curvature —1/2 and on
a flat surface. On a hyperbolic surface, the only integrable case cor-
responds to ¢ = —1, which is the usual Abelian-Higgs model. The
converse was already known [62]. On a flat background, there are three
integrable models, corresponding to ¢ = 1/3, ¢ = 0 and ¢ = —1/3.
The first two values are equivalent to the isolated integrable vortices
of [22] while ¢ = —1/3 gives rise to a new solution and completes the
list of integrable models under the class we consider. The Bogomolny
equation for this case can be written as the Tzitzeica equation. In
order to write explicit soliton solutions with finite energy, some bound-
ary conditions apply. It is not obvious how to apply these boundary
conditions to solutions of the Tzitzeica equation, but if we restrict to
rotationally symmetric solutions and reduce the Tzitzeica PDE to a
Painlevé III ODE, whose solutions are well known in the asymptotics
[36], we can impose the right boundary conditions by fixing some pa-
rameters of the third Painlevé transcendents. Besides its integrability
features, these solutions can be interpreted [22] as usual Abelian-Higgs
vortices on backgrounds with conical and curvature singularities at the
origin. It is worth noticing that even though our model includes the
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usual Abelian-Higgs model, there are other types of similar integrable
vortex equations on different backgrounds [59) 47, 48] that it does not
cover.

3.1 Modified Abelian-Higgs model

We start with the Ginzburg-Landau theory with a modified Lagrangian
on a smooth manifold R x ¥ with Lorentzian metric ds? = dt? — Q(dx?+

dy?),

2
L= [(-SU R DD - Vi) ade. @)

where G is a continuous function of |¢| on its domain of definition, D, =
0, —1ay, is the covariant derivative, I, = 0,a, —0,a, is the curvature 2-
form of the U(1)-connection a and 2 = (x,y) is the conformal factor
of the metric on . The space indices will be denoted by 1,7, k...
and range from 1 to 2 as (2!,2%) = (z,y). We will also use complex
coordinates z = x + iy and polar coordinates z = re?, whenever it is

convenient.

If the potential is V(|¢|) = Wlfb\)? (1- \gb\Q)Q, which differs from

the Ginzburg-Landau ¢* theory by the factor G(|$|)? in the denomi-
nator and spontaneously breaks symmetry, then the usual Bogomolny
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argument can be applied. In fact, the modified energy functional is

. <|¢D 2 ) - Zx
E_2/< B+DZ¢D¢—|— (|¢|) 5 (1 |¢\))Qd

_ (al(qf_):chb) — 0 (¢D19))] &
_L e (p 2 e L pep
-3/ |55 (B~ aagt - o) +1o4

where B denotes the component Fis and N = % fz B is supposed to be
positive, as the case N < 0 is analogous. We have used the boundary
conditions |¢| — 1 and D;¢ — 0 as z approaches the boundary of X
in the last equality. We assume that all terms in the energy functional
are integrable so that it is well defined, which is true for the integrable
cases analysed here.

d?z + 7N,

(3.2)

Thus the modified Bogomolny equations are

D:¢ = 0:¢ — iaz¢ = 0 (3.3)
— Q _ 2

Eliminating a; in the second equation using the first one, remembering
that a; = @, gives the modified Taubes equation,

Aoh + —e") =0, (3.5)

Q
——— (1
G(eh/2)?2
where h = In |¢|* and Ay = 97 + 0} is the Laplacian operator. Solving
(3.5) and imposing the boundary conditions above gives rise to vortex-
like topological solitons on the surface ¥ defined by constant time slices

with metric
= Q(dr* + r*d6?),
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and Gauss curvature given by

1
KZ = —EAQ In Q.

Notice that equation should be modified in case ¢ has zeros, as
this implies the presence of logarithmic singularities for h and the term
Agh would generate delta functions. In fact, the usual Taubes equation
(G =1) is often corrected with delta function sources added by hand to
take these singularities into account [46], which may occur at a general
point and are the coordinates of the moduli space of vortices. This
means that these log-singularities are movable in general and we will
bypass them in our Painlevé analysis using an exponential change of
variables y = e” in the following sections.

From now on, as explained in the beginning of the chapter, we will
assume that G(eh/2)2 = el@*Dh/2 for a general ¢ € R and, in the next
sections, study the integrability features of equation (3.5). With this
choice, we are going to impose another two conditions to the Higgs
field. First, we require that the Higgs field is non-vanishing except on

a finite number [ of distinct points zi,..., 2 and secondly that in a
neighbourhood of each point z;, there exists n; € N* such that
¢ — (Z - Zz)nlwz(zv 2)7 (36)

where ); is a nowhere vanishing continuous function on the neighbour-
hood that is differentiable everywhere except possibly at z;.

These conditions are the most natural ones to impose when seeking
a generalisation of the Abelian Higgs model. In fact, they are immedi-
ately satisfied for the Abelian Higgs model, which can be proved from
the existence of smooth solutions to the Bogomolny equations [35];
however, smoothness is an excessively strong condition to impose on
the solutions of (3.343.4)) in general. We will justify these conditions in
Section B.2 in order to rule out solutions on smooth surfaces that do

not have a similar behaviour as Abelian vortices (c.f. (3.1043.12))).
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To begin with, we will suppose that X is a surface of revolution so
that the conformal factor is only a function of the radial coordinate,
Q = Q(r), as well as the modulus of the Higgs field, i.e., h = h(r). This
reduces to an ODE, that will be analysed in section 3.2 Then, in
section 3.3, we perform the analysis of the PDE in general.

3.2 Painlevé analysis of the ODE

We apply Painlevé analysis [I] to seek choices of €2 such that equation
3.5)) for G(e/?)? = ela+Dh/2 ig integrable, assuming cylindrical symme-
try, that is to say Q2 = Q(r) and h = h(r). Because of the logarithmic
divergence of h where the Higgs field vanishes, we look instead at the

equation for y = e”, for which the ODE reduced from ((3.5) is
o X1 Q(r)

/ .

In practise, the aim of the analysis is to determine in which cases
the general solutions of the ODE can be locally written in the form
X = (r—rg)? Z;io x;(r—r0)’, where x; are constants, xo # 0, 79 > 0 is
arbitrary and p is assumed to be an integer, a hypothesis that will be
justified in the next section. The arbitrary constant ry represents the
position of a movable singularity (either of x or 1/x), that we expect
not to be critical (or multivalued) for the Painlevé property to hold.
We suppose that ry # 0 in order to avoid the coordinate singularity at
r =0 of (3.7). We look for the dominant behaviour by substituting
X ~ Xxo (r —mo)! in (3.7). We have to study it differently according to p
is positive or negative. In what follows, 2(ry) will need to be expanded
in powers of ry up to the relevant order.

We start by supposing that p > 0. Balancing of the dominant terms

(Ist, 2nd and 4th) requires p = %q > 0 and Xg/p = %. Since we are
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dealing with a second order ODE, its general solution should involve
two constants of integration. One of them is the arbitrary constant r
itself, the other one will be a y,, for some s > 0. The order p + s
in which this second constant appears is called the order of resonance
(or the Fuchs index). Upon substituting the above series in and
balancing all the powers of r — 7, the constants x; should in principle
be determined in terms of ry and xs. Notice that the constant y
was fixed above in terms of 7y, so we can already tell that s > 0.
Moreover, Y, will be a free parameter if and only if the leading order
in which it appears in the expansion of involves x; algebraically
for some j > s, so that x; can be determined in terms of o and s,
for any value of xs. This leading order will necessarily come from the
dominant terms (1st, 2nd and 4th) of (3.7). Therefore, we look for the
order of the resonance as follows. Keep just these dominant terms and

p/2
substitute x = (@) (r—7r0)?+ xs(r —7)P**. Expand the resulting
expression in powers of r — ry, keeping only the leading order of terms
involving x, which will clearly be linear in y; (because s > 0):

(r — ro)p+5_2(52 — 5 —2)Xs,

whose vanishing implies s = —1 or s = 2. The second, positive root
indicates a resonance at order p 4+ 2 of the expansion in r — ry, which
means that yo can only appear in the coefficient of order (r —79)?*! or
higher in the expansion of when Y is replaced by the power series.
But at these orders the coefficients x ;>3 are present and thus x» is not
fixed.

We are interested in analysing the order of resonance, as this will pro-

p/2
vide constraints on the geometry of ¥. Thus, we write y = %TO) (r—

70)? + x1(r — 10)P T 4+ xao(r — 79)P+2, substitute it in (3.7) and divide by
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(r —ro)? to get
oy (22 D00 Z 00 ) g0

r—ro (r —rp)?

1 p p 1—%9 p/2
i (pl_QQ(TO)Z_lﬁl(TO) + 2 o) _ 29@) "
T —7T To
_ +1 N _
+ (p— 2)Qro) 'Y (ro)xa + pro X1 — 2(p — D)p"*1Q(>ro) A3+
—p/2+1 —p/2+1
()~ Lt =0 39
0

up to order of a positive power of r — ry.

Equating the coefficient of each order to zero, we find conditions on
'(rg) and x;. As mentioned above, had we written x as an infinite
series x = > o Xa(r — 70)P"", we would have been able to calculate
recursively x, (_n > 3) in terms of ry and xo.

If p > 2, we calculate y; from the term of order (r — ry)~! and then
the term of order (r—7)° gives the following equation for the conformal

factor
AO In Q(To) = 0,

which has to be valid for any rg, yielding a differential equation whose
solution is (r) = ¢;r, for some constants ¢; > 0 and ¢ > —2, thus
the surface X is locally flat. We require that co > —2 since the origin
r = 0 would be at infinite distance from any other point otherwise.

. . . _ 2y/ey  c2t?
In fact, by performing the change of radial variable R = p, (A

the metric becomes dR? + (02—2”)2 R%d#H? so that we can set = 1 in
(3.7) at the expense of introducing a deficit in the angular variable 6,
characterising a conical singularity at the origin. We suppose that the
background is a smooth manifold and therefore we do not take into
account these singularities and suppose ¢y, = 0.

I

If p = 2, the term of order (r — r9)?~2 in (3.8)) contributes. Thus,
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the vanishing of (3.8) at orders (r — 7)™ and (r — ) implies y; =
5 (Q’(ro) + %ZO)) and

AO th(?“()) = Q(To). (39)

This equation means that 3 has constant Gauss curvature —1/2. This
is not surprising as for p = 2, ¢ = 1, and thus equation is the usual
Taubes equation, up to replacing h by —h, whose Painlevé integrability
was studied in [62]. Solutions to the modified Taubes equation in this
case would involve a Blaschke product but from condition the
magnetic field B would not be integrable due to divergences where the
Higgs field vanishes and thus we would not be able to define a magnetic
flux and the energy would be infinite. Let us however point out that,

choosing the solution to (3.9)) to be Q(r) = ﬁz)z, this case admits the
following solutions for the squared modulus of the Higgs field
4r*(Inr)?
S S 3.10
X (1 _ 7’2)2 ) ( )
(,,,c+1 . T_C+1)2
= O<exl 3.11
X C2(1 - T2)2 ) c ) ( )
4r? sin’(cl
r*sin”(clnr) >0, (3.12)

X= (1 —1r2)2 7’
which are not analogous to Abelian vortices on smooth surfaces and

can be ruled out by the conditions imposed in the end of Section [3.1]
These solutions were obtained from results of [60] (c.f. also section 5

of [10]).

If p =1 then all the terms in (3.8)) contribute and we find that the
conformal factor should satisfy the following differential equation

Q”(To) - %EZ(;;Q + Q;SZO) - Q/(To) Q(?"Q) - —29(::8)3/2 = 0, (313)
which can be rewritten in terms of F'(r) = 1/€Q(r) as
pwy—Z$§+Ff°—Fg)—Fww%m:o. (3.14)
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Its general solution is

r)¢
F(r) = %% (3.15)

where C7 and (5 are arbitrary positive constants, so that the origin
r = 0 is at finite distance from any other point. Under the change of
variables R = (Cyr)1/2, equation (3.7) becomes

>y 1 [(dy 1 dy 4R* 1
L - S (=) =0 3.16
(dR) TRar T A w17V 0 (3.16)

dR?>

where we assume that 0 < R < 1. A one parameter family of solutions
to this equation was given in [62] (c.f. equations (2.15-2.16) of this
reference). It satisfies the necessary conditions for Painlevé property
established so far, but its analysis is not finished yet. To complete the
Painlevé test we follow the usual procedure. Expand x = xo(R— Ry) +
X1(R— Ro)*+ x2(R— Rp)3+- - -, substitute it in (3.16)) and expand the
left hand side in powers of R — Ry. The vanishing of the leading order
implies

2Ry
— R’
where 0 < Ry < 1. The case in which we choose the + sign was already
analysed above and led us to equation (3.13)). Now, if we choose the —
sign, the vanishing of the new leading term implies

Xo = £

1+ R?
MRy
With these choices of xo and x1, the left hand side of (3.16)) becomes
16R0 2
_(1——1%3)3(R — Ro) + O ((R— Ro)?) ,

whose first term cannot be eliminated by any choice of y;. This means

that the expansion of y should involve logarithmic terms of the form
In(R — Ry). Therefore, equation (3.16)) does not pass the Painlevé test.
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Another solution to (3.14)) can be obtained by taking the limit C; — 0
in (3.15) and then equation ({3.7) becomes
Py 1 (dx) N 1 dyx R* 1

ax_ - - “(1-y)=0, R=C
drR? X \dR RdR+(1nR)2X( ) =0, 2

which also fails the Painlevé test, as a similar calculation shows.

In the case p < 0, a similar procedure will lead to the condition
4

P=—14 The conditions for Painlevé integrability can be derived from
the case p > 0 above. In fact, under the change of variables y — 1/x in
equation , q is changed into —q or, writing this equation in terms
of p using ¢ = 4_va p is changed into —p. Therefore, the conditions
for Painlevé integrability in the cases p = —1, p = —2 and p < —3 are
the same as in the cases p =1, p = 2 and p > 3, respectively. Namely,
for p = —1, there are no integrable soliton solutions, for p = —2,
Y must be a hyperbolic space with constant curvature —1/2 and for
p < —2, ¥ must be flat up to conical singularities. Even though from
the integrability point of view cases p = —2 (or ¢ = —1) and p = 2
(or ¢ = 1) are the same, for p = —2 we obtain the ordinary Taubes
equations of the Abelian Higgs model, which admits soliton solutions

satisfying our conditions as opposed to the case p = 2.

