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Abstract

The problem of determining whether a Hamiltonian system is completely integrable has been
long discussed since the early days of development of celestial mechanics. A Hamiltonian
system with N degrees of freedom is said to be completely integrable in the Liouville sense if
there exist N smooth first integrals in involution which are functionally independent. In spite
of the fact that we have a well-defined notion of complete integrability, the above problem still
remains an open question.

Our purpose in this thesis is to construct a systematic method to enumerate first integrals of
a given Hamiltonian system. The main idea is that many Hamiltonian systems can be captured
through geodesic problems in curved space(-time)s: Euler’s equations for a rigid body emerge
from geodesic flow on the special orthogonal group with to a left-invariant metric; In general
relativity, the motion of a free particle in a gravitational field can be formulated as geodesic flow
on a curved spacetime; In general setting, the trajectories of a natural Hamiltonian systems,
that are given as the sum of a curved kinetic and a potential energy with the kinetic term being
quadratic in momenta, can always be described as geodesics in enlarged spaces, i.e. interactions
are geometrised by introducing one or more extra dimensions.

In this thesis, we assume that first integrals of a geodesic flow are polynomial in momenta. In
this setting, the Hamiltonian function is constructed out of the metric on a (pseudo-)Riemannian
manifold, and thus the first integrals must be associated with Killing tensor fields obeying the
Killing equation. 1t is a simple fact, usually known as Noether’s first theorem, that if there is
a first integral linear in momenta, then the metric admits a one-parameter group of isometries
generated by a Killing vector field. In an analogous way, polynomial first integrals lead to
Killing tensor fields whose orders are equal to the degree of the polynomials. A Killing tensor
field generates a canonical transformation which maps the original Hamiltonian system into
itself. In general relativity, Carter’s constant in the Kerr black hole spacetime directly stems
from a second order Killing tensor field.

Our assumptions reduce the integrability problem in Hamiltonian systems to the problem
how to solve the Killing equation. Then it is natural to ask the following questions:

e Are there any solutions of the Killing equation for given metrics?
e If the answer is yes, then how many solutions are there?
e What quantities are sufficient to determine the number of solutions?

In this thesis, we study the above issues and give partial answers. In particular, we introduce a
systematic method to analyse the Killing equation and to study its properties. A key ingredient
here is projection operators called Young symmetrisers. Main results are as follows:

(i) We construct an effective way to analyse the Killing equation and to study its properties
based on Young symmetrisers. We particularly establish a prolongation procedure which



(i)

(111)

@iv)

transforms the Killing equation of a specified order into a closed system dubbed the pro-
longed system by introducing new variables. Then the explicit form of the prolonged
system was written out up to the third order.

We give a formula for the integrability conditions of the prolonged system that put tough
restrictions on the Riemann curvature tensor and its derivatives. We also derive the con-
crete form of the integrability conditions up to the third order. Moreover, we make a
conjecture on the Young symmetries of the integrability conditions of a general order.
Furthermore, we provide a method for computing the dimension of the solution space of
the Killing equation with a specific example.

We characterise metrics which admit Killing vector fields by local curvature obstruc-
tions. The obstructions have been obtained by analysing the integrability condition and
the original Killing equation. In particular, we provide the algorithm that tells us exactly
how many Killing vector fields exist for a given metric.

Killing tensor fields arise out of an assumption that first integrals of a geodesic flow are
polynomial in momenta. We relax this assumption and conceive of first integrals that
are meromorphic in momenta. We then define gauged Killing tensor fields in order to
describe first integrals that are meromorphic in momenta. We also study their properties
in detail and construct several metrics admitting a nontrivial rational first integral.
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Chapter 1

Introduction

The problem of determining whether a Hamiltonian system is completely integrable has its roots
in the classical literature. In the late 18th century, d’ Alambert, Euler, Lagrange, Clairaut had
already discussed exact integration of Hamilton’s equations. Afterwards, Hamilton and Jacobi
had developed an elegant method for solving Hamilton’s equations. Against such an interesting
background, we shall begin with a historical perspective of the fundamental problem identified
by Henri Poincaré to grasp main problem in this thesis. After some twists and turns, we will
arrive at the Killing equation that is a main subject in this thesis.

Poincaré’s fundamental problem

At the end of the 19th century, Poincaré considered a system given by the Hamiltonian with N
degrees of freedom

H(I,0) = Ho(I)+€eH,(I,0)+&*Ho(1,0) +--- e < 1, (1.1)

and promoted the study of this Hamiltonian as the fundamental problem of Hamiltonian dynam-
ics. Here Hy is an integrable Hamiltonian depending only on the action variables I = (I1,...,1Iy)
and €H, is a perturbation term periodic in the angle variables 6 = (6,...,60y). A classic exam-
ple of eq. (1.1) is the planetary motion around the sun. The integrable Hamiltonian represents a
sum of two-body Keplerian Hamiltonians (the sun and each planet) and the perturbation results
from the mutual interactions between the planets. The small parameter is typically estimated by
the ratio of the mass of the heaviest planet (that is, Jupiter) to that of the sun as € ~ 0.5 x 1073.

Here and in what follows, a Hamiltonian system with N degrees of freedom is said to be
completely integrable in the Liouville sense if there exists N smooth first integrals (Q(l), ..,oW ))
such that

{0 0"y = 0, foranya,b = 1,---,N. (1.2)

We have denoted the Poisson bracket by {,}. A function Q is said to be a first integral of
motion if {H,Q} = 0 holds true. Any autonomous Hamiltonian system has at least one first
integral as the Hamiltonian itself. The important feature of completely integrable Hamiltonian
systems is that exact solutions of Hamilton’s equations can be obtained by quadratures. There
are physically significant examples such as the Kepler problem, the Kowalevskaya top, the Toda
lattice and geodesic flows in the Kerr black hole spacetime.

Poincaré himself contributed to the problem in his celebrated theorem [2] on the non-
existence of first integrals that are analytic with respect to the small parameter. To be more
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CHAPTER 1. INTRODUCTION

precise, Poincaré’s theorem states that there is in general no first integral which can be ex-
pressed in the form

®(1,0) = Py(I)+ &P (1,0)+ Dy (1,0) +--- . (1.3)

This result had been applied at once to the restricted three-body problem. Afterwards his the-
orem is widely quoted as saying: Henri Poincaré proved that the three-body problem cannot
be solved analytically; or an integrable Hamiltonian system inevitably fails to be completely
integrable if the perturbation exists. However, it should be noted that his theorem is less strong
than we imagine. This is because

e Poincaré assumed in his proof that the perturbation term can be expanded in the infinite
Fourier series, that is

H(I1,0) = iﬂl (I)e™*9 (1.4)
k

e We certainly expect that any first integral is analytic with respect to I and 8. However, it
does not necessarily need to be analytic with respect to €.

So if the perturbation term can be written by the finite Fourier series, Poincaré’s theorem does
not work. More importantly, nowdays we already know completely integrable Hamiltonian
systems are very rare. Therefore, nobody is desirous of getting first integrals that are analytic
with respect to €. The important thing will be the discussion for a given value of € = gy. It
should be also stressed that Poincaré did not weed out the possible existence of locally valid
first integrals for a certain value of €.

On the other hand, Poincaré’s fundamental problem is intrinsically based on known inte-
grable Hamiltonian systems. In the 19th century, as there were a few known integrable Hamil-
tonian, this does not matter. Over the years since the 19th century, despite the fact that in-
tegrable Hamiltonian systems are very rare, many new and important integrable Hamiltonian
systems have been discovered. Apart from Poincaré’s fundamental problem, single out inte-
grable Hamiltonian systems remains an open question. In fact, this question had been posed
by astronomers in the later of the 20th century, which are known as the problem of the third
integral of motion.

