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The multi-centre metrics are a family of Euclidean solutions of the empty space Einstein
equations with self-dual curvature. We consider the Hamiltonian dynamics generated by
the geodesic flow along the U(1) fibers and obtain several metrics in this class which do
exhibit an extra conserved quantity quadratic in the momenta. The corresponding systems
are shown to be classically integrable.

1 Introduction

The integrability of the geodesic flow for the multi-centre metrics began with the discovery
of the generalized Runge-Lenz vector for the Taub-NUT metric [1] and the derivation of its
Killing—Stéckel tensor in [2]. It was generalized to the Eguchi-Hanson metric in [3] where the
Hamilton—Jacobi equation was separated. A further progress led to the integrability proof of
the full 2-centre metric [2] which includes Taub-NUT and Eguchi-Hanson as particular cases.
Despite these successes, a systematic analysis of the full family of the multi-centre metrics was
still lacking. We will present a new approach which will determine which metrics, in this class,
do exhibit a quadratic Killing—Stéckel tensor leading to classical integrability.

2 Basic facts on the multi-centre metrics

These Euclidean and four dimensional metrics on M, have at least one Killing vector K= 0.
Fibrating along this Killing vector, we have for metric

1 ,
g= V(dt+@)2+Vdf-da?, V=V(), ©=06)dd, (1)

where the z° are the coordinates of the subspace orthogonal to the U(1) fibers. The metric (1) is
a solution of the empty space Einstein equations provided that we have the monopole equation

dV = % de, (2)

where the Hodge star refers to the flat 3-dimensional metric. Notice that the integrability
condition for the monopole equation is AV = 0. So to each solution of Laplace equation in
a 3-dimensional flat space there corresponds a Ricci-flat four-dimensional metric: we have an
exact linearization of the empty space Einstein equations!

These metrics have a richer geometry since they are endowed with a triplet of complex
structures, with associated closed 2-forms

_ 1 1
Qz( ) =FEyN\NE; — ieijkEj/\Ek = (dt—i—@)/\dxi— 5V6¢jkdl‘j/\dl’k. (3)

It follows that the multi-centre metrics are hyper-Kéhler, hence Ricci-flat.
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As shown by [4], in the hyper-Kéhler case, any Killing vector has to be either tri-holomorphic
or holomorphic with respect to the triplet of complex structures (3). For instance K is tri-
holomorphic and this means that

colD =0 i=123,
K

whereas for an holomorphic Killing vector K we would have
cor =07, cof=-07, caof =0

The following drawings display the potentials for the general 2-centre metrics. For generic
parameters we have two Killing vectors (the subscripts H or T refer to its holomorphic or tri-
holomorphic nature). For special values of the parameters the isometry algebra is enhanced
to u(2) leading to either Taub-NUT or to Eguchi-Hanson metrics.
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2.1 Geodesic flow

The geodesic flow is the Hamiltonian flow of the metric considered as a function on the cotangent
bundle of My. Using the coordinates (t,z;) we will write a cotangent vector as

1I; dx; + g dt,
and the symplectic form is
dx; A dIl; + dt A dI.

We take for Hamiltonian

1, 1/1

For geodesics orthogonal to the U(1) fibers and affinely parametrized by A the equations for
the flow allow on the one hand to express the velocities

. dt 0H 0?2 O,11;
f= o = = =) —
dx — ol <V+V> 0T v

. _da:i . 8H . 1 o
xz:a—ani—vpu pz—Hz_Ho@w (4)

and on the other hand to get the dynamical evolution equations

. OH (t+0; i)
Iy =——F-= =l =
0 at 07 q 0 V I (5)
and
1,- A (2 o\ 59 |
Hz = axz — Di = (V q > &V + % (87,@5 3391)])8. (6)

Relation (5) expresses the conservation of the charge ¢, a consequence of the U(1) isometry of
the metric. For the multi-centre metrics, use of relation (2) brings the equations of motion (6)
to the nice form

p= <——q2> VV+ L AV (7)
The conservation of the energy

1 (p? V.. L
H:§<V+q2V>za(x?—l—(f):igwx“x

is obvious since it expresses the constancy of the length of the tangent vector #* along a geodesic.
Hence at this stage we have already obtained two conserved quantities: ¢ = Iy and H. Two
more quantities are needed for integrability.

2.2 Killing—Stackel tensors and their conserved quantities

A Killing-Stéckel (KS) tensor is a symmetric tensor Sy, which satisfies
V(uSup) = 0. (8)

Let us observe that if K and L are two (possibly different) Killing vectors their symmetrized
tensor product K, L,) is a KS tensor. So we will define irreducible KS tensors as the ones
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which cannot be written as linear combinations, with constant coefficients, of symmetrized
tensor products of Killing vectors.
For a given KS tensor S, the quadratic form of the velocities:

S =8, " i (9)

is preserved by the geodesic flow.
In all what follows we will look for KS tensors preserved by Lie dragging along the tri-
holomorphic Killing vector:

‘QS/,U/:O’ E:&g,
K

and we will consider generic values of H and g # 0.