To complete the integrability analysis we need to have a closer look
in the range |p| > 3, in which case —1/3 < ¢ < 1/3. This is because
for this range of ¢, we can find a p; > 0 and a ps < 0 such that
q= I%i (4 — |pi|), i = 1,2. But for Painlevé integrability to take place,
the integrability conditions should hold for all possible choices of leading
order p. Therefore, we have to solve

1 1

— 4 — = —_ — 4 —|— ,

o (4—p1)=g¢ > (4 + p2)

for integers p; > 0 and py, < 0. There are exactly three solutions to this
equation: (p1,p2) = (6,-3), (4,—4) and (3,—6), yelding ¢ = —3, 0

and %, respectively. Since the cases ¢ = 1/3 and ¢ = 0 lead to the
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models studied in [22], we will present the explicit vortex solutions to
the case ¢ = —1/3 in Section [3.3.] (c.f. equation (3.22)), after the
Painlevé analysis of the PDE.

3.3 Painlevé analysis of the PDE

We will find all possible choices of G(e/?)? = el@*V"2 and of back-
ground metric 2 such that equation (3.5) admits the Painlevé prop-
erty, now without imposing any symmetry to the PDE. We will do the
analysis using the method proposed by Weiss, Tabor and Carnevale
[69], which is the analogue Painlevé test for PDEs. As in the previous
section, in order to avoid the logarithmic singularities in the analysis

we look instead at the equation for y = e”,

1 2 Q(l’,y) _
AOX - ;‘VX‘ + X(q_l)/z (1 T X) =0, (3'17)

where Vx = (9., 9,X) is the gradient vector of x and |Vx|* = (Dux )+
(8,x)? is its Euclidean norm.

We look for the dominant behaviour by setting

X ~ xo(z,y)p(x,y)?,

where x( is a non-zero function to be determined and p is an integer,
as justified below. Keeping the lowest order terms in ¢, we find

1—q)/2 _ _
X0 A=) I —pxo Vet =0 (318)
We then need to separate the analysis into two different cases, p > 0
and p < 0.
If p > 0 then the term in ¢ in the parenthesis of (3.18]) is of higher

order and can be neglected at this stage. Then we equate the powers
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of ¢ for the remaining two terms, p(1 — ¢)/2 = p — 2 which gives a
relation between ¢ and p, which will be convenient to be solved for ¢:
_d-p

P

q

We solve ([3.18]) for x to find
0 p/2
Xo=\—w-73) -
" <p!V90I2>

Anticipating from the ODE analysis above that there will be a reso-
nance at second order, we expand x as x = ©”(xo + X1 + x> + -+ ),
substitute it in (3.17), divide by ¢” and expand the whole expression
in powers of ¢ up to the first two lowest orders, which are ¢! and ¢°,
keeping (if necessary) the terms of order ©?~2 and ¢?~!. The terms of
order P2 and P! are

AR VA i (3.19)
and
Q p/2
—2(p—1) (5) Vo> Pxrpf (3.20)

respectively, which arise from the very last term in (3.17)).

These terms will not contribute to the analysis if p > 2. Therefore,
we will separate the analysis into the cases p =1, p =2 and p > 3.

If p = 1, then the vanishing of the term of order ¢!, which involves
(3-19)), gives rise to an algebraic equation for x; whose solution is

X1 = vl y) (Aoso - \/Q(:C,y)\ved) :

2|Vo|?

Then the term of order ¢° will not depend on Y2, manifesting the
resonance at this order predicted above. Instead, this term is a fairly
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big expression involving ¢ and 2 (and their partial derivatives up to
second order) that should vanish for any small function ¢. Making the
choices ¢ = +ex, p = +ey and ¢ = exy, where € is a small positive
constant, we get differential equations for €2 that can only be solved by
) = 0. This case is thus not interesting for our purposes.

If p=2 then ¢ = 1 and a change of variables of the form y +— y !
will put in the form of the usual Taubes equation, whose Painlevé
analysis requires X to be a hyperbolic space of curvature —1/2 [62]. As
for the ODE in the previous section, condition implies that the
divergence of the magnetic field at each zero of the Higgs field
would make the magnetic flux infinite, and thus no solution would fit
our requirements.

If p > 3 then the lowest order term is

Q r/2 p\P/2 1
— Agp —2 (= Vol | —.
(o) fraor =2(8)" 1w

The term in brackets should vanish, resulting in an equation for y;

which can be solved by
o p_z 0 (p+2)/2A .
L 20 \plVel? o

This choice of x; annihilates the term of order ¢! and we are left with
the term of order ¢" which is

/2
p Q
—EAInQ .
=0 (p\Vw|2>

We notice that it does not involve s, indicating the resonance antici-
pated earlier. The conformal factor €2 should then satisfy AylnQ = 0.
In other terms, the metric should be flat, up to possible conical sin-
gularities. Thus, we can choose local coordinates to set {2 = 1 under
smoothness assumptions.
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As for the ODE, the conditions for Painlevé integrability in the cases
p=—1,p=—2and p < —3 are the same as for p = 1, p = 2 and
p > 3, respectively, as we can go from p to —p by changing x into y !
Therefore, the integrable cases for the PDE correspond to the same as
for the ODE, that is to say either X is a hyperbolic surface of curvature
—1/2 and |g¢| = 1 or X is flat and |¢| = 1/3. Notice however that for
p=1 (or ¢ =1) we did not have a soliton solution but for p = —1 (or
g = —1) we find exactly the usual Abelian Higgs model on hyperbolic
surfaces, whose solutions are well understood.

Here it is worth pausing to explain why we require p to be an inte-
ger. If p is not an integer then the PDE does not admit the Painlevé
property, however it may be transformed into one having this property
under a change of variables replacing x by some power of x, which
might reveal further integrability properties. However, once we substi-
tute the series expansion y = ¢”> -, re® in (3.17) and divide the
left hand side by ¢, the resulting expression takes the form

gp—1
p
(power series in @) — QP2 <Z ngpk) =0,
k>0

and for the second term to vanish for p non-integer while y, # 0 we
would require that 2 = 0, which is not our interest.

We have done the Painlevé analysis by expanding the x in power
series of . We could have also used the “reduced ansatz” proposed
by M. Kruskal and explained in [69] which consists in supposing that
0. # 0 and expanding y in power series of x — ¥(y), where ¥ is a
function such that ¢(¥(y),y) = 0 that exists by the implicit function
theorem. Even though this ansatz is clearly analogous to the Painlevé
analysis for ODEs and can simplify calculations considerably, in our
case we would have needed to expand Q(z,y) in power series of x—1(y)
with respect to the first variable and thus we decided not to use it.
Anyway, similar calculations with this ansatz yield the same results.
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3.3.1 Explicit solutions

For 2 =1 and ¢ =0, (3.17)) becomes the sinh-Gordon equation AO% =
sinh 2 while for ¢ = =3, it becomes the Tzitzeica equation [51], 52, 27]

3

Agu + % (e —¢") =0, (3.21)

where u = gh. These equations were studied in the context of Abelian
vortices in [22], where the cases considered correspond to ¢ = % and
q = 0 in our language. However, the analysis presented here points to
a new solution in the case ¢ = —% and completes the list of integrable
cases under the class of models considered. We will focus on the details
of this new solution, bearing in mind that they are analogous for the

other two cases.

We still need to apply the boundary conditions so that we can cal-
culate physical quantities such as the energy, magnetic flux and vor-
tex strength. We thus have to know the behaviour of the asymp-
totics of the solutions to (3.21)). If we apply the cylindrical sym-
metry reduction v = wu(r), supposing that w is only a function of
the radial coordinate, reduces to a Painlevé III equation with
choice of parameters (1,0,0, —1) under the change of variables u(r) =
27 %ﬁ p2/3:

Inw(r) — %lnr—l—%lnz, r=

dp? ~w\dp) pdp " p W

The behaviour of its solutions in the asymptotics were studied in [36].
We thus apply this reduction and equation (18) in [36] with g; = g» = 0,

ggzl,T:%and3:1+2cos [2(6 — 2N)] to find

d?w 1(dw>2 ldw w? 1

) o
h = —3u ~y0 —31n | (N — 3)212% re

9 1 2 217
(1 _ a123(N—3)7~—3<N—3))
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where ) N ) .
o = 33l Ge+3)TGEO+5)
FGU-35)TG6E-%))
and N is the topological charge (or vortex number), which is allowed
to take values N =1 and N = 2.

The results below fig. 1 in the same reference gives the behaviour

at r — o0,

3v'3
b= Bum, . Y3 {1 +2cos [g (6 — 2N)} } Ko(r),  (3.23)
s

where Ko(r) ~y—0 4/5-¢ " is the modified Bessel function of second
kind. The strength of the vortex can be read off from the coefficient
before the Bessel function K and takes approximate values 2.23 and
4.19 for N = 1 and 2, respectively. For comparison, these values are

approximately 1.80 and 1.45 for the models with ¢ = 0 and ¢ = 1/3,
respectively, for which only N = 1 vortex solutions are allowed [22].

Figure 3.1: Square of the modulus of the Higgs field |¢|? (left plot) and the magnetic
field B (right plot) as functions of r for vortex number N = 1 (dashed lines) and

N = 2 (full lines) for solution (3.22|-{3.23)).
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In figure[3.1| we plot the magnitude of the Higgs field square |¢|* and the
magnetic field B as functions of r associated to this solution for both
vortex numbers. We notice, using equation (3.22)), that the magnetic
field blows up at the origin as B ~ r~2¥/3 and would not be integrable
for N > 3. This restricts N to be 1 or 2, as mentioned above, in
order to obtain a finite magnetic flux. In fact, a direct calculation
shows that [, B = 27N (c.f. also equation (3.2)). It can be done by
using equations (3.4)) and along with rotational symmetry to write

1
B—__i(

2r dr

2
i / _— dh TdT’dQ = ——= T@ — N7
21 2r dr dr

where we have used the asymptotic expressions ([3.22)) and ([3.23)) in the
last equality.

The magnetic field for the models corresponding to ¢ = 0 and ¢ =
1/3 present a similar behaviour. At the origin they diverge as B ~ r~1
and B ~ r~*3, respectively, while they monotonically tend to zero at
infinity. Both give the same magnetic flux 27 corresponding to N = 1
vortex solutions.
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Chapter 4

Metrisability of Painlevé equations
and degenerate solutions

In chapter [3] the Painlevé test was presented as a means to find neces-
sary conditions for a differential equation to admit the Painlevé prop-
erty. We also mentioned that there exists a classification of second order
ODE’s admiting this property. These equations define 2-dimensional
projective structures whose metrisability can be analysed. The local
metrisability problem in 2D was solved in [6]. It turns out that such
projective structures are metisable if and only if their corresponding
ODE’s admit a first integral quadratic in 4. In particular, we con-
clude that the real solutions y(z) of the Painlevé transcendents can-
not be geodesic curves of a metric, except for the special case for
PVI (0, 0,0, %), which admits the so called “Picard solutions” in terms
of the Weierstrass g function and for which the projective structure
is flat. Moreover, the metrics associated to the metrisable projective
structures all admit a Killing vector, allowing us to recover the known
quadratic first integrals, providing a geometrical interpretation to them.

In the second part of this chapter, we consider a problem raised
in [23], where it is shown that the Egorov and Newtonian projective
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structures in 3 dimensions are not metrisable and admit a degenerate
solution space of the metrisability equations of dimension at most 3.
We prove that in n dimensions the solutions of rank k£ < n for a given

kernel form a vector space of dimension at most k(b 1) (c.f. Theorem

2
and that this bound is attained.

4.1 Metrisability of projective structures

Consider the set of affine torsion-free connections on an n-dimensional
simply-connected smooth orientable manifold M. We define the fol-
lowing equivalence relation: two connections I' and [ are projectively
equivalent if they share the same unparametrised geodesics. We will
also write V and @, referring to their covariant derivatives.

Definition 4.1. A projective structure [I'] is the class of torsion-free
connections that are projectively equivalent to I'. We could also denote
(] by its corresponding covariant derivative [V].

There is an algebraic formulation of this equivalence relation given
by

Proposition 4.1. Two torsion free connections I' and I are projectively
equivalent if and only if there exists a one form Y, such that

¢ =T9 + Y0 + Y08 (4.1)

Proof. Let V' be a vector field tangent to a geodesic of the connection
I'. It means that there exists a function v such that

VOV, V= oV (4.2)
We would like to characterise all possible [ such that
VIV, VP = oV?, (4.3)
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for a function 0.

Subtract (4.3)) and (4.2)) to find
VOVt o VP, (4.4)

where TP, = I — T = Equation (4.4) should be satisfied for any
geodesic and thus for any vector field V.

On the other hand,
vaverbyd — o, yye (4.5)
if and only if )
[0 =7",00 + Y0 (4.6)

for some 1-form T,. In fact, this can be easily seen by applying (4.5))
with particular choices of V* to find restrictions on I'%..

Therefore, (4.6)) is equivalent to (4.4)), and the proof is complete. [

Even though we will work out projectively invariant results, there
is a natural choice of representative in each projective class as we now
describe.

Since the manifold is orientable by hypothesis, there exists a nowhere
vanishing volume form €4...4, which is obviously unique up to a scale.
Given a projective class [I'], we can choose a representative V or, in
other words, a 1-form Y,, making the volume form parallel, namely

vaebc~~d =0. (4.7)

In fact, if Visa representative of the projective class, then V is asso-
ciated to it via (4.1) with T, = —

V.€19..n, Which is a 1-form.

1
(n+1)612~~n

Definition 4.2. A torsion-free affine connection V, admitting a vol-
ume form €g.... satisfying 15 called special.
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Special connections will play a crucial role in setting up the metris-
ability problem in terms of a linear system of overdetermined PDE’s
(c.f. Theorem [£.2)). However, the property of being special is not in-
variant under a general change of connection but only under those
corresponding to exact 1-forms T, = V, f, for a smooth function f. To
understand why, we have to look at second order derivatives. Let R be
the Riemann tensor of V, then

(Vavb - vaa) €coo.d — —Rabeeﬁo--d (4.8)

which should vanish for special connections. Let us change the con-
nection according to (4.1)) and require that the transformed expression
also vanish. Under (4.1)), the contracted Riemann tensor transforms
as }A%abee = R’ +2(n + 1)V[GTH and the transformed volume form
€c...q must be proportional to €. (as any volume form). Therefore, a
necessary condition for the V to be special is

<@a@b — @b@a> €prnnd = —2(n + 1)v[aTb]éc--~d =0

implying that T is closed and therefore exact on a simply connected
manifold.