The third integral of motion

Let us consider the motion of the Milky Way. Our observations allow us to assume that the
gravitational potential of our galaxy is time-independent and has an axial symmetry. We are
interested in the motion of a star in such a potential. According to S. Chandrasekar [3], the
mean collision time can be conservatively estimated as 10'*yr whilst the estimated age of the
Milky Way is about 10'%yr. Hence, the one-body distribution function obeys the collisionless
Boltzmann equation

of

- H} = 0. 1.5
5 T {f.H} (1.5)
Here the Hamiltonian with three degrees of freedom is taken to be
L5 Ps, 2
H = E pr+r_2+pz +V(F7Z)7 (16)
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where (r,0,z) is cylindrical coordinates. For simplicity we further assume it is stationary and
consequently d f/dt = 0. In this case, the one-body distribution function must be a first integral
of the Hamiltonian system (1.6).

Clearly, the Hamiltonian Q") = H and the angular momentum Q) = py are first integrals.
It seems that other first integrals do not exist for a general potential V(r,z). Therefore, we
deduce that f = f(H, pg) which depends on p, and p, via the p, and p, dependences of H,
thereby allowing us to conclude that (p?) = (p?). However, this conclusion is in conflict with
the observed distribution of stellar velocities near the sun. Particularly, the observed dispersions
of velocities have approximately a (p?) : (p?) =2 : 1 ratio.

Over the years, it had been believed that on the Hamiltonian (1.6) no third integral of motion
exists (see e.g. Refs [4, 5, 6]). However, quite unexpectedly, numerical results for a number of
galactic orbits implied the existence of the third integral [8, 7]. As a result, many efforts were
made to prove analytically the existence of the last integral, 0B [7,9]

In order to sketch the nature of the third integral, we follow Henon—Heiles’s simplification.
By expanding the Hamiltonian near a circular orbit » = ry,z = 0 and pg =const., we obtain a
2-dimensional nonlinear oscillator

H = S0+ 7) 45 (02— o)+ @22] +-0(r—r0,2)°, (17)
where m, and @, are the constants determined by the derivatives of V(r,z). G. Contopoulos
showed the perturbative expression for the third integral of the Hamiltonian (1.7). However,
the third integral can be understood in a much simpler way: We take the Hamiltonian as a toy
model of eq. (1.7)

1

- 1
H = S(pi+p3)+5(qi+492) +V(91.42), (18)

where V(g1,¢>) is a homogeneous potential of degree three
V(q1,42) = Hqi +Vaiar+p43 (1.9)

where U, v, p are constant parameters. For the Hamiltonian system (1.8), it is not widely known
that the following theorem holds true [10, 11, 12, 51].

Theorem 1 (Hietarinta). The Hamiltonian system (1.8) is completely integrable if and only if
the potential V belongs to the following list:

1 u 2u 1
Vigi,q) = 43, Vigi,q2) = gq?+§q3, Vigi,q2) = ?q?ﬂﬁqﬁgqi,
16
Vg, @) = @2 +243, Vg, q) = rﬁqz+gq§-

For instance, in the case V = ¢3¢ + (16/3)g3, the third integral can be written explicitly as

0% = 9(p3+5)* + 12p2g5 (391 P2 — 42p1) — 23(647 + 43) — 124145 - (1.10)

The above discussion indicates that the behaviour of the Hamiltonian system (1.6) is very
complicated, and thus there is no simple answer to the question of the existence of the third
integral of motion. However, the final answer must be based not on a numerical analysis but on
a mathematically rigorous proof. Consequently, the problem of the third integral of motion has
not been completely resolved yet, and is still being discussed.

8



CHAPTER 1. INTRODUCTION

Painlevé analysis

Integrable Hamiltonian systems often exist discretely among a family of Hamiltonian systems,
against our expectations. A natural question arises out of the above discussion is how to recog-
nise if a given Hamiltonian has a first integral. We will mention a method called the the Painlevé
analysis, or alternatively singularity analysis [14, 15, 16].

An ordinary differential equation is said to have the Painlevé property if all its solutions
have no movable singular points other than poles. For Hamiltonian systems, a rigorous relation
between the Liouville integrability and the Painlevé property was established by an elegant and
powerful way [17]. A number of integrable Hamiltonian systems has been detected by impos-
ing the Painlevé property on their solutions (the Painlevé analysis). However, it should be stated
that for the application of the Painlevé analysis or its extension called the Morales-Ramis theory
[18], we definitely need a particular solution of the Hamiltonian system under consideration. As
there is no direct method for finding particular solutions to Hamilton’s equations, this require-
ment limits the range of applicability of the Painlevé analysis. Nevertheless, historically, the
Painlevé analysis has helped lead us to new integrable Hamiltonian systems. The first example
was made by S. Kowalevskaya.

In 1889, S. Kowalevskaya studied the motion of a rotating rigid body under a constant
gravitational force. More precisely, She explored the possible connection between the Liouville
integrability and the presence of movable poles in the solutions to the Euler—Poisson equations

do, an

A7 = (B—C)mmws +20% — Y03 , 1 = oo, (L.11)
d d

BT = (C—A)m01 +x03 —20M d_);z = 01—, (1.12)
d d

CE = (A=B)o1o+yoh —x0p. L~ om-op, (1.13)

where (A,B,C) denote the principal momenta of inertia and (xo,yo,20) is the center of mass.
The angular velocity vector and direction cosines are denoted by (®;, @, ®3) and (y1,7, %),
respectively. Generally, the Euler—Poisson equations have the two first integrals

1
5 (Aof +Bo3F +Co3) +x071 + Yo +20% = const., (1.14)

Awy +Bwry, +Cwsys = const.. (1.15)

Therefore, the existence of an additional integral guarantees that the Euler—Poisson equations
is completely integrable. Kowalevskaya examined a particular solution to the Euler—Poisson
equations and found that there are only 3 cases

X0 =yo =20 = 0, (Euler)
X0 =yo = 0, A =B, (Lagrange)
20 =0, A =B = 2C, (Kowalevskaya)

which are free from the movable singular points. It was already known from the work of Euler
and Lagrange (see [19] for review) that the first two cases are completely integrable with the
additional integral

A’w? + B*0? +C*w? = const., (Euler)
Cws = const.. (Lagrange)
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Fortunately, Kowalevskaya also found the additional integral

2
(0f — @5 —xo11)” + (2010, —xp)> = const.

and then it became known as Kowalevskaya’s top.

After her success, some integrable Hamiltonian systems were discovered by the Painlevé
analysis. On the other hand, a mathematical rigorous relation between the integrability and the
analytic properties of the solutions had been extensively studied. For Hamiltonian systems, S. L.
Ziglin established a well-organised description of the Painlevé analysis by using the monodromy
group [17]. We avoid in-depth discussion of it.

Main problem and strategy

In spite of the fact that we have a well-defined notion of complete integrability in the Liouville
sense, deciding whether a given Hamiltonian system is completely integrable is still an open
question. Looking at only Poincaré’s fundamental problem, a few mathematical statements
were made. This has motivated many authors to develop various methods to investigate the
Liouville integrability of Hamiltonian systems. One candidate is the Painlevé analysis or its ex-
tension. However, it requires particular solutions to Hamilton’s equations. Finding a particular
solution is equivalent to solving Hamilton’s equations itself, and thus the Painlevé analysis is
sometimes not constructive. As a result, the range of its applicability is highly limited.