Let us examine more closely the structure of the conserved quantity induced by such a KS
tensor. Expanding the sums in (9) and using the relations (4) we obtain the following structure
for the conserved quantity:

S = Ajj(zk) pipj + 2q Bi(zi) pi + C(zy,), (10)

where the various unknown functions, as a consequence of our hypotheses, are independent of
the coordinate on the U(1) fiber.

It is interesting to notice that the knowledge of S is equivalent to the knowledge of the KS
tensor.

Imposing the conservation of S under the geodesic flow gives the following equations!

a) q-£V=0,

b) I Aijy =0,

c) q(0; Bjy — Ay €jysu OuV) = 0,

d) 0;C+2(H—qV)Ais05V —2¢*€ist Bs 0,V = 0. (11)

The relation (11a) calls for a spatial Killing vector for the potential V. However it could well
be that V' has no symmetry at all. In this event we must have B; = 0. Then relation (11c) can
be written

[A, R] =0, (R)ij = €isj 05 V.

Since V' has no Killing the matrix R is a generic matrix in the Lie algebra so(3). By Schur
lemma it follows that A has to be proportional to the identity matrix and this does trivialize
the corresponding conserved quantity S. So the potential must have at least one extra spatial
Killing vector L (notice that L lifts up to an isometry of the 4 dimensional metric).

The full discussion and integration of the system (11) has been worked out in [5] and the
results can be classified according to wether the extra Killing vector is holomorphic or tri-
holomorphic. For each potential the detailed form of the conserved quantity induced by the
Killing—Stéckel tensor has been determined. Let us state these results.

3 One extra holomorphic Killing vector

We can take for extra spatial Killing vector L= 20y — y0,. Then the metrics with the following
potentials will exhibit a quadratic Killing—Stackel tensor:

'Since H and ¢ take generic values, the quantity H — ¢®V does not vanish identically.
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1. The 2-centre metric with

mi m
— 4 =

2. re =224+ 12 + (2 )2
T4+ T_—

V =wvy+
The conserved quantity is

S =L%+ Csz, +2qcA L, +2cz A (H — q2V) — ¢*r?A?, r? = a2 +y? + 22,
with

Li =eijpzjpe, A=-———.

which we have checked to be in full agreement with [2].

2. A first dipolar breaking of Taub—-NUT with
V:vo+m+F%, r=+/x?+y?+ 22,
r r

which is, in fact, the singular limit ¢ — 0 of the previous case. The conserved quantity is

- F z 2 + 92
Siy=L*-2q—L,—2F = (H - ¢*v) +q2F2¥.
r r r
3. A second dipolar breaking of Taub—-NUT with
V=vy+ m + Ez.
T
The conserved quantity is
2, .2

L - m 7ty

Sir=FAL). —q (7 ~ Bz) L. = 2U (H — ¢*u) — 2* mE %

In the limiting case of Taub—-NUT, we have in fact 3 extra Killing vectors, which are holo-
morphic. It follows that we will have 3 Killing—Stéckel tensors, giving rise to the generalized
Runge-Lenz vector

<3y
{

gzﬁ/\j+m(q21)0—H) , j:L—{—q@F,

r

discovered by Gibbons and Manton [1]. The conserved quantity Syr; does reduce to S, in the
limit £ — 0.

All of these metrics have at least the 4 conserved quantities
q= HUa Ha L'LLH,UA Sa

which are easily checked to be in involution, thus establishing the Liouville integrability of their
corresponding geodesic flows.
Let us consider the class of metrics with an extra tri-holomorphic Killing.

4 One extra tri-holomorphic Killing

Here we can take the Killing vector to be L= 0, and since the potential does depend only on
the coordinates x and y we will state the results using the complex coordinate z = x 4 iy. Then
the metrics with the following potentials will exhibit a quadratic Killing—Stéckel tensor:
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1. First case:

z
V=v9+ m—— +c.c.,

where c.c. means complex conjugation. The conserved quantity is
S1 = L2 — T2 - 22 F o, + ¢*(2uU + D)IIE — 2c°UH, ¢ # 0,
with
2+ Z 2 +722+ 22+ A2)
Vet Va2 +
The Bianchi VIIy and Bianchi VI, which appear as particular cases of these metrics for vg = 0

were already known to be integrable from [6].

2. Second case:
m

V=vy+ — +c.c., m € C,
222

with the conserved quantity

U+iF=—-—m

D = —2|m|? (

Sy =IL%—2FTOIL, + 20U T2 — 2UH, U-+iF=m-.
z
3. Third case:
m
V=v9+ —+c.c., m € C,
z

NG

with the conserved quantity
S3 =TI, L, — 2F T IT, + (2voU + D)TI3 — 2UH,

and
UtiF=-"2"2 pojmpitZ
2 Ve IR VE

4. The fourth case:

V=v+m(z+7%)/2, m € R,
is super-integrable, with two conserved quantities
1 2
S =12 4 (I, —myTly)?, S =T, 1, — V Io(IL, — myIly) — my H.

The parameter vy is always real.
Here too, all of these metrics have at least the 4 conserved quantities

q=1Io, H, LML, S,

which are easily checked to be in involution, thus establishing the Liouville integrability of their
corresponding geodesic flows.
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