Now, under a change of connection of the form Y, = V,f,

A

Va€bd = Va€pd — (n + 1)Ta€b~-~d-

Hence V,ép... = ™IV 6. = 0, where é,... = e Df¢, .. We call
such transformations special and a corresponding equivalence class spe-
cial projective class. So, the volume form is rescaled by e/ under
a special transformation Y, = V,f as a requirement for it to remain
parallel.

The Riemann tensor of an affine connection can be decomposed as

Rabdc - Wabdc + 52Pbc - 5;)1PGC + Babéccb (49)
were Oup = Py — Pup, Puy is the projective Schouten tensor; and Wabdc
is totally trace-free, has the same symmetries as Rabdc (including the
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algebraic Bianchi identity) and is called the projective Weyl tensor. A
connection is special if and only if 5., = 0, which corresponds to the
vanishing of (4.8]). In this case, P, = ﬁRab is symmetric.

Now we are able to formulate the problem in terms of a linear system
of PDE’s.

Theorem 4.2. Let V be a special torsion-free connection and o® be a
symmetric tensor such that det(o) = €,..p€c..q0% - - " # 0 and

Voo = 00p¢ + <P, (4.10)

for some vector field u*. Then, V is projectively equivalent to the Levi-
Civita connection of the metric defined by

g% = det(0)o®. (4.11)

Proof. See [25]. O

By contracting indices in (4.10) we see that pu® = %Hvbaab. Then,
(4.10) can be rewritten as

1 1
by — be b cd c bd
V., =V, 0" - ——0'V — ———°V =0, 4.12
( J)O ? n+1" a0 n+1" 1 ( )

where (Vaabc)o denotes the trace-free part of V,0%. Equation (4.10
is projectively invariant since it implies

Vo™ = 0L + i,

where 6 = e72/o" and i = 7 (pb + Tyo™).

4.1.1 Metrisability in 2 dimensions

In 2 dimensions we can use the volume form to raise and lower indices

according to €®v, = v® and v’e, = v,. Clearly, €%¢,. = &°.
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Since we are working with special connections, we can lower the
indices bc in (4.10) and use the symmetry of o to conclude that, in two
dimensions, (4.10]) is equivalent to a Killing equation

V (a0he) = 0. (4.13)
In fact, to show that (4.13)) implies (4.10]), write (4.13)) explicitly for the

four choices of symmetrised indices (abc) and raise indices by multiply-
ing by €'2. Notice however that this equivalence is not true in higher
dimensions.

Let us analyse in more detail. Let us choose local coordinates
(1, 2%) = (z,y) for M. Let ¢y = o011, 19 = 012 and 3 = 099. Choose
the following Thomas symbols [66] as representative of the projective
structure: IS, = I', — %Fgaég — %ngég, which is independent of the
initial choice I'?, € [[']. Now, it is worth commenting that 'Y is not a
1-form, and thus II¢, does not transform as an affine connection in gen-
eral, but only under coordinate transformations of constant Jacobian||
So once we choose this representative we can only apply this kind of
coordinate transformations in (4.13). In particular, Thomas [66] intro-
duced the terminologies “equi-transformation” for coordinate changes
preserving the volume (of Jacobian identically 1), “projective connec-
tion” for 11, and “equi-tensor” for entities such as 'Y, transforming
like tensors under equi-transformations.

Equation (4.13]), using the projective connection IIf,, yields

% = §A1¢1 — 2A012, (4.14)
AN s
%1/;1 4 26;22 = %Azwl - §A1@b2 — 24043, (4.16)
%@f + 2%‘22 = 2430 — %Awg - §A2w2, (4.17)

!The coordinate transformation of Thomas symbols are given in equation l}
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where
Ag=-T2%, A =T} —2I%, Ay=201,-T%, A;=T.,. (4.18)

The functions A; will reappear as coefficients of the unparametrised
geodesic equations in (4.24]) and are all independent of the representa-
tive in [I'].

According to Theorem [4.2] if there exists a solution of (4.14H4.17)

such that A = 113 — 13 # 0, then the corresponding projective struc-
ture admits a metric connection. The metric components (4.11)) with
low indices read

E:¢1/A27 F:¢2/A2a G:¢3/A27 A:¢1¢3_¢§ 7&07

(4.19)
where ' = g1, F' = g12, G = goa.
4.2 Hamiltonian description of geodesics
Consider the metric
g = E(x,y)dx* + 2F (z,y)dxdy + G(x,y)dy*
and the geodesic Hamiltonian
1
H = 5 9ap"p". (4.20)
After eliminating p, := gapp” in Hamilton’s equations
OH
T4 = (4.21)
Opa
oH
)y = ——=——, 4.22
p 5 (4.22)
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where "indicates derivative with respect to ¢, we find the geodesic equa-
tions
i 4+ T4a%¢ = 0, (4.23)

We have identified (z,y) = (2!, 2?).

Since we are working in two dimensions, there are two of those.

The unparametrised geodesic equation can be found by eliminating ¢
in (4.23). It is a second order ODE at most cubic in y/(x),

y' = As(,9)y" + Aoz, 9)y? + Az, 9)y' + Ao(,y),  (4.24)
d 1d

where the A;’s are defined in (4.18) and ’ means — = ——, assuming
de  xdt

© # 0. To derive this equation, it is useful to suppose that & and y
are different from zero, divide the equations for z and y in by
2 and y, respectively and subtract them. Equation is obviously
independent of the parameter of the geodesic equations and can be
derived in the same way even if we do not start with an affine parameter.
Here we assumed that we can invert the function z = x(t), which is
true in sufficiently small neighbourhoods of points ¢ where &(t) # 0 as
assumed above.

A particular interesting case for the integrability point of view is
when the metric g admits a Killing vector K. In this case the following
quantity is conserved along geodesics

K, &% = g K'3°. (4.25)

By construction, the Hamiltonian (4.20)) is also conserved along un-
parametrised geodesics. Thus, using (4.25)) to eliminate ¢ in (4.20)) we
find that

1
(Kl + KQ?/)

is also conserved along geodesics. In other words, (4.26]) is a first inte-
gral of the unparametrised geodesic equation (4.24)).

5 (E(z,y) + 2F (z, )y + G(z,y)y") (4.26)
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This result generalises to the following theorems.

Theorem 4.3. If a projective structure in n = 2 dimensions admits at
least two linearly independent solutions oM and o to , then

1 1 1
I N 051) + 2052)?/ + 052)9/2
LY Y) = ) @, ) 5
011 + 2005y + 055’y

is a first integral of the unparametrised geodesic equation .

If one of the solutions, say o is degenerate, then the projective

structure is metrisable and the corresponding metric g admits a Killing
vector.

Proof. For the first part, it suffices to notice that equation (4.13)) means

that 0@ (i = 1,2) are Killing tensors. Therefore 1()(t) := 0;?:&2 +
20&)@] + Uélz)y'Q are conserved along geodesics, that is to say 1) = 0 if

(x(t),y(t)) parametrise a geodesic with affine parameter ¢. Then

d 1d 1MW)

%I(fc: y(x)v y/(CE))

IO

where we have used /4 = y' to write I = 1) /1%

For the second part, the projective structure is metrisable as a conse-
quence of Lemma 4.3 in [6]. Now, if o) is degenerate, then there exists

a non-vanishing 1-form w such that Jg) = w,wp. Then the metrisability

equations (4.13)) yield
V(awb) = 0.

It does not yet mean that ¢®®w; is a Killing vector of g because V is
not the Levi-Civita connection, which is obtained by applying a trans-
formation (4.1) with Y, = V, (=3 1n]A[), so that

A

Viawy) =0,
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where w = % and V is the Levi-Civita connection of the metric g =

o/A? (c.f. equation (4.19)). This means that ¢?°Qy, is a Killing vector
of g. []

Again, we stress that T, = V, (—3 In|A]) above is not a tensor, but
an equi-tensor (c.f. paragraphs below equation (4.13))).

The proof of the following theorem is included in the previous one
and gives a relation between Killing forms and degenerate solutions to
the metrisability equations in two dimensions.

Theorem 4.4. A two-dimensional projective structure [V] has a special
representative V. admitting a Killing form wq, i.e., Vqwy = 0, if and
only if it admits a degenerate solution o, = wwy) to its metrisability
equations ([§.13). Moreover, if this projective structure is metrisable,
then its degree of mobility is at least 2.

The converse of the last statement is not true. In fact, if the degree of
mobility of a projective structure is greater than 1, then the metrics do
not necessarily admit a Killing vector. As a counterexample, consider
the pair of metrics

I = (X(2) = Y(y)) (da® + dy’)

2= (ng - X@) ()?m y ;l?y)) ’

which is projectively equivalent and whose unparametrised geodesic
equation is

and

1
2(X(z) = Y(y))

These metrics do not admit a Killing vector in general, but it is clear
that the projective structure has degree of mobility at least 2.

y// +

Y+ X"y +Y'y* + X'y?) = 0. (4.27)
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From Theorem [1.3], a first integral of (4.27)) is

det hi\ > (ho)wi®i® Y (y) + X ()y”
det h2 (hl)ab.fa:jfb N 14+ y’2 .

In section (4.3, we show that all Painlevé equations admit a special
representative admitting a Killing form (following Theorem [4.4). The
problem of existence of Killing forms for two-dimensional affine connec-
tions was solved in [I1] (c.f. also Chapter [5]), where it was also shown
that the semi-invariant vy defined in [31] necessarily vanishes for projec-
tive structures having special representatives admitting Killing forms.
Therefore, our results allow us to say that v5 vanishes for all Painlevé
equations [31].

The simplest projective structure is the flat one, namely, whose un-
parametrised geodesic equation is y” = 0 (up to point transformations).
In this case, the general solution to equations (4.14H4.17) has 6 con-
stants of integration and the metric has constant curvature [25]. Actu-
ally, these three properties are equivalent [6, 25].

Let us state a result known to R. Liouville giving necessary and
sufficient conditions for the projective structure to be flat.

Theorem 4.5. (/1] A second order ODE y" = A(x,y,y') is equivalent
to y" = 0 under a point transformation, i.e., the projective structure is

flat, if and only if it is of the form and the following quantities,

called Liouville invariants, vanish identically

20°A,  10%4, 0%A 0As 0Ay 0Ay
== - - Ag—2 p Ayl gy =t
30x0y 3 Ox? Oy? + 4 dy A dy o
0As 2  0A; 1  0A
~ 2oy T3y T3t

Ly
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20%°4y  10°A;  0%Aj 0A; 0As3 8A3

Ly="> _ = - —A A T A
27 3020y 3 02 8:1:2 or  on T, T
8A0 8A2 aAl
24 b 24,00 —A e
T, Jy 3 > O oy

The vanishing of both L; and L, is invariant under point transfor-
mation, but not the vanishing of each one individually. This is because

L1 and Ly can be interpreted as the components of a 1-form recovered
in [I1] (c.f. also Chapter [5)).

In what follows, we will study metrisability of projective structures
defined from the Painlevé equations considered as unparametrised geo-
desic equations of the form . To calculate first integrals, when
they exist, we will find a Killing vector and use (4.26)), however we
could also use Theorem [4.3]

4.3 Metrisability of Painlevé equations

In this section, we analyse the metrisability of projective structures
originated from the Painlevé equations, which are of the form ({4.24]).
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The six Painlevé equations are:

y// _ 6y2 1+ (PD
Y =2y + 2y + o (PII)
1 1 2 J
y// _ _y/2 _ _y/ + &y_ + ﬁ + 7y3 + — (PHI)
Y T x x Yy
Y = iy’Q T §y3 + 4oy + 2(2* — a)y + b (PIV)
2y 2 Yy
1 1 1 —1)?
y//:<2__|_ )y/Q__y/+(y 2) (ay+é>+
y y—1 v 4
+1
#ol s tY (BV)

(PVI)

+
(y—12  (y—=2)?
where o, . .., 0 are constant parameters and the metrisability properties
will strongly depend on their values. When convenient we will indicate

them in parenthesis in front of the equation label, for instance: (PII)(«),
(PIII)(«, ,7,9) and so on.

These equations do not have a cubic term in y' (A3 = 0). A general
(not unique!) approach to seek solutions to the metrisability problem
of this kind of projective structure is the following:

0. (optional) calculate the invariants in [25]. If they do not vanish
identically, then there is no non-trivial solution to (4.1414.17)) and
there is no point following the next steps;

1. solve equation (4.15)) for 3 (note that Az = 0);

2. substitute 3 in (4.17)) and solve it for ws;
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3. apply the integrability condition 0,0y1 = 0,091, Vx,y, to the

remalnlng equatlons and -

4. if step 3. is successful, solve equations (4.14)) and (| -

Step 0. is optional because it is equivalent to step 3. After steps 1.
and 2., in general, we end up with a solution for 1, and 3 depending
on arbitrary functions of x and y originated from integration of PDEs.
Step 3. is necessary to fix those functions up to constants of integration.

The above steps may be troublesome to be performed by hand, but
they are easily implemented on the computer using softwares of sym-
bolic calculus.

In [6] it is shown that (PI) is not metrisable. The same is true for
(PII) and (PIV). The reason is that step 3. above implies 12 = 13 = 0
and thus we cannot define a metric via (4.19). On the other hand,
(PIII), (PV) and (PVI)-projective structures are metrisable for special
values of parameters, as we discuss below. The values of the parameters
can be found in step 3. from the condition 0,0,¢1 = 0,0,%:, which
involves «,...,0 and should hold for all values of x and y in their
domain of definition.

For other choices of parameters, step 3. forces us to choose ¥y =
3 = 0 and get a degenerate solution. An obvious degenerate solution
is the trivial one v; = 0. However, for the Painlevé equations, there
always exist non-trivial ones spanning a 1-dimensional space, which is
the maximal dimension allowed to degenerate solutions (c.f. Corollary
below or Lemma 4.3 of [6]). To see this, set 1)y = 13 = 0. Then
(4.14H4.17)) reduce to a closed overdetermined system for ¢); which has a
non-vanishing solution if and only if 8, 4; = 20, As. It is straightforward
that this condition is fulfilled by all equations (PI-PVI), that is why all
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invariants of [6] vanish for Painlevé equations. The degenerate solutions
corresponding to each Painlevé equation are, up to a multiplicative
Y43

constant, (PLPI): ¢y = 1, (PIII): ¢y = &5, (PIV): ¢y = y?/3, (PV):

e B 2/3
g1 = L and (PVI): v = (2 — ) ||

After analysing (PIII), (PV) and (PVI), we explain in Section [4.3.4]
how the metrisability results of (PIII) are related to those of (PV) by
the method of coalescence of Painlevé equations.