Our purpose in this thesis is to construct a systematic method to enumerate first integrals of
a given Hamiltonian system. The main idea is laid out in the following.

Throughout this thesis, we only deal with systems described by a natural Hamiltonian

H = (@) papy+V(q), (1.16)

1

1=

1
2

a

where (g, p) are canonical variables. The first and second terms respectively denote a curved
kinetic and a potential energy. A symmetric matrix g%’ = g* amounts to a Riemannian metric
on configuration space. The equations of motion take the form

dq®
dt

dpg oH

_OH _ igabpb, dpa _ _oH _ 1 Z g pope— V. (117)
v = dt dq” 2=

The main idea is to use the so-called Eisenhart lift to a natural Hamiltonian (1.16) (for recent
review [20]): Introducing a new momentum py 1, we make a natural Hamiltonian H a homo-
geneous quadratic in momenta

g1 Al 1 A&
=5 L &"@pantVi@ri = 5 X & @pars, (1.18)
a,b=1 A,B=1
where ps = (pa, pn41), 80 = g%, gNt14 =0 and gN*+!V*+! =2V This Hamiltonian can reduce

to its original counterpart (1.16) when py. | is set unity. We think of A as new Hamiltonian
with additional canonical variables py.; and ¢"*!. The new equations of motion are written

10



CHAPTER 1. INTRODUCTION

out as
dq* N dp 1 N
7 = bzlgabpb, a’ta - _Ebzlaagbcpbpc—pjzwlaav, (1.19)
— &~
qu+l de+1
— 2V =0 1.20

confirming that we can set pyy+; = 1. The important point is that new Hamiltonian (1.18)
describes a geodesic flow. This implies that it is enough to consider a geodesic Hamiltonian as
long as we are concerned only with a natural Hamiltonian.

Moreover, we restrict our attention to first integrals that are polynomial in momenta. For
geodesic Hamiltonian systems, such integrals can be written as

Q(q,p) = K7 (q)pay " Pa, ; (1.21)
where K%% = K(@14) is a (p,0)-type symmetric tensor field. The round brackets (---)
denote symmetrisation over the enclosed indices. Square brackets over indices |- - -] will be used

for antisymmetrisation. Here and in what follows, we will use Einstein’s summation convention
which means any repeated Latin index is to be summed from O to N. Requiring Q to be a first
integral, {H,Q} = 0, we are led to the Killing equation

VoKayay) = 0, (1.22)

where V is the Levi—Civita connection. The symmetric tensor filed K% is referred to as
Killing tensor fields (KTs). A Riemannian metric is a trivial KT and is always a solution of
the Killing equation (1.22). This corresponds to the fact that the Hamiltonian (1/2)g% p.py
is surely a first integral of the geodesic flow. The first order KTs are known as Killing vector
fields (K'Vs) that have been actively studied as the isometry group. The second order KTs have
also been considerably studied in connection with separation of variables in Hamilton—Jacobi
equations [21, 22, 23]. In general relativity, a nontrivial KT of second-order was discovered
in the Kerr spacetime [24, 25] which describes an isolated stationary rotating black hole in a
vacuum. In the Kerr spacetime, the geodesic equations can be solved by separation of variables
due to the presence of a KT.

It should be noted that: The presence of first integrals represents an intrinsic character
of Hamiltonian systems. On the one hand, the presence of first integrals that are a certain
degree in momenta is an extrinsic character since it depends on a certain choice of canonical
variables. Therefore, we in principle need to find out whether there is any KT of a general
order. In this thesis, we will focus on KTs up to the third order; After solving the Killing
equation (1.22), Poisson commutativity (1.2) must be examined separately. In terms of KTs,
Poisson commutativity can be written as

K. K]\ =0, (1.23)

where K99 K% 9 are KTs and [,]sn is Schouten-Nijenhuis bracket defined by
[K, K]g;\’]"al”rqfl = pKb(a1~~-ap,1vbkap~-~ap+q,1) . qkb(al~~~aq,1)vaaq~~-ap+q,1) ) (124)
It can be confirmed that if the Schouten-Nijenhuis bracket [K, K]&.-al, 7! vanishes, first inte-

grals K% pq, - p,, and K4 %ap, ... Pa, are Poisson commutating.

As described above, the problem of determining whether a Hamiltonian system is com-
pletely integrable is reduced to the problem how to solve the Killing equation. Then it is natural
to ask the following questions:

11



CHAPTER 1. INTRODUCTION

e Are there any solutions of the Killing equation (1.22) for given metrics?
e If the answer is yes, then how many solutions are there?
e What quantities are sufficient to determine the number of solutions?

In this thesis, we study the above issues and give partial answers. In particular, we introduce a
systematic method to analyse the Killing equation and to study its properties. A key ingredient
here is projection operators called Young symmetrisers.

Organisation of the thesis

The remainder of this thesis is organised as follows.

Chapter 2 In order to introduce Young symmetrisers which give a diagrammatic method to de-
compose the irreducible repserentations of the general linear group, we begin with some
basic concepts in representation theory. After then, we introduce Young symmetrisers
and study their properties to keep this thesis readable independently of any reference.
Young symmetrisers are the basic building block of the covariant tensor calculus in the
subsequent chapters.

Chapter 3 We give a procedure which transforms the Killing equation into a closed system
called the prolonged system by introducing new variables. Young symmetriser plays
essential roles in the procedure. It will be a first step towards better understanding of
the integrability of the Killing equation. In particular, the closed system serves to put a
maximum upper bound on the number of linearly independent solutions to the Killing
equation.

Chapter 4 We formulate the integrability conditions of of the prolonged system. It provides
a concrete way to enumerate the number of the solutions to the Killing equation. Our
analysis here is also based on Young symmetrisers. We also demonstrate a method for
computing the dimension of the space of KTs with a specific example.

Chapter S We characterise metrics which admit Killing vector fields by local curvature ob-
structions. The obstructions will be obtained by analysing the integrability condition and
the original Killing equation. As a consequence, the algorithm that tells us exactly how
many Killing vector fields exist for 3-dimensional Riemannian metrics will be formulated.

Chapter 6 Killing tensor fields arise out of an assumption that first integrals of a geodesic flow
are polynomial in momenta. It is then natural to relax this assumption and conceive of
first integrals that are meromorphic in momenta. We call them the rational first integrals.
As a consequence, we are naturally led to introduce gauged Killing tensor fields.

Chapter 7 We summarise this thesis and conclude our study with a summary and outlook.

12



Chapter 2

Young symmetriser

The aim of this chapter is to introduce projection operators called Young symmetrisers. Young
symmetrisers are the basic building block of the covariant tensor calculus in the subsequent
chapters since they make it a snap to take multi-term symmetries (such as the first Bianchi
identity Ry 4 — 0) into account. In our notation the Latin letters (a,b,c,...) are identified as
a naturally ordered set (1,2,3,...). Therefore, for instance, the standard Young tableau Y is

equated with Y which is more suitable for the calculus. We also order the subscripted Latin
cld

letters (al,az,...,bl,bz,...) asap <ap <---<by<by<---.

This chapter consists of four sections: In Section 2.1 we commence by some basic concepts
in representation theory. In Section 2.2 we then introduce the definition and properties of Young
symmetrisers. Section 2.3 is devoted to resolving a technical issue of Young symmetriser. In
Section 2.4 we collect some useful theorems without any proof. See Ref. [26] for more on
Young tableaux and the representation theory of symmetric groups.