4.3.1 Painlevé 111

Applying steps 1. to 4. above lead us to conclude that (PIII) is metris-
able only in the following cases: a« = vy =0or § =9 = 0. If all pa-
rameters are zero, then the projective structure is flat. Actually, both
cases are essentially the same since the change of coordinates y — i in-
duces (PII)(«, 8,7,0) — (PII)(—6, —a, —0, —7) and all results from
one case can be recovered from the other through this map. Therefore,
we only explicitly present the detailed results for 5 =6 = 0. We have
two subcases to analyse, (a,y) # (0,0) and (a, ) = (0,0).
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Case § =0 =0 and (a,v) # (0,0)

If 6=6=0and (a,7) # (0,0), we have a two-dimensional family of
solutions giving rise to the metric
B B — Azy(2a + yxy)
g -~ A222(A — B+ 2Aaxy + Aya?y?)?
2
JrAa:y(A — B+ 2Aaxy + Avyx?y?)?
+ ! dy®
Ay?(A — B + 2Aaxy + Aya?y?)? v
where A and B are arbitrary constants. The metric admits a one-
parameter family of isometries (z,y) — (ex,e %y), generated by the
Killing vector

dr’+

dxdy+

(4.28)

0 0
K = T~ ya—y
Then, if we define B = % —1,
T
x (B — 2qxy — ’nyyQ)

is conserved along geodesics and

Ck =

I\ 2 /

I =22 (y—> + 2x2 — 2axy — oty
Y Y

is a first integral of (PIII) [30]. Alternatively, we could have used The-

orem [4.3] to find the same results, in fact notice that for A = 0 we have

a degenerate solution.

By defining new coordinates r = zy and s = In |z| the metric takes

the form

1
g= dr?

. 2 - .
A3 (—B + 2ar + 77’2> 2 A3 (—B + 2ar + 77“2)

1
ds®.

By rescaling r we can set either o to 1 if aw % 0 or y to /|| if v # 0.
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Casea=0=7v=06=0

If a =p=~=¢=0, we have a six-dimensional family of solutions,
meaning that (PIII) gives rise to a projectively flat metric of constant
curvature [25]

g=[-12(C1 + Colnx + Cs(Inz)*)(3Cs — 2C5 Iny + 3C5(Iny)?)+
+(6Cy — 3CyIny + 2 z(Cs — 3C5Iny))?]  x

2
X {432 [SC’G —2C5Iny 4+ 3C5(In y)Q} <d§> +

dxd
H432[6C, — 30 Iny + 21 (G — 303 Iny)] = Pt
d 2
+1296 [Cl + Cylnx + 03(111 33)2} <gy> } )

where C;, 1 = 1,...,6 are arbitrary constants.

Since the projective structure is flat, (PIII)(0,0,0,0) can be put in
2

a?y
the form rehn 0 with Y = ¢e¥ and X = Inxz. To see this, set Cy =

C3 = Cy = (5 = 0, then it is clear that X,Y are flat coordinates for
this metric.

4.3.2 Painlevé V

We have analogous results for (PV). The projective structure is metris-
able if and only if v = 0 = 0, and it is projectively flat admitting a
metric with constant curvature if and only if a =8 =~v=0 = 0.
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Case v =9 =0 and (¢, 5) # (0,0)

If y=6 =0 and («,5) # (0,0), we have a two-dimensional family of
solutions giving rise to the metric
Y 2 Y 2
I By oA -yt Ay~ DBy + 24 — g P
(4.29)
which admits (z,y) — (e, y) as as one-parameter family of isometries,
generated by the Killing vector

0
K=x—.
e
Then, if we define B = %, the quantity
_ Y z
28 — By — 202 ©

is conserved along geodesics and

1 "\? 2
]:_(xy ) +—6—204y
y—1

Ck

Y Y
is a first integral of PV (c.f. [30]).

By defining 6 = In |z|, the metric becomes

= Y do* + Y dy?.
A3[By +2(8 — ay?)] Ay —1)?[By +2(8 — ay?)]?
By redefining A, B and 6 we can set either § to % if 8#0or ato ﬁ
if a #£ 0.

g:

Casea=0=7=0=0

If a =p=~=209 =0, we have again a six-dimensional family of
solutions, meaning that it gives rise to a projectively flat metric of
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constant curvature [25]
g =27 [9(C} — C3C%) + 9(C} — 4C5C5) (arctanh /y)*+
+6 arctanh \/5(20203 — 3C,CYy + (CQC4 — 60105) In ZB)—l—
+Inz(6C,Cy — 9C,Cs + (CF — 9C5Cs) In )]~ x

3Cs — 4Cy arctanh | /y + 12C5 (arctanh \/§)2 5
X " dx*—
_2301 + CyInx — 3arctanh /y(Cy 4 2C5 In ) ddy+
z(=1+y)\/y
Cs+Inx(Cy+ Cslnz) 2}
+3 dy” ¢,
(—1+y)%y
where C;, 1 = 1,...,6 are arbitrary constants.

A’y
Equation (PV)(0,0,0,0) can be put in the form — = 0 with ¥ =

dx?
In (%) and X = Inx. These coordinates can be found by choosing

Ci = (Cy = Cy = (C5 = 0, then the metric is flat in the coordinates
X,Y.

4.3.3 Painlevé VI

(PVI) is metrisable if and only if @ = 3 =~ = 0, § = 5. This choice
of parameters is well-known. In fact, in this case (PVI) has a solution
given in terms of the elliptic integral [30), ]

" dw (@) Hhea(e),  (430)
/0 Vw(w—1)(w—z) = awi(2) +bun(), '

where the right hand side is the general solution of the Picard-Fuchs
equation

4r(xr — 1) (z) — 422 — 1) (z) — w(z) =0, (4.31)
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with @ and b constants. Since the constants of integration appear lin-
early in (4.30]), the projective structure is ﬂa. In fact, PVI (O, 0,0, %)

dw _ wi(z

Vuw(w=1)(w—z)’ o wa(x)”

is trivial in the variables Y = — 1 f y
2(.’]&‘) O

A “first integral” is given by [§]

_ y' B(z) Y . B(x) dw
- Vyly = 1)y — ) +/0 [A( )+ 2(w—fc)] Vwlw —1)(w—z)
(4.32)

where A and B are a solution to the Picard-Fuchs adjoint equations

{A@)—Bwuﬁj

B@) =-Bla)i - Aw)

4.3.4 Coalescence

The first five Painlevé equations (PI-PV) can be derived from (PVI) by
the process of coalescence [33]. It is described by the following change

2This is actually the definition of projective flatness used by Liouville [41]
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of variables and constants, upon taking the limit € — 0,

o 5 v
(PVI)— (PV):zw+—1+ex, 5|—>§, 7|—>_6_2_|_?
1 1 B
PV)—= (PIV):x—1 2 = — = — — =
( ) ( ) Z +\/_€x7 Y \/§€y7 04 9l B Ik
1 «
S S S
LA et’ ~ 264+62’
(PV) — (PIII):z — 2%,y 1+ exy, aHéJr%
Y €3 €20
= == = —, 0 —;
P =g 77y g
1 €x 1 22/3y
(P]V)—>(P]I):x»—>—6—3+%, y._>€_3+ —.
1 1
aw—ﬁ—%z, BH_ﬁ’
1
(PIIT) — (PII): 2+ 1+ éx, yr 14 2ey, @ =5
€
1 2a¢ 1 1
P 2€6+ e’ 7 48’ 46’

6 1 4
(P]I)—>(PI):xb—>—TO—|—62x, Yy = tey, a .
€ € €

We can use this process to recover a metric of (PIII)(a,0,7,0) from a
metric of (PV)(«, ,0,0). To do so, it is necessary to start with (4.29)
with the constants of integration

4 4y 77 B (—oze—l—v)(él?ze—l—ZW):ls.
20e + 7y €23

wino

Then, in the limit ¢ — 0, we find the metric (4.28) with A;;; = 1
and By =1 — 4%2, where we have attached the index /1] to indi-
cate that these constants A;;; and Bjj; correspond to the metric of
(PIII)(c, 0,4,0). This is valid of course only if v # 0. In the case v =0

20A11+(—Ar+B
we need A = 4?3 A and B = = m+(22/3[6”+ e

Taking into account the transformation of the parameters o, ..., 0
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in the coalescence procedure, it is clear that we cannot recover metris-
ability of (PIII) and (PV) from (PVI).

4.4 Degree of mobility of degenerate solutions

One of the conditions of Theorem for the existence of a metric, is

that det(o) # 0. In this section we will be interested in solutions of

such that det(o) = 0. More precisely, we want to find bounds to

the dimension of the solution space of under the <rest)]riction that
k(k+1

o is a singular matrix. We show that this bound is =5— for rank-%

solutions once the kernel is fixed (c.f. [6] for the result in dimension 2).

Let us write the metrisability equations under the condition
det(c) = 0. We suppose that there exists a non-vanishing 1-form w
such that

0wy, = 0. (4.33)

Differentiate (4.33)) to obtain

(Veo™) w4+ 0"Vewy, = 0, (4.34)
use (4.12)),
o™V oy, + - + 1wbvd0bd + n‘i 1vdo—ad =0 (4.35)
contract with w,, use and to find
01V qwa = wWe Vo™ = 0. (4.36)
Substitute it in (4.35))
w, Vo = —(n + 1)0"V wy,. (4.37)
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This allows us to rewrite (4.10)) in a closed form
wiVeo" = — (520" + 520™) V .. (4.38)

The condition (4.33]) allows us to determine all partial derivatives of
o in terms of w and ¢ and no prolongation is needed in this system
once the w’s are fixed. It is not clear how to fix the kernel of degen-
erate solutions, but some differential and algebraic restrictions can be
derived.

Equation (4.38)) should be consistent for all values of the index d.
The consistency conditions are algebraic in o and can be obtained either

by contracting (4.38) with w, and using (4.34)) or by multiplying (4.38)

by wy and anti-symmetrising [df]:

0 (waV ewe — weVawe) = 0. (4.39)

Further conditions, this time algebraic in both ¢ and w, can be
obtained as follows. Differentiate (4.39)

V; [abe (WaV we — wcvdwe)] =0,
multiply it by w, and use (4.38) to get
o’ [(weViws — wiVews) Vgwe + wy Vs (wgVewe — weVawe)] = 0.

In particular, by using (4.39) in the last two terms and anti-symmetrising
in ¢, d, f we get 0w V;Vgw, = 0, which is an algebraic condition in-
volving the Riemann tensor

Jaew[chd}be Wy = Uaew[chd]bewb = 0, (4.40)

where we used (4.9)) in the first equality.

An inductive argument involving the second Bianchi identity gener-
alises this result as the following theorem.
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Theorem 4.6. If 0 is a degenerate solution to the metrisability equa-
tions and w is a closed element in its kernel, then

ae

oW Vg, -+ Vg jwe =0

form=1,...,n— 1. Equivalently,

ae

o oWV we =0, if m=1,
o O-aew[cRalag]he wp =0, me =2,
° anw[CRa1a2h|f|Ra3a4f|z| R, aewn =0, if m>2is even and

° anw[cRa1a2h|f|Ra3a4f|:| e Ram72am71:‘e| Vam]wh =0, ifm > 1 1is odd,

where the : in an index position means that the corresponding index is
contracted with another indez in --- and the vertical bars | | around
indices mean that these indices do not take part in the antisymmetrisa-
tion.

Geometric properties of the kernel

Let us now study some geometric properties of the kernel of a degen-
erate solution o. Since equation (4.36) is true for all w € kero, it is
a matter of linear algebra to deduce that V0% € Imo. Thus there
exists a 1-form S, such that

1
— = " 1Vd0“d = 0"S,, (4.41)

Theorem 4.7. Let o be a degenerate solution to (4.19). Then, its
kernel is spanned by exact 1-forms. Moreover, the integral manifold
defined by the kernel is totally geodesic.
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Proof. Let w € kero and let s = n — rank ¢ be the dimension of kero.

From and ,
o™ (V awy + weSy) = 0.
Therefore, there exist 1-forms T such that
Vewp + weSp = Tc(l)wél) + -+ Tc(s)wés).

By anti-symmetrising [cb] we conclude that dw belongs to the ideal al-
gebraically generated by ker 0. By Frobenius theorem, ker ¢ is spanned
by exact 1-forms and there exists a coordinate system %', ..., y" such
that ker o = span{dy™*"1,... dy"}.

For the second part, let us work in these y-coordinates. Let ¢, 7, k, ...
be indices taking values from 1 to n — s, a, 8,7,... take values from
n—s+1ton and a,b,c,... take values from 1 to n. In such coordi-
nates, saying that the submanifolds {y® = const} are totally geodesic
means that geodesics starting with with initial velocities tangent to
such submanifolds remain in these submanifolds. Explicitly, let the
affine parametrised geodesics be given as solutions to the equations

" + Teg'y = 0,

then, choosing a > n — s we see that if y9* =0, a=n—s+1,...,n
at some value for the affine parameter, then y* remains 0 for the whole
geodesic motion. Looking at the geodesic equations above for a > n—s,
we conclude that this is the case if and only if I'}; = 0. Let us now show
that all such I'f; symbols vanish because of the metrisability equation.

Choosing w = dy®, we conclude that ¢ = ¢%* = 0 and that
the submatrix (aij ):L;_sl is non-singular. Therefore, writing (4.12]) for

)=

a,b,c > n — s yields

ST .0 + 5P 6 = 0,

a™ i at ij

which implies that
oI} = 0. (4.42)
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Now, writing (4.12)) for a,b <n —s, ¢ >n — s,
v ki kY i

where we used (4.42)) in the last equality. This implies that I'j; = 0

because the submatrix (aki) is invertible. This concludes the proof
that the integral submanifolds of ker o are totally geodesic. []

From basic linear algebra, the submanifolds defined by kero are
integrable submanifolds of the distribution generated by the image of
0. Thus we deduce the following corollary.

Corollary 4.8. Under the conditions of Theorem [{.7, the distribution
defined by the tmage of o is integrable.

Proof. We write here an alternative proof to the one given by the pre-
vious paragraph.

Let V@ = 0% Q! i = 1,2, be two arbitrary vectors in the image of
arbitrary 1-forms Q' by o. We want to show that [V}, V3] € Imo. In

fact, using (4.10)),
HGJQF::QU@(QQQ?MW+0%QEVQQ?)elnun

By Frobenius integrability, the image of ¢ is an integrable distribution.

[]

Theorem [4.7] allows us to make a suitable choice of coordinates to
prove the final result of this section.

Theorem 4.9. The maximal dimension of the solution space of

under the condition k = rank(c) < n for a given ker o is k(k;l), where

k=0,--n—1.
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Proof. Once the kernel of ¢ is fixed, using the results and the notation
of the proof of Theorem 4.7, we can choose the kernel of ¢ to be spanned

by w® = dy" st i =1,...,s. This implies that ¢®® = 0. There are
k(kT1)

another =5~ unknowns o*”. Equations (4.38) give rise to a closed
system of linear PDEs for ¢ and thus the maximal dimension of the
solution space is @ ]

Let us give an example of a projective structure that is not metrisable

and saturates the maximal bound @ Consider, in local coordinates

xt, ..., 2" the connection given by I'l = —%2, 2 = —%1 and all the
other symbols equal to zero. This is a particular case of the Newtonian
projective structure [23], 24] describing a classical particle moving in the
(n — 1)-dimensional space (x!,..., 2" 1), 2" playing the role of time,
under the potential V' = z'z?. This Newtonian connection admits dz' A
-+ Adx" as a parallel volume form, so it is special. A careful analysis
of the metrisability equations gives the solution o = 0, for
a=1,...,nand o = Cy, for k,l=1,--- ,n — 1, where Cj; = O}, are
arbitrary constants. Thus, the projective structure of this connection

saturates the bound n(n —1)/2 for the dimension of the solution space.
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Chapter 5

First integrals of affine connections
and Hamiltonian systems of
hydrodynamic type

The existence of a first integral of a geodesic flow of an affine connec-
tion| puts restrictions on the form of the connection. A generic connec-
tion admits no first integrals. If the connection arises from a metric,
and the first integral is linear in velocities, then the metric admits a
one-parameter group of isometries generated by a Killing vector field.
Characterising metrics which admit Killing vectors by local tensor ob-
structions is a classical problem which goes back at least to Darboux
[15], and can be solved completely in two dimensions. The analogous
characterisation of non-metric affine connections has not been carried
over in full’l It is given in Theorem [5.1], where we construct two in-
variant scalar obstructions to the existence of a linear first integral.

Since the Killing equations are invariant under special change of connections in the sense of
, the existence of linear integrals is a property of special projective classes (c.f. above equation
(4.9)), although not of the whole projective structure.

The remarkable exception is the paper of Levine [40] and its extension [67] where the necessary
condition for the existence of a first integral was found, albeit not in a form involving the Schouten
and Cotton tensors. The sufficient conditions found in [40] are not all independent. Levine gives
seven tensor conditions, where in fact two scalar conditions suffice.

5



A non-metric connection can (unlike a Levi-Civita connection) admit
precisely two independent linear local first integrals. This case will also
be characterised by a tensor obstruction.

As an application of our results we shall, in Section [5.2] characterise
one-dimensional systems of hydrodynamic type which admit a Hamil-
tonian formulation of the Dubrovin—Novikov type [20]. The existence
of such formulation leads to an overdetermined system of PDEs, and we
shall show (Theorem that this system is equivalent to a condition
that a certain non-metric affine connection admits a linear first inte-
gral. This, together with Theorem will lead to a characterisation
of Hamiltonian, bihamiltonian and trihamiltonian systems of hydro-
dynamic type. In Section [5.3| we shall give examples of connections
resulting from hydrodynamic type systems.

Let us state the main results of this chapter. Let V be a torsion-
free affine connection of differentiability class C* on a simply connected
orientable surface ¥ (so we require the transition functions of 3 to be
of class C%). A curve 7 : R — X is an affinely parametrised geodesic if
Vi74 = 0, or equivalently if

X 4+TeXX=0, abc=1,2 (5.1)

where X% = X“(7) is the curve v expressed in local coordinates X“ on
an open set U C X, 7 is an affine parameter, I'C, are the Christoffel
symbols of V, and we use the summation convention. A linear function
on TY given by & = K,(X)X® is called a first integral if dr/dr = 0
when holds, or equivalently if

V(K = 0. (5.2)

The following theorem gives local necessary and sufficient conditions
for a connection to admit one, two or three linearly independent solu-
tions to the Killing equation (5.2)). The necessary conditions involve

vanishing of obstructions Iy and T given by (j5.16) and ([5.21)) — for
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these to make sense the connection needs to be at least three times
differentiable.

Theorem 5.1. The necessary condition for a C* torsion-free affine
connection V on a surface X to admit a linear first integral is the van-
ishing, on X, of scalar invariants I and Is given by and ([5.20),
respectively. For any point p € X there exists a neighbourhood U C Y of
p such that conditions Iy = Is = 0 on U are sufficient for the existence
of a first integral on U. There exist precisely two independent linear
first integrals on U if and only if the tensor T given by vanishes
and the skew part of the Ricci tensor of V is non-zero on U. There
exist three independent first integrals on U if and only if the connection
1s projectively flat and its Ricci tensor is symmetric.

This theorem will be established by constructing (Proposition
a prolongation connection D on a rank-3 vector bundle A1(X) @ A?(%)
for the overdetermined system ([5.2), and restricting the holonomy of its
curvature when one, two or three parallel sections exist. In Proposition
B.8 we shall find all local normal forms of connections from Theorem
which admit precisely two linear first integrals.

Finally we shall consider one-dimensional systems of hydrodynamic
type. Any such system with two dependent variables (X!, X?) and two
independent variables (z,t) can be written in the so-called Riemann
invariants as

0X! oxl  o0x? 0X?
ot or ' Ot ox’
where A\ #£ A% at a generic point. This system admits a Hamiltonian
formulation of the Dubrovin—Novikov type, if it can be written as
0X* , OH

o~ s (5:4)

where H[X! X?] = fR H(X?!, X?)dx is the Hamiltonian of hydrody-
namic type, and the P01sson structure on the space of maps Map(R, U)

= \M(x X% = (X! X% (5.3)
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is given by
ab 2 bab 0X*

dx  ° Oz
The Jacobi identity imposes severe constraints on g(X*) and b(X*) —
see Section [5.2] for details. We shall prove

Qab —

(5.5)

Theorem 5.2. The hydrodynamic-type system admits one, two
or three Hamiltonian formulations with hydrodynamic Hamiltonians if
and only if the affine torsion-free connection V defined by its non-zero
components

I, =0,lnA—2B, I, = 0, In B — 24,
L, = — (%(92 InA+ A), I, = —(%al InB + B), (5.6)
where AL A2 5
A= SOy B = SVEBYL and 0, = x4 (5.7)

admits one, two or three independent linear first integrals, respectively.

This Theorem, together with Theorem leads to explicit obstruc-
tions for the existence of a Hamiltonian formulation (5.4).

5.1 Killing operator for affine connection

Given an affine connection V on a surface X, its curvature is defined
by
[V, Vi X = Ry X7

In two dimensions the projective Weyl tensor vanishes, and the curva-
ture can be uniquely decomposed as

R4 = 0a"Ppa — 05"Pag + Bapdd”, (5.8)
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where P, is the Schouten tensor related to the Ricci tensor Ry, = Re.

of V by Py, = (2/3)Rab+ (I/S)Rba, and By, = Ppo — P = _QP[ab]- We
shall assume that X is orientable, and choose a volume formﬂ €qp O 2.
We shall also introduce €* such that e%e., = 0%. These skew-symmetric
tensors are used to raise and lower indices according to V* = €V}, and
V., = ,V?". Then

vaebc = eaebca

where 0, = (1/2)€*Vepe. Set 8 = Baye®.

Proposition 5.3. There is a one-to-one correspondence between solu-
tions to the Killing equations (5.9), and parallel sections of the pro-
longation connection D on a rank-three vector bundle E = AY(X) @
A2(X) — X defined by

K, VK — €ablb
D, _ | .
( " ) ( Vo — (Pl + 560% ) K + b, ) (5.9)

Proof. Dropping the symmetrisation in (5.2)) implies the existence
of u such that VK, = uey. Differentiating this equation covariantly,
skew-symmetrising over all indices and using the curvature decompo-
sition together with the Bianchi identity yields the statement of
the Proposition.

In the proof of Theorem we shall find the integrability conditions
for the existence of parallel sections of this connection. This will lead
to a set of invariants of an affine connection V.

3All the results are independent of the choice of volume form. In fact, we could have avoided
introducing €., had we chosen to use tensor densities.
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Proof of Theorem [5.1] The integrability conditions (V,V, —
ViV ) = 0 give the algebraic condition

1
F'K,+ Bu=0, where F®= geab(Lb — €IV}, Beg) (5.10)

and L, = €“V Py, is the Cotton tensor of V. Geometrically, the condi-
tion ([5.10)) means that the curvature of D, which is a matrix, has rank
at most one, and annihilates a parallel section of D. Applying V, to
the condition ({5.10), and using the vanishing of leads to two more
algebraic conditions

MKy + Ny =0, (5.11)

where
b b 1 b N7
— Vv, <P ot 50 aﬁ)/g’, N, = —F, + V.5 — 30,

Multiplying the equation (5.10) by 26,, and adding the resulting ex-
pression to ([5.11)) results in the changes M) — M +20,F" = M}
and N, — N, + 20,6 = N,. We can use this freedom to get rid of 6°

from in ((5.11)), yielding

MKy 4 Nop = 0, (5.12)

where
M’ = ; ¥V Yigee — VaVeBae) + B PPy + %mba, (5.13)
N, = —F, + "V, By, (5.14)

and Yo = V[ .Pgp. Therefore a parallel section ¥ = (K7, Ko, 1) of
D must satisfy a system of three linear algebraic equations which we
write in a matrix form as

F' F? 3 K
MU = M M? N K, | =0. (5.15)
My' My* Ny %

A necessary condition for the existence of a non-zero parallel section W
is therefore the vanishing of the determinant of the matrix M. This
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gives the first obstruction which we write as a vanishing of the relative
scalar invariant

1
Iy = ecdebeM;(Nde . §BMbd>. (5.16)

This invariant has weight —5: if we replace e, by efeq, where f :
Y — R, then Iy — e/ Iy.The vanishing of Iy is not sufficient for the
existence of a non-zero parallel section. To assure sufficiency assume

that Iy = 0. Rewrite (| - ) and (| - as

VolU, =0, (D,V)U,=0, a=1,...,3

where V = (F!, F2, 3) in the formula above is a section of the dual bun-
dle E*, and D, is the dual connection inherited from (j.9). We continue
differentiating, and adding the linear equations on W. The Frobenius
theorem tells us that the process terminates once a differentiation does
not add any additional independent equations, as then the rank of the
matrix of equations on W stabilises and does not grow. The space of
parallel sections of D has dimension equal to 3 (the rank of the bundle
F) minus the number of independent equations on W. Therefore the
sufficient condition for the existence of a Killing form assuming that

Iy =0is
,
0
D,V
DD,V
1D2
DQDQV )

< 3. (5.17)

rank

If Iy =0and V # 0, then
cV +c1 DV + oDV =0,

where (¢, c1, ¢2) are some functions on U, and (¢, ¢2) are not both zero.
This implies that the term DDy V in (5.17) is a linear combination
of all other terms, and can be disregarded. Now, suppose that D,V =
0. Then becomes det(V, DoV, DayDyV) = 0. Equivalently, if

81



DyV = 0 then (5.17) becomes det(V, D1V, D1D1V) = 0. We conclude
that (5.17)) is equivalent to

(det(V, D,V, Dy DyyV), det(V, DyV, DDy V)) = (0,0),  (5.18)

as it is easy to show that the condition above implies . In fact,
condition ([5.18)) above gives just one independent condition: if ¢y # 0,
then the sufficient condition is the vanishing of the first component
and if ¢; # 0, then it is the vanishing of the second one. The ex-
plicit tensor expression of the obstruction is given by calculating
det(V, D,V, Dy,D, V'), which is proportional to the tensor

Wabe = FeMoVipey — FeUgpy No + BMoeUfy,y,  Where (5.19)

1
Ucba - ebdeef[g(vcvayvefd - chavdBef) + Vc(Bedea)]

1 1
+ 5€7 eV (Bey Byn)3y + € No(Pie + 58€a),  and

1
V;:a — _Mac - §€de(vcvdpea - vcvaBde)-

Therefore, the sufficient condition for the existence of a Killing 1-form,
under Iy =0, is
]S = (W1117 WQQQ) = (0, 0) (520)

We shall now consider the case when there exist precisely two inde-
pendent solutions to the Killing equation ([5.2)) (note that this situation
does not arise if V is a Levi-Civita connection of some metric, as then

the number of Killing vectors can be 0,1 or 3 - the last case being pro-

jectively flat). Therefore the rank of the matrix M in (5.15)) is equal
to one. We find that this can happens if and only if 8 # 0 and

T, =0, where T,°= N,F’— gM,". (5.21)
This condition guarantees the vanishing of all two-by-two minors of M.
Finally, there exist three independent parallel sections of D iff the

curvature of D vanishes, or equivalently if the matrix M vanishes. This
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condition is equivalent to the projective flatness of the connection V
together with the condition § = 0.

Let us now clarify why (5.20)) is actually a scalar condition. First,
notice that interpreting the tensor 7" in (5.21)) as a 2 X 2 matrix, we can
calculate its determinant, which is given by

1
det T = §€abechachd = Bly.

Thus, condition Iy = 0 implies that 7' is a degenerate matrix. In this
case, let P be a non-zero vector field such that P*7T,” = 0 and choose
coordinates such that P? = 0. In these coordinates, 77 = 0, which
means that D1V oc V' (in fact, it is easy to show that the second line of
M is proportional to the first one in this case). This implies that the
only non-zero component of W is Ws9o. Therefore, Wy, is proportional
to P, P, P, in these coordinates, hence in any other for these are tensorial
quantities. This proves the following Lemma.

Lemma 5.4. If Iy = 0, then there exists a non-zero 1-form P such
that Wa. = (scalar) P, P,P. and P*T,* = 0.

The vanishing of (scalar) in the above Lemma is the actual scalar
condition given by (5.20)), even though this scalar does not have an

explicit formula from our construction.

Remarks

e If the connection V is special (i.e. the Ricci tensor is symmetric,
or equivalently 8 = 0) then Iy = —373v3, where

vs = L°L'V, L,
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is the Liouville projective invariant [42, [6], and the indices are
raised with a parallel volume form. Note that, unlike v, the ob-
struction I is not invariant under the projective changes of con-
nection (see eq. in §5.2)).

Moreover, since the Killing equations are projectively invariant,
the sufficient condition ((5.20)) is equivalent to the vanishing of the
invariant w; constructed by Liouville for second order ODEs in
[42]. In fact, Liouville’s wy can be obtained from Wiy (if Ly # 0)
or from Waeo (if Ly # 0) by using the connection in the same
projective class annihilating the volume form given by €19 = 1.

e Theorem generalises a well known characterisation of metrics
which admit a Killing vector. See [37] or [21] where a 3 by 3 matrix
analogous to M has been constructed. In this case N = —F =

%*dR, where R is the scalar curvature, and * is the Hodge operator
of the metric g. The invariant (5.16]) reduces td]

1
Iy (= x—— 2).
N *432dR/\d(\VR| )

From the first item in the above remarks, we deduce the following
corollary.