2.1 Preliminaries

In order to introduce Young symmetrisers which give a diagrammatic method to decompose the
irreducible repserentations of the general linear group, we begin with some basic concepts in
representation theory.

Definition 2 (partition). A partition of a positive integer k is a set of integers (A1, Az, . .. A) such
that

M > > >N >0, M+A+-+ A4 = k. (2.1)
For instance, the natural number 3 can be partitioned in three distinct ways
3=3=2+4+1=1+1+1.
Any partition can be graphically represented by using Young diagrams.

Definition 3 (Young diagram). A Young diagram is a finite collection of boxes arranged in k
rows corresponding to a partition of k.
For instance, the following three diagrams corresponding to partitions of the natural number 3.
L, ,
< £ s

211 ~—~—
1+1+1

13



CHAPTER 2. YOUNG SYMMETRISER

Subsequently we introduce a standard Young tableau which denotes the irreducible representa-
tion of the general linear groups.

Definition 4 (standard Young tableau). A standard Young tableau is a filling of a Young diagram
with the natural numbers 1,2, ... k so that entries are increasing along rows and columns.

For instance, the possible standard Young tableaux with three boxes are written as follows.

213, ], 1, .

At the end, we define the hook length of a box in a Young diagram. It will be used to determine
the normalisation of Young symmetrisers.

Definition 5 (hook length). The hook length h(i, j) of a box (i,j) in a Young diagram is the
number of boxes that are in the same row i to the right of it, plus the number of boxes in the
same column j below it, plus one.

=

=

=
(=[]
=
(=l

2.2 Definition and properties

A Young symmetriser Yg is defined as the projection operator corresponding to a standard
Young tableau ® which makes sequential row-by-row symmetrisation and column-by-column
antisymmetrisation. To be precise, for a Young diagram 0 (this is a partition of the integer k)
and one of its standard Young tableaux O, the Young symmetriser reads

Yo = ap I_I Aci H SRi, 2.2)
(©)

C;ecol(®) Ri€row

where SRi (AC,-) denotes the (anti-)symmetrisation of the slots corresponding to the entries in
the i™ row (column) of the tableau ®; g is the normalisation factor determined so as to satisfy
YGZ) = Yp and depends only on the shape of the Young diagram not the particular tableau.

For instance, let 6 = EE and @ = Bap then the corresponding Young symmetriser reads

Yam = aHE‘AacAhdScdSab7 (2.3)
with
o = % =4, (2.4)
where |6| the product of hook lengths of the boxes of 6, i.e.
0] =3.2.2-1 = 12, (2.5)

since the tableau listing the hook length of each box in 0 is given by 3B The numerator of
eq. (2.4) comes from the normalisation of AgcApgS.qS.5. Notice that both SA'R,. and Aci are also
idempotent, e.g. S, if defined by 1/(2!)(id; + (a,b)) and not (idy + (a,b)) where id; is the
identity operator and (a,b) denotes the permutation that swaps indices a and b.

Young symmetrisers are endowed with the following three properties.
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Idempotence
Y2 = Yo, O e, (2.6)
Orthogonality
Yo Yo = Jeo Yo, "9, 2c, (k=1,2,3,4) 2.7)
Completeness
Y Yo = idg, (k=1,2,3,4) (2.8)
Oc%;

where % denotes the set of all standard Young tableaux with k boxes, e.g.
% = {aw,@m}, %z{,,,}.

It is worth mentioning that the orthogonality (2.7) holds for general k if the shapes of the
tableaux ® and &P are different.

Throughout the remaining part of this thesis, it is stipulated that the Young symmetriser with
k boxes acts only on covariant not contravariant indices of a type (n,m) tensor field T for m > k,
e.g. Yam Ty is well-defined and yields 1/2(T,y, + Tp,) but Yam T is an ill-defined operation.
Note that any Young symmetriser does not commute with the trace operation, e.g. g%’ Y Ty, is
well-defined but Yir g%, is an ill-defined.

In the stipulation, Young symmetrisers provide a decomposition of the space of all tensor
fields into its irreducible representations for the action of the general linear group. For instance,
the decomposition of a type (0,2) tensor field 7 into the irreducible representations can be done
as

Tp = 12Ty = (Y +Ya )Tap = Tiap) + Tfar)

where in the second equality we have used the compleness relation (2.8). For a type (0, 3) tensor
field 7', a similar calculation reads

Tabc = (Y + Y + Y + Y )Tabc
= T(abc) + % AaCT(ab)c + %1 AabT(a|b|c) + T[abc} .

But at k = 5 the subsequent calculation reaches a deadlock since the completeness relation (2.8)
no longer holds for k > 5. The standard example of this is

[c]d]

implying that the orthogonality (2.7) is broken down.
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2.3 Littlewood’s correction

The failure of the orthogonality and completeness of Young symmetrisers with &k > 5 boxes

is fatally shot in practical use. Fortunately, it is known that this can be complemented by

Littlewood’s correction [277]. We shall present it here. For other prescriptions, see Refs. [28,
].

Before going into the details, we introduce the following two definitions:

Definition 6 (row-word of a Young tableau). Let ® € % be a Young tableau. The row-word of
0, say row(0), is defined as the row vector whose entries are those of ® read row-wise from
top to bottom.

For instance, suppose ® =(afz|. Then the row-word of © reads row(0®) = (a,b,c,d,e).

Definition 7 (row-order relation). Let ® and ® be two Young tableaux of the same shape.
Denoting row(®); be the i component of row(®), it is said that ® precedes ® and write
0O < D ifrow(®); < row(D); for the leftmost i where row(®); and row (P); differ.

Using the row-order relation, we can order the Young tableaux of the same shape, e.g.

[a]P] < [a]D] < < < =< .
b]d] b]e]
4]

==
Y

afn

The following result is an easy consequence of the row-order relation. Let {®;, ©;,03,...}
be the set of all Young tableaux in %} with a particular shape. Suppose this set be ordered as
0©; < ©; whenever i < j, one can see by inspection that the one-sided orthogonality

Yo, Y@j =0, (2.9)
holds true.

We are now able to state Littlewood’s correction. The Young symmetriser with Littlewood’s
correction, say Lg,, corresponding the tableau ®; € {®,0,,03,...} is iteratively defined by

i—1
Lo, = Yo, <1— ZL@,), (2.10)
=1
or the factorised form
i—1
Lo, = Yo, H(l—Y@i_j). @2.11)
j=1

It is possible to prove [27] that the Young symmetrisers with correction (2.10) recover the
orthogonality,

Lo Ly = Soo Lo, "9,®c %, (2.12)
and the completeness,
Z Le = idg, (2.13)
Oc%,
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for general k. Here, we only prove the orthogonality (2.12). If Le, and Le, correspond to
tableaux of the same shape with ®; < ®; whenever i < j, then

Le, Le; =0,
holds by the one-sided orthogonality (2.9). Moreover, we have
Lo, Lo, = Yo, (1-Ye, ) -+ (1-Ye,) --- (1=Yo,)Ye, (1 -Yo, ) - (1-Yo,)
= Yo, (1-Yo, ) - (Yo,~¥5,) (1-Yo,_,) -+ (1-Ye,) = 0,

confirming eq. (2.12).