Corollary 5.5. A special connection that is not projectively flat admits
a Killing 1-form of and only if v5 = wy = 0.

This allows us to determine a complete method to tell whether a
projective structure is metrisable, that is to say, if possible solutions to
its metrisability equations are degenerate.

4The prolongation procedure in [21] has been carried over in the Riemannian case. The additional
subtlety in the Lorentzian signature arises if VR is a non-zero null vector. We claim that, in this
case, if the metric admits a Killing vector, then it has constant curvature (and thus admits three
Killing vectors). To see it, assume that a Lorentzian metric admits a Killing vector K. If K is null,
then the metric is flat with R = 0. Otherwise it can locally be put in the form dY? — f(Y)2dX? for
some f = f(Y), which implies that R does not depend on X. Imposing the condition [VR|?> = 0
leads to R = const.
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Corollary 5.6. A projective structure in 2 dimensions is metrisable if
and only if one of the following happens:

e its metrisability equations admit a solution space of dimension at
least 2;

o its metrisability equations admit a unique linearly independent so-
lution and vs and wy are not both zero.

Proof. The first item is a result of Lemma 4.3 of [6]. The second one
comes from the fact that if the metrisability equations admit a unique
linearly independent solution, then (from Theorem and the above
corollary) it is degenerate if and only if v5 = w; = 0. []

It is natural to ask what can be said about the unparametrised
geodesic equations when the special connections of the corresponding
projective structure admits a Killing form. We will show that in this
case (which corresponds to v5 = w; = 0) there exists a coordinate
system in which the unparametrised geodesic equations take the form
y" = Ag(z,y) and these coordinates correspond to those in which the
connection with Thomas symbols admits a closed Killing 1-form. Ac-
tually, the fact that v5 = w; = 0 implied the existence of coordinates
such that the unparametrised geodesic equations do not involve first
derivatives was already known [42] (c.f. also [3]), however we give here
a different and independent proof using Theorem [5.1], providing a geo-
metric intuition to this choice of coordinates.

First, let us understand how Thomas symbols transform under change
of coordinates. The following will apply in n dimensions. Let %, z”,
x?,... be local coordinates, where «, 3,0,--- € {1,...,n}. Now, on
an overlapping chart, let v’, 4/, 4*, ... be another coordinate system,
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where i, 7, k,--- € {1,...,n}. Then [60]

_ i@gﬂ@y@az" ox° 0%y 1 508 n@_
b T IR gra 928 Oyt | Oyi 0xcdxP  n+1 Poxe T |0z
1 0 8y
57 —1 0.22
Tt 1098 " |ax (5:22)
where gy is the modulus of the Jacobian of the change of coordinates
x
y' =y (a?)

Notice that, even though the property of Christoffel symbols being
traceless is coordinate dependent (as I'?, is not a 1-form), the transfor-
mation assures that tracelessness is preserved for Thomas sym-
bols. In fact, if Hzl =0, then

oz’ 0%y 0 0
O g ] < Y}
« Oyt Ox0x® Oz |dx
Now, let us see how the Killing equations V?a Kg) = 0 transform.

The symbol V! corresponds to the covariant derivative associated to
traceless Christoffel symbols (i.e., the Thomas symbols). A direct cal-
culation shows that

8 8
II o

(9y oy [ 0 0 i
- K+ —K; — 2" K, ) |
Ox® OxP (8y oy OyJ " k)

if ,
Oy |"+1 0x®

dr| oy "
Theorem 5.7. The ODE y" = Ay(x,y) + A1(z,y)y + As(z,y)(y)* +
Az(z,y)(y)? defining a non-flat projective structure admits coordinates
(X,Y) such that Yxx = f(X,Y) if and only if vs = wy = 0. More-
over, this is also equivalent to the fact that the connection with Thomas
symbols admits a Killing 1-form given by dX .

K; = (5.23)
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Proof. First, notice that if Yxx = f(X,Y), then the connection with
Thomas symbols admits dX as Killing form. Conversely, if this con-
nection admits dX as Killing form, then all the Thomas symbols are
vanish except IT3; and thus its projective structure is represented by
an ODE in the required form. The “only if” part is immediate. For
the “if” part, choose coordinates such that L; ## 0, which is possible
since the projective structure is not flat. Then v5 = w; = 0 implies
that special representatives of the projective structure admit a Killing

1-form. In particular, the connection with Thomas symbols admits a
Killing 1-form K,.

If the Killing form is closed, then it can be written as dX under a
volume-preserving transformation and this is the required coordinate
system by the first part of the proof.

If the Killing form is not closed, then it can be written in some coor-
dinate system that we call again (x,y) as g(z,y)dx, for some function
g such that 9,9 # 0. Then, the coordinate transformation (X,Y) =
(z, [Y g(z,y')~**dy’) makes the Killing form closed, according to the

rule (5.23). This, along with what we proved above, concludes the
demonstration of the theorem. O

In the metric case, a Levi-Civita connection cannot admit precisely
two local linear first integrals, as # (which is proportional to the skew
part of the Ricci tensor) vanishes. In the following proposition we shall
explicitly find all local normal forms of non-metric affine connections
which admit two first integrals.

Proposition 5.8. Let V be an affine connection on a surface X which
admits exactly two non-proportional linear first integrals which are in-
dependent at some point p € 3. Local coordinates (X,Y) can be chosen
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on an open set U C X containing p such that

c Px Py +Qx —cP
Fb - F%l - 5; F%l - 57 F%2 - F%l - 2Q )
Qy
2, == 5.24
22 Q ( )

and all other components vanish, where c is a constant equal to 0 or 1,
and (P, Q) are arbitrary functions of (X,Y).

Proof. Let the one-forms K and L be two solutions to the Killing
equation. If K is closed, then there exist local coordinates (X,Y)
on U such that K = dX, and the corresponding first integral is X.
Therefore X = 0 and the connection components Flb vanish. Let the
second solution of the Killing equation be of the form L = PdX +QdY
for some functions (P, Q). Imposing

L PX +QV)=0
—(PX+QY) =
yields the non-zero components of the connection given by with
c = 0. If dK # 0, then coordinates (X,Y) can be chosen so that
K = €"dX. The condition d/dr(e¥ X) =0 gives '}, = 1/2. Tmposing
the existence of the second integral (PX + QY’) yields the connection

(5.24]) with ¢ = 1.

Note that in both cases the ODESs for the unparametrised geodesics also
admit a first integral, given by e ¥ (P + Y'Q), where ' = d/dX. Con-
versely if a 2nd order ODE cubic in Y’ representing projective equiv-

alence clas{)| [V] of affine connections admits a first integral linear in
Y’, then [V] contains a connection of the form (5.24) with ¢ = 0. To

5See Definition
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see it consider a second order ODE of the form (P + Y'Q) = 0, where
(P, Q) are arbitrary functions of (X,Y") and write it in the form

V" =T (Y')? + (20, = T5,)(Y")? + (T}, — 2I5,)Y' —T7.  (5.25)

Equation ((5.25)) arises from eliminating the affine parameter 7 be-
tween the two ODEs (j5.1)). Thus its integral curves are unparametrised
geodesics of the affine connection V.

5.2 Hamiltonian systems of hydrodynamic type

An n-component (1 + 1) system of hydrodynamic type has the form
Ou® = v (u)du’, where u® = u®(x,t) and a,b = 1,...,n. From now
on we shall assume that n = 2 and that the matrix v is diagonalisable
at some point with distinct eigenvalues, in which case there always
exists (in a neighbourhood of this point) two distinct functions (called
the Riemann invariants) X' and X? of (u!,u?) such that the system is

diagonal, i.e. takes the form (5.3) for some \%(X?). The existence of
Riemann invariants is shown in Section of the appendix.

The hydrodynamic type system is said to admit a local Hamiltonian
formulation with a Hamiltonian of hydrodynamic type [20] 26], if there
exists a functional H[X', X% = [L H(X', X?)dz, where the density H
does not depend on the derivatives of X and such that holds for
some functions ¢*(X) and b2 (X). If the matrix ¢* is non-degenerate,
then the Poisson bracket

[ GF 0 ,0X%\ 0G
{F’G}_,/R(FXG(Q 8m+bc 63:>5de$

is skew-symmetric if g% is symmetric and the metric ¢ = g,,dX*dX?,
where ¢ug" = 6,5, is parallel with respect to the connection with
Christoffel symbols 7%, defined by 4% = —g~b . The Jacobi identity
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then holds iff the metric g is flat, and the connection defined by +¢, is
torsion-free. The hydrodynamic type systems which admit a Hamilto-
nian of hydrodynamic type possess infinitely many Poisson commuting
first integrals, and are integrable in the Arnold—Liouville sense [68].

Proof of Theorem [5.2 It was shown in [20] that a hydrodynamic
type system in Riemann invariants is Hamiltonian in the sense defined
above if and only if there exists a flat diagonal metric

g =k td(XH) 4+ fd(X?)? (5.26)
on a surface U with local coordinates (X!, X?) such that
Ook +2Ak =0, O f+2Bf =0, (527)

where f,k are functions of (X!, X?), and (A, B) are given by (5.7).
Flatness of the metric g yields

1 1
(0o A+ A f + (01 B + Bk + §A82f + §B<91k = 0. (5.28)

We verify that equations ((5.27) and (5.28)) are equivalent to the Killing
equations ([5.2)) for an affine torsion-free connection V on U defined by
(5.6) where K = Af, Ky = Bk.

Computing the relative invariants Iy and Ig gives explicit but com-
plicated (albeit perfectly manageable by MAPLE) obstructions given
in terms of (A}, A\?) and their derivatives of order up to 6. These ob-
structions, together with the tensor and the Cotton tensor of V
characterise Hamiltonian, bihamiltonian and trihamiltonian systems of
hydrodynamic type. The trihamiltonian systems have been previously
characterised by Ferapontov in [26] in terms of two differential forms
he called w and €2. We shall now show how Ferapontov’s formalism
relates to our connection ([5.6). We shall find that € is proportional to

90



the skew-symmetric part of the Ricci tensor of V, and w is the volume
form of the (generically) unique Lorentzian metric on U which shares
its unparametrised geodesics with V.

We say that a symmetric affine connection V is metric if it is the
Levi-Civita connection of some (pseudo)-Riemannian metric. Recall
that an affine connection V is metrisable if it shares its unparametrised
geodesic with some metric connection. Thus in the metrisable case
there exists a one-form T and a metric A such that the Levi-Civita
connection of A is given by

be T 0p Lo+ 02T, (5.29)

where I'}, are the Christoffel symbols of V. Not all affine connections
on a surface are metrisable. The necessary and sufficient conditions for

metrisability have been found in [6] and in Corollary [5.6|

Proposition 5.9. The connection from Theorem 1S genert-
cally not metric but is metrisable by the metric

h=AB(dX") ® (dX?). (5.30)

Proof. The connection is generically not metric, as its Ricci tensor
Ry is in general not symmetric. The skew part of R, is given by

(Ry1 — Rp2)d X' A dX? = 3dT,
where
_ 1 1 1 2
T = <§81 InB + B) dx' + (532 InA+ A> dx?. (5.31)

The unparametrised geodesics of this connection are integral curves of
a 2nd order ODE

Y= (0x2)Y' — (v Z)(Y')?, where Z =In(AB), (5.32)

and (X1, X?) = (X,Y). The ODE (5.32) is also the equation for un-
parametrised geodesics of the pseudo-Riemannian metric (5.30]) (it can
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be found directly by solving the metricity equations as in [13]). The
Levi-Civita connection of h is given by (5.29), where Y is given by
(5.31). Therefore, connection is projectively equivalent to a met-
ric connection.

Remarks

e The pseudo-Riemannian metric depends only on the product
AB, so the transformation (A — A, B — v 'B), where v =
7(X®) is a non-vanishing function, does not change unparametrised
geodesics. It corresponds to a projective change of connection

(5.29)) by a one-form
1 1
_ P | - 1 o = 2
T = ((1 v )B + 281 lny)dX -+ ((1 7)A 2(921117)6[)( :

This transformation can be used to set Ry, to zero, but it does
not preserve (|5.3)).

e As the Ricci tensor Ry is in general not symmetric, the connection
does not annihilate any volume form on X which is parallel
w.r.t V. Therefore the Killing equations do not imply the
existence of a Killing vector for the metric h.

e The two-form 2 in Theorem 9 of [26] equals 2dY, while w in [20]
is given by the volume form of h. In the trihamiltonian case the
connection V is projectively flat. Equivalently the metric ([5.30))
has constant Gaussian curvature, i.e.

(AB)™'01051n (AB) = const. (5.33)

This is the Liouville equation from Section 5 in [26].

92



e If n > 3, there is always a discrepancy between the number of
equations for a Killing tensor of any given rank and a number of
conditions for a hydrodynamic-type system to admit a Hamilto-
nian formulation. Therefore Theorem does not generalise to
higher dimensions in any straightforward way.

5.3 Examples

In the examples below we set X! = X, X? =Y.

Example 1

Consider an affine connection (5.6 corresponding to a system of hy-
drodynamic type with

A=cX +Y, B=X+4<cY, where c¢= const.

This connection admits a parallel volume form iff ¢ = 0 or ¢ = 1.
If ¢ = 0 then the connection is projectively flat, and so the system
of hydrodynamic type is trihamiltonian. Calculating the obstruction

(5-21)) yields

8c*(c? —9)
T = 9(6X+Y)3(X+Cy)3(dY®3y—dX®(9x+

X +cY cX +Y
—dY — —dX >
tex1y ® Ox X +cY ® Oy

Therefore, if ¢ = 3 or ¢ = —3 then the connection admits precisely two
linear first integrals, so the system is bihamiltonian. Finally for any ¢
not equal to 0, £3 the system admits a unique Hamiltonian.
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Example 2

One dimensional non-linear elastic medium is governed by the system
of PDEs [53, [63]
ut = hz(’l))’l}x, Ut = Uy,

where h(v) is a function characterising the type of fluid. This system
is Hamiltonian with # = u*/2 + F(v), where F” = h*. We find the
Riemann invariants (X,Y’) such that

u=X+Y, v=GX-Y),

where G’'h(G) = 1 and \! = —\? = 4. Therefore A = —B =

—G" /(2G") and we find 5 = 0, so that the Ricci tensor of the associated
connection (5.6 is symmetric. In particular, Theorem implies that
the system can not admit precisely two Hamiltonian structures.