It is advisable to note that all the corrections in (2.10) vanish for the tableaux with £k <4
boxes, then Lg, reduces to Yg,. Even for k > 5, many corrections would vanish, e.g. Atk =15
the only two symmetrisers

jalele] = Ill (1—Y> = (1—Y> ,
il =

differ from their original counterparts. Thus it is useful for practical use to make it clear what
kinds of the Young symmetrisers with Littlewood’s correction are equivalent to the original
counterparts. Since the tableau a ---i---@ is row-ordered, it follows from the definition

agle. oy — Y ......... . 2.14
-3 - (2.14)
c

It is also shown that
i = Y 1-Y =Yoo @, 2.15
by e by ( b ) ( )
Y 1— Y wm) (1 =Ya. o wm) = Y 5, (2.16
™ = T o B ™) (W) = Yo em, (216)

and so on, where we have only used the relations Sa] by Aa, b, = 0and §a
the corrected symmetriser

I ith >q>1, >i>2, 2.17
Log e D wi p>q> q>i (2.17)

Jbs Agpy = 0. In general,

is coincident with its original counterpart by a trivial relation SAa;,lbi AaH p; = 0.

2.4 Theorems

In this section, we collect some theorems that are of fundamental importance in the next chap-
ter. We also carry out sample calculations which will be helpful to readers to acquire a better
understanding of the theorems.

First we show the result referred to as Schur’s lemma in the context of the representation
theory of symmetric groups.

Theorem 8 (Schur). Let ® and ® be Young tableaux with k boxes. If Yo and Yo are orthogonal,
that is Yo Yo = 0, then

Y@GY@IO, (2.18)

holds true for an arbitrary permutation ©.
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Take as an example the product Y Y and expand it to
cld c

Yo Yamidgs = Yam 1 Yo = Yau Yam ¥
i = Y 2, Yo = Yo Ym i,

where in the last equality we have used Schur’s lemma.
Second, we state Raicu’s theorem.

Theorem 9 (Raicu). Let ® € %, and ® € % 1. Suppose that the unique entry in ® outside ®
is located in the right edge of the tableau ®, then

Yo Yo = Yo, (2.19)
holds true.

Using Raicu’s theorem, the product Y Y Y can be simplified to

Yars) Y Yy = Yo Yai) = Ya.

To be precise, the above theorem is merely an example of Raicu’s theorem. A complete wording
of Raicu’s theorem can be found in Ref. [30].

At last, we state an important result, called Pieri’s formula, from the representation theory
of symmetric groups.

Theorem 10 (Pieri). Let 6 and ¢ be two Young diagrams with k and k+ £ (¢ > 1) boxes respec-
tively. It is said that ¢ includes 0 if 0 is a subdiagram of ¢. Let ® and ® be Young tableaux of
shapes 0 and ¢ respectively, then

YoYo = Yo Yo = 0, (2.20)
holds if ¢ does not include 6.

It should be noted that the first Bianchi identity, Ry, 4 = 0, can be recaptured by Pieri’s for-
mula. We know that R,;.; belongs to [«[c], and hence the first Bianchi identity can be written in
terms of Young symmetrisers as

YY =0,

which is clearly a type of Pieri’s formula. Therefore we can say that Pieri’s formula is a gener-
alisation of the Bianchi identity.

Before closing this chapter, we look at an example of the actual application of Pieri’s for-
mula. Take the product Y Y ocz, Yo and expand it to

Yoo Y Yo = Yau Z(YE+YE3+YEE) = Yap <Y+Y+Y+Y>,

®c%,

where in the first equality we have used Pieri’s formula (2.20).
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Chapter 3

Prolongation of the Killing equation

In this chapter, we give a procedure which transforms the Killing equation into a closed system
by introducing new variables. Young symmetriser plays essential roles in the procedure. It
will be a first step towards better understanding of the integrability of the Killing equation. In
particular, the closed system serves to put a maximum upper bound on the number of linearly
independent solutions to the Killing equation.

This chapter consists of four sections: In Section 3.1 we take a brief look at a procedure
of prolongation of the Killing equation in classical literature. In Section 3.2 we improve the
procedure of prolongation of the Killing equation by using Young symmetrisers introduced in
Chapter 2. In Section 3.3 we give the explicit forms of the prolonged system for the Killing
equation up to the third order. In Section 3.4 we comment on a geometric interpretation of the
prolonged system. We also show the Barbance—Delong—Takeuchi—-Thompson formula which
gives the upper bound on the number of linearly independent solutions to the Killing equation
of the p™ order.

3.1 Preliminaries

Before proceeding, it is instructive to take the simplest case in order to grasp the intuitive sig-
nificance of the Killing equation. In particular, we aim to illustrate a procedure of prolongation
in classical literature. Thus we here consider a Killing vector field satisfying the equation

VK = 0. 3.1)

One immediate observation is that eq. (3.1) is an overdetermined linear system since there
are N(N + 1)/2 equations for N variables, and consequently might not have any solutions. We
then follow the well-known procedure of prolongation to find a maximum upper bound on the
dimension of the solution space.

Prolongation of an overdetermined system of partial differential equations proceeds by in-
troducing new dependent variables for unknown higher derivatives to establish a first order
closed system, in which all the first derivatives of all the dependent variables are completely
expressed in terms of the variables themselves.

For the Killing equation of the first order, the prolongation procedure had been established
in classical literature (e.g. Ref. [31]). In fact we can derive a closed system by the following
way: Let K, be a Killing (co-)vector field and consider definition of the Riemann curvature
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tensor

VaVipKe = VpVaKe = Rap'Ka- (3.2)
By using the Killing equation (3.1), we can rewrite eq. (3.2) as

VaVipKe + V5V eKa = Rap'Ka, (3.3)
and call the same equations with cyclic permutations of the indices abc as

VuVeKy + Ve VK, = Rped’Ky, (3.4)
VeViKy 4V VK. = Reay'Ky . (3.5)

Adding eq. (3.3) to eq. (3.4) and then subtracting eq. (3.5), we obtain
2V,VeK, = (Rabcd +Rbcad - Rcabd)Kd = 2Racbde . (3.6)

By combining the above equation (3.6) and the Killing equation (3.1), we are led to a closed
system of the form

VK, = K}, (3.7a)
1
VaKi) = Repa'Ky, (3.7b)

(1)
where K,

= K[(a1 b)]. An overdetermined system that can be transformed into a closed system is
called of finite type. Hereafter, the closed system obtained by prolongation is referred to as the
prolonged system.

We remark that the Killing equation (3.1) is first order PDE but the prolonged system (3.7)
necessarily involves second derivatives of a Killing vector field K¢. As we will see in the next
section, the Killing equation of the p™-order is also an overdetermined system of finite type and
needs (p + 1)"-order derivatives of a Killing tensor field K%""% to complete the prolongation

procedure.

We also remark that if we have the values of (Ka,KL(lll,)) at any point, then (Ka,KCS;) ) at any

other point is in principle determined by integration of the prolonged system (3.7). Conse-
quently, the upper bound on the dimension of the solution space on a N-dimensional space M
is given by

N(N-1) N(N+1)

dimK'(M) < N+ 5 = T (3.8)

where K'!(M) denotes the solution space of the Killing equation of the first order. This bound is
saturated if and only if M is of constant curvature.