The projective flatness of the connection reduces to
(In A%)” = const.A? which can be solved explicitly, and leads to a
four-parameter family of trihamiltonian systems. The singular solu-
tion A = 1/(2z) corresponds to the Toda equation vy = (Inv),,.

Example 3

We consider the system of hydrodynamic type (5.3)) with
M=-N=X-Y)(X+Y)"

Examining the conditions of Theorem for the resulting connection
(5.6) we find that this system is always bihamiltonian. It is trihamilto-
nian iff nm(n* —m?) = 0.
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Example 4. Frobenius manifolds

A basic introduction to Frobenius manifolds and the corresponding
hydrodynamic-type systems is given in Appendix [C], where it is shown
that systems of the form ((C.12) are trihamiltonian corresponding to a

3-parameter family of metrics for (5.5)) given by (C.14]).

Example 5. Zoll connections

A Riemannian metric h on a surface X is Zoll if all geodesics are simple
closed curves of equal length. A two-dimensional sphere admits a family
of axisymmetric Zoll metrics given by

h=(F(X)—1)2dX? +sin®? XdY?, (5.34)
where (X,Y) are spherical polar coordinates on ¥ = S? and F :
[0,7] — [0,1] is any function such that F(0) = F(7r) = 0 and F(m —
X) = —F(X). A projective structure [V] on ¥ is Zoll if its un-

parametrised geodesics are simple closed curves. The general projective
structure admitting a projective vector field, and close to the flat struc-
ture of the round sphere is given by the second order ODE [39]

Y = A3(Y')? + Ay (Y2 + AY, (5.35)
where
/
A= 1 — 2cot X,
H'sin X cos X —2H
AQ - )
cos X (F —1)
(H? 4+ 1) sin X cos X
A3 = - )
(F —1)?

where F' = F(X) is as before, and H = H(X) satisfies H(0) = H(7) =
H(m/2) =0, and H(m — X) = H(X). The metric case (5.34) arises if
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H = 0. A general connection V in this projective class with g # 0 will
not admit even a single first integral. We use Theorem together

with (5.25) to verify that the following choice of the representative
connection

1
F%l = Ay, F%Q = As, F%z - F%1 - §A2 (5.36)

admits a first integral for any F' and H. To find a (necessarily non-
metric) Zoll connection with precisely two linear first integrals we use
Proposition ([5.8)) and match the connection with the connection
(5.24) (with the roles of X and Y reversed). This, for any given H,
leads to a one-parameter family of examples

F=1+c(H?+1)cot X

which does not satisfy the boundary conditions. The existence of a
non-metric Zoll structure on S? with precisely two first integrals is an
interesting open problem.
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Chapter 6

Concluding remarks

This thesis presented six main results. In chapter 2 we show that
the vortex equations proposed by Manton are symmetry reductions of
ASDYM equations with various symmetry and gauge groups. Two
immediate consequence are the characterisation of twistor-integrable
cases and the calculation of the metric on a submanifold of the moduli
space by the Samols’ localisation method. This moduli space is actually
comprehensive for Taubes vortices but not necessarily for the other
types. A determination of the full moduli space would require analysis
of the general solution of Manton’s equation upon suitable boundary
conditions. The main difficulty consists of the fact that Taubes” analysis
on the ordinary vortex equations relied on the convexity of the energy
function and thus is not immediately generalisable to the other cases.

The second main result is presented in chapter [3, where a modi-
fied version of the Ginzburg-Landau theory is presented as a means to
produce more integrable cases besides Taubes vortices on hyperbolic
surfaces. The existence of such cases was evidenced by two vortex
solutions presented by Dunajski, which are included in the model pro-
posed. A detailed analysis to seek Painlevé-integrable cases was carried
out in a particular class of equations and showed the existence of four
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integrable vortex-like solitons. Omne of them is the Taubes vortex on
hyperbolic space itself, plus both solutions proposed by Dunajski. The
fourth case is new and, as in Dunajski’s cases, gives rise to solutions
involving the third Painlevé transcendent. Existence of solutions to
the model proposed in general is not established. In fact, the explicit
solutions come from the assumption that the vortices are radially sym-
metric. Existence of non-symmetric solitons is an open problem and
boils down to proving existence of solution of the sinh-Gordon and T'z-
itzeica PDEs under suitable boundary conditions — basically, requiring
finiteness of the energy functional, isolation of the zeroes of the Higgs
field and integrality of its winding number around each zero, that is to
say, existence of a holomorphic gauge.

In chapter [, two main results were presented. Firstly, it is shown
that the projective structures defined by the Painlevé equations are
metrisable if and only if the equation admits a first integral linear in
first derivatives for PIII and PV or if the projective structure is flat,
which includes a special case of PVI. It is also shown that the projective
structures of all six Painlevé equations admit a degenerate solution to
their metrisability equations. In the second half of the chapter, we show
that the dimension of the space of degenerate solutions to the metris-
ability equations in n dimensions, once the kernel is fixed, is n(n—1)/2.
It is believed, though not yet proved, that the condition of fixed kernel
is not necessary for the result to hold. It is shown that the kernel of
a degenerate solution defines a Frobenius-integrable distribution and
the induced submanifold is totally geodesic with respect to the original
projective structure, thus defining an induced structure. The analysis
of deformations of totally geodesic submanifolds of projective struc-
tures and their induced structure might provide geometrical tools to
the generalisation of the result.

Chapter 9| introduced the last two main results of this work. We
solve, locally, the problem of existence of Killing forms for general affine
connections on the tangent space of a 2-manifold and show that the
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existence depends only on the vanishing of two scalars, while further
conditions control the number of Killing forms admitted. Moreover, it
is shown that the problem of existence of a Hamiltonian description
of hydrodynamic-type systems with two components boils down to the
problem of existence of Killing forms of a particular type of affine con-
nection constructed from the data of the hydrodynamic-type system.
Consequently, all the conditions for the existence of Hamiltonian de-
scriptions can be derived from the conditions for the existence of Killing
forms for that connection. This chapter connects with chapter [4|in that
a solution of the Killing equations for special connections implies the
existence of a degenerate solution of the metrisability equations associ-
ated to the corresponding projective structure. This allowed us to add
two simple conditions — consisting of the above-mentioned two scalars —
for the existence of non-degenerate solutions to the metrisability equa-
tions in 2 dimensions.

99






Appendix A

Construction of symmetric gauge

fields

In this appendix we summarise a general procedure to construct local
gauge fields that are invariant under the action of a given symmetry
group. This procedure is described in more details in [28]. We start
by setting some notation. Let S and G be Lie groups corresponding to
symmetry and gauge groups, respectively. Let M be a d-dimensional
manifold admitting an action of the group S with orbits of codimension
d < d. We assume that there exist local coordinates z#, u =1,...,d
such that the submanifold 2 = constant, i = 1,...,d" are invariant
under the action of S and that this action is transitive, this means that
these submanifolds are locally homeomorphic to a homogeneous space
S/ R, where R is the little group of a chosen point py in the submanifold.
We use indices 1, j, k, ... for the range of values 1,...,d and u,v, 0, ...
for the range 1,...,d.

Let A, be a gauge field with gauge group G, locally a G-valued 1-
form. We say that A is S-equivariant if the lifted action of S on A
preserves A up to gauge transformations. Infinitesimally, this is stated
in the following form: given a vector field n generator of the action S
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on M, there exists a scalar g-valued function W such that
LyAy = D,W, (A.1)

where L is the Lie derivative and D is the covariant derivative defined
by A.

In this appendix, we are going to describe, without details, the pro-
cedure used in [28] to solve, for A, the system formed of for all
symmetry generators 7. Basically, the procedure consists in extending
the components of corresponding to S/ R to the whole symmetry
group S. Fixing the 2’s and looking just at the coordinates of S/R,
this allows the consistency conditions of the system to be solved by
rather simple expressions for the W’s that can be even gauged out as
fields on S, symplifying the extended equations over S for A.
Once the extended equations for A are solved, one has to make sure
that A — which is now a field over S — can be interpreted as a gauge field
on S/R. This means that the dependency of A on the complementary
coordinates of S/R over S (the y* below) can be gauged away. The
conditions for this to be possible are the so called consistency equations
introduced later in a convenient form.

As mentioned above, a submanifold 2/ = constant, now denoted by
H, is locally homeomorphic to S/R and this allows us to relate the
coordinates of S/R to the coordinates x®=¢+1? of H. Let ¥ (late
Greek indices) denote coordinates on R and y® (early Greek indices)
denote coordinates on S/ R, so that (y*,y*) forms a coordinate system
of S. If S has dimension N and R codimension N', then o =1,..., N’
and w = N'+1,..., N. In practise, this is realised as follows. For any
s € S, let so(y*) € Rs(y®) be a fixed element in the right coset Rs
varying smoothly with y“. Then, s can be uniquely written in the form
s = r(y“)so(y®) for some r € R. Let py be a fixed point in H having R
as stabiliser. By transitivity, for any p € H, there exists s € S mapping
p to pg. Clearly, this map lifts to the coset Rs(y®) and thus we can
associate to p the coordinate y® of the coset Rs. This is how we endow
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H with coordinates y®. Notice that d’' + N’ = d.

Let J,, m =1,..., N, be the generators of the Lie algebra of S with
structure constants fy,,, so that [J,, Ju| = fonpdp. We assume that J,,
for m > N’ generate the Lie algebra of R.

Construct the right-invariant 1-forms denoted by &, and defined by
the equation
—dss ™t =&,

Let ®,, n = 1,...,N be local g-valued functions on M so that
®,~n are constants and ®,<n depend only on 2= These Higgs
fields correspond to the projection of the symmetric gauge potential on
S along the symmetry generators (c.f. equation below). Solve
the following constraint equations which, in a suitable gauge, take the
form

[4;,®,] =0,i=1,..., D',n> N
Frnp®y + [@r, @] =0, m=1,...,N, n> N, (A.2)

The second equation means that the —®,,~ s generate an R Lie sub-
algebra in the gauge group G while the first equation means that the
A;’s are gauge fields with gauge group being the little group of R in G
and thus henceforth only gauge transformations in this little group are
allowed.

Start by defining a gauge potential on S as
A, =, (&), and A, = D, (&), - (A.3)

By construction of the constraint equations, the components A, will
be pure gauge of the form A, = d,rr!, for some r = r(y*) in the
above mentioned little group. Moreover, under a gauge transformation
by r~!, A, will be set to zero while A, will become y“-independent.
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Now we can consistently define a gauge potential on R/S and thus in
the whole M as

A =a(2,. . 2?), i=1,....d,
Ap =110, (&), a=1,..., N =d—d,

where a; are arbitrary components of a gauge field that are constant
along the H’s. This is the most general ansatz for a gauge potential A
satisfying the S-equivariant condition ({A.1]).
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Appendix B

The group G,

In this appendix, we denote by J (m = 1,2, 3) the generators of the
Lie-algebra g¢, given by with C replaced by Cj. Obviously, all
properties of G, are valid for G¢, and vice-versa, upon changing C
into (.

A parametrisation of G¢, is given by

K( e!(r3=r2)/2 cos(/—Cp k1 /2) — \/_170062'(””3“2)/2 sin(v/—C k1/2) ) |

2V —006_1.(&3—’%2)/2 Sin(\/ —Cy I€1/2> e~ i(Ks—2)/2 COS(\/ —C) 1{1/2)

where 0 < k3 < 4m, 0 < Ky <27, 0 < Ky < w//—Cy if Cy < 0 and
lilzolfCOZO

The coordinate k3 parametrises the U(1) fibres of the fibration G¢, —
N = G¢,/U(1). In the proof of Proposition we need expressions
relating the local coordinates (z,Z) on N to (ki1, k) on G¢,/U(1). Let
p € N be a point corresponding to the coordinate z = 0. Consider the
group action such that the RHS is 0. This gives a system of two
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equations for (z,%) with a solution

tan(y/—Cp k1 /2)e"™. (B.1)

1
z =
V=Co
Note that —4— tan(v/—Cj k1/2) > 0 regardless of the sign of Cy. The

—C,
formula (B.1)) is well defined for Co = 0 upon taking the limit Cy — 0.
The coordinate k3 of G, parametrises the stabiliser of p € N, which
is a U(1) subgroup generated by J:,)C 0

The right-invariant one-forms x1, x2, X3 such that

3
(KK 4+ xm @ J5P =0,

m=1

and the left-invariant vector fields n',n? n® on G¢, are given by

1
= in(y/—C| coS k3 dko + si d ,
X1 <\/——Co sin( 0K1) ka3 dky + Sin K3 Iﬁ)

. A
Y2 = (— cos K3dk1 + — sin kg sin(v/ —Cy ﬁl)d’@) ’

X3 = (—d:‘ig + cos(v/—Cy m)d/@g) (B.2)

and
. —Ch —Co
M = — sin Ke0y, tan(v/=Co 1) cos K90y, S/ —Corm) COS K90,
Ny = COS KOy, — —C sin K90, — —% sin k90,
" tan(v/—Cy k1) * sin(v/—Cp K1) ’
N3 = =0, (B.3)
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Appendix C

Frobenius manifolds and
hydrodynamic-type systems

In this appendix we present the concept and basic definitions of Frobe-
nius manifolds and how they give rise to hydrodynamic-type systems.

Definition C.1 (Frobenius algebra). A commutative associative C-
algebra (A, +, ) with unity e is a Frobenius algebra if it is endowed with
a bilinear symmetric non-degenerate inner product <, >: A x A — C
such that < a-b,c >=<a,b-c >.

Definition C.2 (Frobenius manifold). A smooth manifold M is a Frobe-
nius manifold if each fibre of the tangent bundle T M 1is endowed with
a Frobenius algebra structure such that

1. The inner product <, > 1s a smooth flat metric n on M. Its Levi-
Civita connection will be denoted by V.

2. The unity e is a smooth section of T M and is parallel: Ve = 0.

3. The symmetric 3-tensor c(u,v,w) =< u-v,w > is smooth and its
covariant derivative Ve is a symmetric 4-tensor.
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4. There exists a conformal Killing vector field E such that VVE = 0,
Lrpe = —e and Lgc = c.

Condition 4. means that the 1-parameter group of diffeomorphisms
generated by E acts as rescalings on the Frobenius algebras: u - v +—
ku-v, e— k7 le, k € C*.

Commutativity along with condition 3. implies that locally there
exists a complex function F, called free energy or prepotential, such
that ¢ = VVVF. Notice that F' is determined up to an arbitrary
quadratic function.

Let (M, -, e, E,n) be an n-dimensional Frobenius manifold, where e
is the unit element of the Frobenius algebra, E is the Euler vector field
and 7 is a flat metric. By definition, in flat coordinates {t!,... t"} —

whose indices will be denoted by a,b,c,... — the components of the
0
metric n? are constant and, by condition 2., we can set e = e This
0

implies 7,, = c14 by condition 3. We shall use the notation 9, = g

Condition 4. implies that there exists a constant matrix @) = (¢g;) and
a constant vector r® such that E = (¢’ +r%)9,. If Q is diagonalisable
with eigenvalues dy, . . ., d,, then we can perform a linear transformation
to rewrite the Euler vector field as

E=) dt'd,+ » 10, (C.1)
a ald,=0

without changing the above properties. By condition 4., d; = 1.

Since F is a conformal Killing vector (condition 4.) and 1, = ¢4 =
010,0,F, we conclude that F' should rescale with a fixed weight dp,
namely

LpF(t) = dpF(t) + Agt"t + Bt* + C, (C.2)
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where A, B, and C' are arbitrary constants. The quadratic terms play
no role when we take third order derivatives.

The one parameter group of transformations generated by E acts on
Napdt®dt’ = 0,0,0, Fdt®dt® as ng,dt®dt® s ngdt®dt® +e(dp —1)npdtedt® +
O(€?), so that

£E77ab = (dF - 1)nab‘ (Cg)

Associativity of - means that F' should satisfy the so called associa-
tivity equation in flat coordinates

0 = CopCede — CogCebe = 01050 F nfc 0.0q0.F — 00,04 F nfc 000 F.
(C4)

Equations (C.2) and ((C.4]) together are known as the WDVV equa-

tions.

Definition C.3 (Dubrovin connection). The Dubrovin connection is
the follounng deformation of V

Vi =V + 2u - v,

for arbitrary z € C.

Flatness of this connection for any z is equivalent to associativity of
- (coming from the z* terms of the curvature) and condition 3. (from
the z terms of the curvature).

The flat coordinates ¢ of V*) are the solutions to the overdeter-
mined system of differential equations V(ai dt =0, ie.,

OOt = 2¢5, 0. (C.5)

The consistency conditions of this system correspond to the vanish-
ing of the curvature of V¥, so that it forms a Lax pair of (C.4) with
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spectral parameter z. Once the consistency conditions are satisfied,
there exists a fundamental set of solutions #2 = 9,t',... " = 9" of

3.

C.1 Intersection form

We can define another metric g on M by the inner product
(w,0)" =1p(w- o).

The * indicates that it is a product defined on T*M and g is the
contraction of the vector field £ with the 1-form w - 0. The product
- of two 1-forms is induced by the product of their dual vector fields
through 7. In flat coordinates, the components of (, ) are

g™ = (dt®, dt*)* = Ec™. (C.6)

It is worth pointing out here that we still raise and lower indices using
n, unless explicitly stated.

Definition C.4. g is called the intersection form.

Until the end of this section, the indices i, j, k,... will denote ab-
stract indices.

Definition C.5 (Contravariant Levi-Civita connection). If g is a met-
ric and its Levi-Chwvita connection is given by the Christoffel symbols
Fé-k then the contravariant Levi-Civita connection are the symbols F‘;f
given by
' = —¢'Ty,.

Definition C.6 (Flat pencil). We say that two metrics g1 and go form
a flat pencil if the metric g" = gij + )\g;j s flat for arbitrary A\ and its
contravariant Levi-Civita connection Fi,j 1S given by

I =T + ATy,
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where T, = —g'TY o =1,2, and I, is the Levi-Civita connection

of the metric g,.

Let the covariant derivatives corresponding to g and g, be V and
Va, respectively and let V! = ¢¥V; and VJ, = g9V ,;; then forming a
flat pencil amounts to saying that V!, = V| + AV,

Lemma C.1. [18] The intersection form and the flat metric n form a
flat pencil.

C.2 Hierarchy of hydrodynamic type

Define the quantities h,(t,2) = n,t° from the flat coordinates of the
Dubrovin connection. In order to recover the flat coordinates ¢ when
z = 0, we choose the following normalisation h,(t,0) = t,. We formally
expand these functions as power series in z

ha(t, 2) = Z hap(t)27,
p=>0

so that the components h,, are determined recursively from ((C.5)):
OOchapi1(t) = cOahap(t) (C.7)

along with
hao(t) = t,. (C.8)

Now we consider the coordinates t* as functions in the loop space
of M, L(M) = {t : St — M}. We parametrise S' by a variable
X € [0,2x]. Thus, t* = t*(X).

From the flat metric n?, we define the Poisson bracket of hydrody-

namic type by
{t°(X). "(V)} = n"d' (X —Y).
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Proposition C.2. Two flat metrics g1 and go define, as above, com-
patible Poisson brackets of hydrodynamic type {, }1 and {, }o if and
only if they form a flat pencil.

Consider the functionals

H,,(t) = /0% hapi1(t(X))dX.

We introduce an infinite sequence of “times” T*? in order to define the
flows of hydrodynamic type

Orant’ = {t°(X), Hyp}. (C.9)

From (C.7) and (C.8)), it is natural to mark the variable 710 = X
so that the flow (a,p) = (1,0) is trivial.

By using associativity ((C.4]) one can show [17]
8Ta,0tb = Cgc(t)axtc (C.lO)
and
Orant” = VhayOreot”. (C.11)

This relation implies that if all the flows for p = 0 admit the same
Riemann invariants, then all the Hierarchy admits the same Riemann
invariants. In particular, this is true for systems with n = 2 compo-
nents.

Lemma C.3. [17/ {H.,, Hy4} = 0.

Theorem C.4. [19] The hydrodynamic-type systems from Fro-
benius manifolds are bthamiltonian and the corresponding hydrodyna-
mauc-type Poisson brackets are induced by the flat metric n and by the
intersection form.
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Proof. From Lemma[C.I]and Proposition|C.2], we just need to show that
there exists a Hamiltonian associated to the Poisson bracket {, } of the
intersection form. It can be checked explicitly, by using associativity of
¢, that this Poisson bracket satisfies the conditions of Lemma 1 of [20]
and thus admits a Hamiltonian. ]

C.3 2D Frobenius manifolds

In 2 dimensions, the prepotential F' automatically satisfies the associa-
tivity condition (C.4) and can be determined solely from (C.2)). It is

possible to classify all Frobenius manifolds according to 6 families.

Theorem C.5. [18] A 2-dimensional Frobenius manifold with diago-
nalisable () admits flat coordinates such that its prepotential is one of
the following

3—d 3-d
1—d  d

1
F(ty,ty) = 575%752 + Kt3Inty, dy = 2,

F(t,ty) = %t%tg—l—l(tlg, k= ,d#—1,1,3,
F(ti,t) = %tftg + Klnty, dy = =2,

F(ty, ty) = %t%tQ + Ker?, dy=0, 740,

F(ty,ty) = %t%tg, do =0, r=0,

Flt, ts) = %t%tg v 48y %tg, dy =1,

6

where in the fourth and fifth cases the Euler vector field is EE = 1014105
and in the others, E = t101 + dot20>. K and c are arbitrary constants.

In such coordinates 7, = 04453, €xcept in the last case, in which
mi1 = c¢. Let us construct the first flow of the hierarchy (C.9). Let
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us write the prepotentials of the first five cases in the general form
F(ty,ty) = %t%tg + f(tz). After suppressing the index % the flow
(a,p) = (2,0) is given by,

8Tt1 — f///(t2)6Xt2
Ort? = Oxt'. (C.12)

The characteristic velocities are A\! = /f”(t2) and N> = —/f"(?)

and the Riemann invariants,
R =t! +/>\’dt2. (C.13)

Using Theorems and [5.2] it is possible to show that such systems
are trihamiltonian. The most general metric giving rise to Hamiltonian

structures is given by the general solution of the Killing equations for
the connection defined in Theorem [5.2]

KC& + CyR + O (Rl)Q) )\1} - dR'dR+
+ KCH + CyR?* + Oy (32)2) >\2} - AR2AR. (C.14)

where C; are arbitrary constants. One can check that the three funda-
mental metrics in this solution form a flat pencil.

The metrics given by Cy = C3 = 0 and C} = C5 = 0 are n and the
intersection form, respectively. In fact, the intersection form is given
by (C.6). Notice that we can choose Riemann invariants such that the
Euler vector field is £ = R'0p + R?0x2 (c.f. Lemma along with the
fact that these Riemann invariants are canonical coordinates). In such
coordinates, the intersection form reads ¢ = 2\'R'§", which is the
metric corresponding to C; = C3 = 0 above, while the inner product 7
becomes 7 = 46", corresponding to Cy = C3 = 0.

Remark: we have not studied hydrodynamic-type systems coming
from the two last Frobenius manifolds of Theorem because the
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flows constructed from the fifth one have two identical characteristic
velocities while the last one has vanishing A and B for every flow.
These cases are not taken into account in the present work.

C.4 The third Hamiltonian structure

The metric corresponding to C; = Cy = 0 in (C.14) is given in terms
of the Frobenius data by h® = ¢%g® = ¢%¢g"¥n,.. As mentioned below
equation ((C.14]), this metric is flat in that context.

However, given an arbitrary Frobenius manifold with flat metric

n® and intersection form ¢, it still makes sense to define another

metric by h* as above and whose curvature we briefly analyse now. Its
contravariant Levi-Civita connection I'% is the solution to

Ouh" =T0 +T¢
hadl—\gc _ hbdrac’
which reads
B = T4 T = B (RO + AR, (CI5)

where I'%* = R4cb is the Levi-Civita connection of the intersection form
g® and R§ = (%55 + V,E¢). We have used associativity in the second
equality:.

The curvature of this connection does not vanish in general. In fact,
it does not vanish in 2 dimensions when the identity e is not null, i.e.
m1 # 0 (sixth case of Theorem [C.5)), but it vanishes otherwise and
forms a flat pencil with n and ¢ yielding the trihamiltonian structure
mentioned in the previous section. Let us understand why.

By raising the last three indices of its Riemann tensor R with h, we
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can write it in terms of the contravariant Levi-Civita connection
5 bed b =\ =\ b T Sheted
R, bed — ppe (aerac - 6;;) 4 [hdpee _ pheped

From ((C.15)) and associativity the last two terms cancel out, however

the first two terms ) )
9,I'% — 9,1 (C.16)

do not necessarily vanish. For instance, for the last Frobenius manifold
of Theorem [C.5] we have

821:%2 - 81f12 = KC,

so h? is not flat. But for the other five cases, h*’ is flat and forms a
flat pencil with % + \g® for any \.

Keeping the same notation, we state the following theorem.

Theorem C.6. The tensor h® + n® + g™ does not degenerate in any
open set and its contravariant Levi-Civita connection is T + ul'®, for
any A, .

The metric h® is flat (and forms a flat pencil with An®™ 4 pug®) if
and only if vanishes. This is precisely the case for 2-dimensional

Frobenius manifolds of prepotential F(t1,t2) = 3t3ts + f(t2).

Proof. Let P®™ = h® + X\n® 4 11g?. Let us first prove that P* is non-
degenerate on an open dense subset of the Frobenius manifold. We can
write g% = Ec® = t;n® + §®(ty, ..., t,), for some symmetric tensor
§*. Thus

W+ 0™ + pg™ = 0 (6 + pty + A) + 263" + pg™ + A5G e

Since it is a polynomial in ¢; and n? is non-degenerate, it does not
degenerate in an open set for any fixed values of A and pu.
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Now, by the definition of the contravariant connections of n% and

ab
g,

0. P =T 4 e + T 4 10,
The relation
pde (fab X MFab> _ pac (fdb I Mde)
is obtained by associativity. This concludes the proof of the first state-

ment.

Flatness of h* was discussed above. The fact that it implies that h%
and An® + ug® form a flat pencil is a matter of calculation similar to
what was done above, bearing in mind the associativity property (C.4)

and flatness of An® + ug® (c.f. Lemma |C.1)). O

C.5 Riemann invariants

We explain here how to calculate Riemann invariants for a hydrodyna-
mic-type system. This will also prove that hydrodynamic-type systems
with 2 components always admit Riemann invariants.

Consider the hydrodynamic-type system

wh = v;wﬂ(
Under a change of coordinates w' = w'(t) it transforms as
' —1\¢ ) Tyl
tr = (J7), v St

where J; = Oy w',

We immediately conclude that for a system to admit Riemann in-

variants it must have a diagonalisable matrix v;- and the so called char-
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acteristic velocities A\’ are its eigenvalues. Now suppose that v is di-
agonalisable so that Pjuv, (P‘l)gC
invariants R’, if they exist, are given as solutions of

0, R = P (C.17)

up to redefining P in a way that we explain now. In fact, if we define
the 1-forms w' = P}dwj, then it is necessary and sufficient that

W' Adw' =0 (C.18)

in order to be able to define local coordinates R’ such that w' =
fY(R)dR’, for some non-vanishing function f’(R). Notice that we have
the freedom to rescale the lines of the matrix P so that f* = 1 and thus

we find ((C.17)).

is a diagonal matrix. The Riemann

The existence of Riemann invariants for hydrodynamic-type systems
of n = 2 components is trivial since ((C.18)) is identically satisfied.

Remark: define the vector fields V; = (P_l)ff?wk, which are the
eigenvectors of v. The existence of Riemann invariants means that the
distribution defined by any set of n — 1 vector fields V; is integrable. In
other words, the flow of any such distribution generates a submanifold
R'(w) = constant.

Canonical coordinates

We say that a point ¢ € M in a Frobenius manifold M is semisimple if
the Frobenius algebra T;M is semisimple (i.e. has no nilpotents). This
is an open property: every semisimple point admits a neighbourhood
of semisimple points.

Lemma C.7. [18] In a neighbourhood of a semisimple point, there exist
local coordinates u', ..., u" such that

82- : 8j = 61382 s where 8Z = 8uz
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Such coordinates are called canonical and can be found as indepen-
dent solutions of the system

dquct, = 0,udyu. (C.19)

This equation means that 0,u is an eigenvalue of the matrix (cgb) bdel.
with eigenvector (9gu),_; - From what has been said in the first part
of this appendix, we conclude that the canonical coordinates are actu-
ally the Riemann invariants for the hydrodynamic-type system ((C.10))

and the characteristic velocities are d,u’. Notice that this is consistent

with (C.13]).

Lemma C.8. [1§] There exist canonical coordinates in a neighbourhood
of a semisimple point such that the Euler vector field E reads E =

Z?:l u’@z .
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