3.2 Prolongation procedure

As indicated in the preceding section, even in the first order case, the procedure of prolongation
of the Killing equation is rather complicated. Such a procedure is quickly becoming more
and more complicated as the order of the Killing tensor field grows. We therefore refine the
prolongation procedure of the Killing equation. A key ingredient here is Young symmetrisers
introduced in Chapter 2.
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Our procedure of prolongation is based on a decomposition of the space of all tensor fields
into its irreducible representations for the action of the general linear group: Let K, be a Killing
(co-)vector field and consider its derivatives. Since VK, is a type (0,2) tensor field, its irre-
ducible representations reads

ViKa = idViKa = (Y + Vg ) VoKa = Y ViKy = K\ (3.92)

where we have inserted the completeness relation (2.8) in the second equality and have used

the Killing equation (3.1) in the third equality. We next consider VCKISCII) as the above equation
(3.9a) is not yet closed. The irreducible representations reads

(n _ _ _
VCKba = Y VoK, = Y (Y —|—Y —|—Y +Y )Vcha = Y Y Ve Ky
— _ d
= Y Y (ZV[Cb]Ka + Vcha) = Y Repo“Ky, (3.9b)

where V... = V,Vy--- V.. In the third equality, all the Young symmetrisers except for the
third one vanish because of Pieri’s formula (2.20), the Killing equation (3.1) and the first Bianchi
identity R[abdd = 0. A system of linear differential equations (3.9) is now closed. This implies
that we are at the completion of the procedure of prolongation.

Our prolongation procedure can be extended to the higher-order cases. We take as another
example Killing tensor fields of the second order obeying

V(aKbc) =0, with K, = K(ab)a (3.10)

and skip more higher-order cases due to space considerations. Let us consider V Kp,. Its
irreducible representations reads

VeKpy = Yam VeKpy = Yam (Y +Y —|—Y +Y )Vcha = Yam Y V:Kp,
= Yan K4 , (3.112)

where the third equality follows from the Killing equation (3.10) and a trivial relation Yas E. =

]
0. We subsequently consider Vch(;zl because eq. (3.11a) is not closed. The irreducible repre-

(1)

sentations of VK ,° reads
VdK ba = Yr VicKpa = Y r —f-Yr +Y.)Vchba
= Y ([ 3+ 2 | Via Koa + Kiepe)

- Y ([ +2Y ]Rdcb Kma‘i‘K[(ld)m), (3.11b)

where Kc(zgm = Y VicKpqs. We have used Pieri’s formula (2.20) and the Killing equation
(3.10) in the second equality. We further consider VeKL% , as €q. (3.11b) is not yet closed.
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Notice in advance that the number of boxes of Young tableaux exceeds 4, so we need to take
the Littlewood’s correction (2.10) into account.

2 _
VK, 1, = Y VeicKpa = Y ( + o + ong )VeacKpa

= Y Yo [1 — Yo Vg [1 =Y )[1 = Yo ) VeaeKia
+wa Uﬂ\]Jruhu ]) dcKp

=Yg g+ Yege Yo ) Vel 3.11
++) edcBpa ( )

where all the Littlewood’s corrections did not affect the result (3.11c) because of trivial relations
Y Y =0and Y Y = (. Prolongation is still pursued by

\% Kt(icg,a Y ( VeicKpa + 2Y eldc] Kpq + Y [zv[ed Kpa + zvd[ec] Kba] )
.
1 1
= Y ( VeacKpa + Y [ (VeRacs ™) Kma + Raco "K' — 2Raco mKlSm)e]

Y | Reae K+ 2R K = 4Reas " Khe +2(VaRecs” )KmaD. (3.11d)

A straightforward calculation makes the first term explicit as

m (1 1
Y Vechba = % <4Recd K:Em)b - 9Rac ,Sw)b - 9Reac ( )b + SRacd K( b)e
[e]
1
+5Recq mK,;d)b + 2(VcReda m>Kmb + 2(VcRdab m)Kme - 2(VcReab m)Kmd> . (3.11e)

The results (3.11a)—(3.11e) imply that we are at the completion of the procedure of prolonga-
tion.

3.3 Prolonged systems
In this section, we first provide the prolonged system for the Killing equation of the p™ order
V(aKp,.b,) = 0, (3.12)

without any proof. A sketch of proof is shown later in this section. To provide the prolonged
system, we introduce the prolongation variables,

(q) —

Kbqq-~~b1ap~~~a1 = Y:::--- Vbq~~-b1Kap-~~a1 ) (1 <g< p) (3.13)
where Vyp... = VoV Ve, Ky .q) 18 a KT Of the p‘h order. We remark that one needs (p+ 1)
prolongation variables to carry out the prolongation for KTs, while that for Killing-Yano tensor
fields involves only two prolongation variables for any order (see [32, 33] or Section 4.4). This
fact complicates the prolongation for the Killing equation (3.12).
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We are now ready to provide the prolonged system. The prolongation for the Killing equa-
tion of the pMorder can be achieved as follows:

1
VeKayar = Y Kea)oa » (3.14)

q
(9) _ [ ]
Vchq-~~b1ap-~~a1 = Y::@...@ < Y:::... + Y:::... + lZéY Vcbq-~~b1Kap~~-a1

1
) Gca<on @i
(p) 2
VeKy! by = Vi [Y:@ +Yg.50 +,Z§Yi???33 ]Vcbp...blKap...al, (3.16)

where the slashed index b; is deleted from the Young tableau.

It is noteworthy to comment that the derivative terms look like being left on the right-hand
side. However, by virtue of the properties of Young symmetrisers, those terms can be replaced
with non-derivative terms whose coefficients consist of the Riemann curvature tensor and its
derivatives. The proof is given by induction with respect to g as follows: For a fixed g (1 < g <
p), the first term in the parenthesis of eqs. (3.15) and (3.16) reads

A

Y:::@_, Vqu-~b1Ka,,~~-a1 o< Aaqbq .. 'Aazbz (Aa1b1Cvc(bq-~-b1)Kap~-a1) . (3.17)

1

Performing the symmetrisation over the indices by, - - - , b, in the above expression, we obtain the
q! terms. For each term, we then exchange b with the index immediately to the left repeatedly
as

Vebgbaby = Vebgobiby T Vebylbap)] = Vebybibsby T Vebglbsbilby T Vebglboby] = =

until b; comes next to c¢. After that, we act Aa,b,c on the resulting terms so as to replace the
outer two derivatives V,, with the Riemann curvature tensor, confirming that eq. (3.17) can be
cast in the prolongation variables of lower orders than g with the coefficients of the Riemann
curvature tensor and its derivatives. Similarly, the summands in egs. (3.15) and (3.16) can read

Y:::... Vcbq~~-b1Kap-~-a1 = Y:::__, 2Vqu.,,[b2bl]Kap...a1 ,
Y:::.“ Vc‘bq"'blKﬂlpmal = Y:::M (ZVqu,,,[b3b2]blKap...al +Zvcbq-~b2[b3b1]Kap--~a1) 5
and so on. We deduce that all the summands can also be cast in the prolongation variables of
lower orders than g with the coefficients of the Riemann curvature tensor and its derivatives.
We therefore conclude that eqgs. (3.14)—(3.16) are sufficient to state that the prolongation has
been completed.

We show the explicit forms of the prolonged system for p = 1, 2 and 3. The prolonged
system for KVs is given by

VK, =K\ (3.18)
1
VCKl(m) = Y Y Repa Ky, (3.19)
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which completely agree with eqs. (3.7); for the second-order, the prolonged system is given by

VeKps = Ya K, (3.20)
VaKly, = Yo Kb — $Raae™Kon — 2Raa" Ko + SR " Kona (3.21)
v Kc(zcgm = Y [_é(vaRbcd ™ Kine — 3(VeReap™) Kma — 3 (VaRpae ™) Kine — 12Reac K (Qb
~4Rea" Koy~ Rear" Kl + IRear " K (3.22)
Compared with the results of [34, 35, 36, 37], our results have simpler forms; taking one more
step, we can write out the prolonged system for the third-order explicitly.
VKepa = Yarr Kfl}m (3.23)
VeKjpa = Yo | Kiilpa = 3Read " Knbe = SReas " Konde —Raas " Koce | (3.24)
VfK(Edea = Y [ fedcba T 2(VbReaa ™) Kimef +2(VoReac " )Kimaf +2(VoR fac ™) Kide
+ 6(Vbead )Knce =2(VoR faa m)che — 2R " K oy — R pha " K g
—20Rspe"K r(nlc)da +3Reea Kr(nb)d s 3 Rbed" ;51 j)'cd +3Rpeq Klgq }dc} ;o (3.25)

(3) 2) @) ) (2)
v Kf edcba ~— Y [_24Rgf ¢ medbea B 6Rgf d Kmecba + 4Rf cd ngbae o 12Rf cd ngeba
—20(VgRaeg ™)K

mbc,

1 1

mcba

m 1
- %(VdRaef >Kr(nb)cg - 16(VdRaeb )Kr(ng)cf - 3(VdRaef )K;;g)bc

+ %(erRbda )ngc - j(vedecg ) mba + 3(VgeRafc )Kmdb
+ 6Rgfc mRebd nKmna + SRgfe deac "K mnb + 6Rgfe "R mac nKndb
- 4bee mngd nKnac + %bee mRmdg nac 9Rdbf mcg nKnea
- 2Rfce mRmbd nKnag + %Rfce mRmdb Knag . (326)

Let us provide a sketch of the proof for the results (3.14)—(3.16). Since Ky,...q, is totally
symmetric, we have
VcKap---a1 Y@ ) 1dp+1 \Y Ka

preal s

where id,,( is the identity operator. Using the completeness of the Young symmetrisers with
Littlewood’s correction (2.13) yields

Yo 5 idp11 VeKa,a) = Y@@(LI@ +-- )V Ka, -, -

The round brackets contain a lot of the Young symmetrisers. However, most of these sym-
metrisers vanish due to Pieri’s formula (2.20) and the Killing equation (3.12), leaving only
A,.@ . Thus we obtain

VeKayar = Ya.m L. VeKaya - (3.27)
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The tableau is row-ordered and then is equal to Y“.@ , confirming eq. (3.14). Simi-
larly, differentiating the ¢™ prolongation variable (3.13) for 1 < g < p gives

v K(Q) = Y@@ Vcb blKaI’ a1

Bpyebray-ay

=1 [Ll-@+llb R le- ] cby-biKay-ar - (3:28)

As we see from eq. (2.15)—(2.16), all Littlewood’s corrections in the above expression vanish
and thus Lg equals Y. We therefore obtain eq. (3.15), concluding the proof. Note that the
expression (3.28) is also valid for g = p if LI ) 1s omitted.

3.4 Geometric interpretation

Once the prolonged system (3.14)—(3.16) has been formulated, one may forget the definitions
of the prolongation variables (3.13) because one can reconstruct egs. (3.12) and (3.13) from the
prolonged system (3.14)—(3.16) under the assumption

(9) _ (9)
Kbq"‘blap"‘a] — Y Kbq“'b]ap"'al y (3.29)

which means that the prolonged system (3.14)—(3.16) with the assumption (3.29) are equivalent
to the Killing equation (3.12). A proof of this assertion is given as follows: Suppose the pro-
longed system (3.14)—(3.16) with the assumption (3.29) hold. First, multiplying both sides of
eq. (3.14) by Ya e from the left gives

1
ViKayear) = Yo Y. Klayoay = 0. (3.30)

confirming the Killing equation (3.12). We have used the orthogonality of Young symmetrisers
(2.7) here. Next, multiplying both sides of eq. (3.15) by Y@ . from the left yields

(9) (g+1) _ platl)
Y::m@ Vchq..,blap...al = I -yl YI B chq brapa; chq-~~b1ap~~~a1’ (3.31)
which leads to
(g+1) _
chgbrayay = I YI @ Vebyb Kapeay = Y::... Vv b Kayay,  (3.32)

where we have used the identity

Yo .. gYgow =Yg .. @, 3.33
(3.33)

which follows from Schur’s lemma (2.18) and Raicu’s formula (2.19).
Geometrically, the set of the variables (3.29) can be viewed as a section of the vector bundle
EP) over M

EP = 1.0 @ H:\:L..D @ P HEE’ (3.34)
p boxes ~——— ——
(p+1) boxes 2p boxes
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CHAPTER 3. PROLONGATION OF THE KILLING EQUATION

where the fibers are irreducible representations of GL(N) corresponding to the Young diagrams.
Moreover, the prolonged system (3.14)—(3.16) can be viewed as the parallel equation for a
section of E (”),

DK = 0, (3.35)

where D, =V, — Q, is the connection on E (P) and K is a section of E(P). Q, € End(E (p))
depends on the Riemann curvature tensor and its derivatives up to (p — 1)th order which can be
read off from the right-hand side of the prolonged system (3.14)—(3.16). Hence it turns out that
there is a one-to-one correspondence between KTs of the p order and the parallel sections.

This leads to the Barbance-Delong-Takeuchi-Thompson (BDTT) formula [38, 39, 40, 41]
1 (N N —1
dimKP(M) < - ( +p>( tp >: rank E?) (3.36)
n\p+1 p

where K”(M) denotes the space of KTs of the pM order in an N-dimensional space(-time) M.
The equality is attained if and only if M is of constant curvature.
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Chapter 4

Integrability conditions of the Killing
equation

In the previous chapter, we have formulated the prolonged system of the Killing equation (3.12)
in a manner that uses Young symmetrisers. We have also seen the BDDT formula (3.36) that
gives a maximum upper bound on the number of linearly independent solutions to the Killing
equation. In this chapter, we formulate the integrability conditions of the prolonged system. It
provides a concrete way to enumerate the number of the solutions to the Killing equation. Our
analysis here is also based on Young symmetrisers introduced in Chapter 2.

This chapter consists of four sections: In Section 4.1 we provide the explicit forms of the
integrability condition up to the third order. We also make a conjecture on the integrability con-
dition for a general order. In Section 4.2 we demonstrate a method for computing the dimension
of the space of KTs with a specific example. A derivation of the formula for the integrability
condition (4.8) have been posted in Section 4.3. In Section 4.3, we make a slight digression to
discuss the Killing-Yano equation by using our analysis.

4.1 Main results

This section is devoted to investigating the integrability conditions of the prolonged system for
KTs of the p™ order, which arises as a consistency condition:
_ o) _ (q) (9) (9)

0 = 21a1-~~a,,b1~~~chd = VdCKbq~~-b1ap-~~a1 _VCdeq-~~b1ap~~~a1 _2V[dC]Kbq~~~b1a,,~-al ) “4.1)
where it is understood that; the first and second terms in eq. (4.1) are evaluated by the equation
for the ¢ prolonged variable (3.15); on the one hand, the last term in eq. (4.1) is described by
the defining equation of the Riemann curvature tensor.

Calculating the integrability condition (4.1) up to p = 3, we obtain the following results:
p=1

(1,0)

Ly =0, (4.2)
Y =y [(VaRepa ™)K — 2R epa K ) 4.3)
abed dfcha m cha Bpa1 > .
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CHAPTER 4. INTEGRABILITY CONDITIONS OF THE KILLING EQUATION

<
I
)

(2,1)

(2,00 _ ,21) _
1 - Iabcde =0, (4.4)

abcd

22
I(Ebcd)ef = Y [3 (Vdeecb m)Kma +2R.qc mRmbf "Kna — SRedc mRmfb "Kna

+ 3(VfR€d(l m)K}S:b)c - g(vaEda m)KISu)b - 8Rf Klsu)ba ) (45)
p=3
30 _,61) _ 62 _
Iabcde - Iabcdef - Iabcdefg - O’ (46)
33
Ig(lb;;d)efgh - I 6(VhfeRgdc )Kmba _27(VhRgfem)Rmdc nba — 34'Rghf (VeRmdcn)Knba

- 1S(VhRgfe )Rmcbn nda 1 15(VhRgfe m)Rdcb Kinna — 2()Rghfm(V Rmcb ) nda
1
+20R g ™(VeRaep™) Knna — 24(V i Reeg ™)K b)ad+ 12(VjfReeg ™K'

m
1
+50Rg)r " Rusec "K g + 40Rgs " Rusce "KL — S Rohr Ronea "K o
2 2
— OR g "Reed "K'a — 35(ViR foc ™K e — S (ViR ree ™K o
— 20R s Ko - 4.7

From egs. (4.2)—(4.7), it is observed that in the cases g < p the integrability condition of ¢
prolongation variable is automatically satisfied. More precisely, we can confirm that all of these
conditions vanish identically, up to the first and second Bianchi identities, Ry, d— ViaRpdde =
0. In contrast, the integrability condition at ¢ = p provides nontrivial relations among all the
prolongation variables. This is consistent with the result in [42].

It is intriguing to note that the integrability condition of the p™ prolongation variable be-
longs to the Young diagram of shape (p+ 1,p+1). If we act the curvature operator on the

th prolongation variable, we obtain a (2p +2)™ order tensor belonging to the representation
(1,1)®(p, p). It can be decomposed into the irreducible representations (p, p,1,1), (p+1,p,1)
and (p+ 1, p+ 1) that are respectively described by the Young diagrams

E:::H ; E:::Hj , H:H-

However, we observe from eqs. (4.3), (4.5) and (4.7) that the integrability condition of the pth
prolongation variable makes non-trivial contribution only for the representation (p+1,p+1).

(1,1)

For instance the integrability condition / ;' ; could have the representations
E ) Eﬂ 5 HH-

However, the result (4.3) claims that the first two representations do not appear for some reason.
Thus we are led to make the following conjecture:

Conjecture 1. The integrability condition of the p™ prolongation variable belongs to the rep-
resentation described by the rectanguler Young diagram (p+1,p+1).
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CHAPTER 4. INTEGRABILITY CONDITIONS OF THE KILLING EQUATION

In general, it is not easy to write out the integrability condition of the p™ prolongation
variable. This difficulty becomes more prominent as the order of KTs increases. However, if
this conjecture holds true for p > 4, then there is no need to calculate the terms that belong to
the representations E::H and E:Hj, thereby allowing us to obtain the formula

(p.p) _
Loy apbybpea = Vi [Zvd[cbp]---blKap"'dl +3Vap, b, 1]-b1 Kay-ar

+4¥%p,b, 1 [cbyo)-by Kapar P+ DV ap b, 16, ylcorKay-ar = Viae) K,§P>

pee-biayap

+ (the terms that belong to the representations E::H and E::Bj ). (4.8)

We have confirmed that for the cases p < 3, the last term exactly vanish up to the first and
second Bianchi identities, R d— ViaRpcae = 0. The proof of the formula (4.8) is given by
4.3.

As is the case with the prolonged system (3.14)—(3.16), there are still a lot of derivative
terms left in the right-hand side of eq. (4.8). Then again, we can rewrite all these terms in eq.
(4.8) to non-derivative terms by using the prolonged system. For p > 4, this is a challenging
and daunting task which is beyond our scope here and will be considered in the future.

4.2 Application

As an application of the integrability conditions, we show a method for computing the number
of linearly independent solutions to the Killing equation.

Let us recall the parallel equation (3.35). We introduce the curvature of the connection D,
as RP.K = [D,,Dy)K. We call this the Killing curvature. All the integrability conditions of a
KT of order p can be collectively expressed as

ROK = 0. (4.9)
By repeatedly differentiating the condition (4.9), we obtain the set of linear algebraic equations
RDK =0, (D.RU)K = 0, (DaDLRENK = 0, e (4.10)

After working out r differentiations, we are led to the system
RPK =0, (4.11)

where the coefficient matrix R? depends on the Killing curvature and its derivatives. For exam-
ple,

D
Rab

RD

D D D

Ry = (Ran) ’ Rl = (D %D) ) R2 = DaREC . 4.12)
“be D,D,RP,

It is known that by applying the Frobenius theorem to the condition (4.11), the following
theorem holds true (see, e.g. Ref. [43]).
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CHAPTER 4. INTEGRABILITY CONDITIONS OF THE KILLING EQUATION

Theorem 11 (Bryant—Dunajski—Eastwood). If we find the smallest natural number ro such that

ranka% = ranka%H , (4.13)

then it follows that mnkR?0 = mnlerjO ., Jor any natural number r and consequently the dimen-
sion of the space of the KT reads

dimK? = rank E?) — rank RP

ro?

(4.14)

where rank E(P) s given by the BDTT formula (3.36).

The condition (4.13) means that the components of the (g + 1) order derivatives of the
Killing curvature, Dy, - - -D% +1R€c’ can be expressed as the linear combinations of the compo-
nents of the lower order derivatives than ry + 1. Hence, the components of the one-higher order
derivatives, Dy, ---D% +2RbDC, can also be expressed as the linear combinations of the lower
order derivatives than ry 4+ 1. By induction, we can conclude that the theorem holds true.

It should be remarked that computing the rank of the matrix R? boils down to solve a system
of the linear algebraic equations

(p.p) _ (p.p) _
Ia1~~~a,,b1~~-b,,cd - 07 ) Vel"'erlal~~~apb1~~~b,,cd DK—=0 - 0: (4-15)
where Ié’; P c)lpb1-~ bped is the integrability condition of the pth prolongation variable of a KT of

pth—order defined by eq. (4.1). If ry exists, eq. (4.14) allows us to have the value of dim K”. Oth-
erwise differentiating the integrability condition (4.9) reveals a large number of additional con-
ditions. We can stop the differentiation and conclude that no KT of p"-order exists if rank Rf?)
is equal to rank £ (P). Based on this fact, we can determine the dimension of the space of KTs.

To demonstrate the efficacy of our method, let us take the Kerr metric in Boyer-Lindquist
coordinates:

2Mr 4aMrsin® 0 )
ds* = —[1-"22 ) drP — —————dtd¢ + = dr* +2d6>
s ( 3 ) 5 (JH—A ro+
2a>Mrsin® 6
+ (r%a%%) sin2 002, (4.16)
with
Y = 2 +4d*cos’ 0, A= rP—2Mr+ad?, 4.17)

and determine the number of the solutions to the Killing equation up to p = 2. As a higher order
KT includes reducible ones, e.g. .ﬁ(a Cp) is a trivial KT if &% and {? are KVs, at first we must
solve the integrability condition for p = 1.

For p =1 case, a section of the bundle £ (1) can be written as

Ko

_ [ K : (1)
K = , with K,, € - (4.18)
By solving the linear systems R? K =0and Rlz) K =0, that is

1,1 1,1
i — o, VI — 0, (4.19)

DK=0
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CHAPTER 4. INTEGRABILITY CONDITIONS OF THE KILLING EQUATION

4-dimensional metrics / order of KT's \ 1 \ 2

Maximally symmetric 10 | 50
Schwarzschild 4 |11
Kerr 215
Reissner-Nordstrom 4 |11

Table 4.1: The number of the first and second order KTs in several regular black hole metrics.

and

(L1 _ (L,1) _ (L,1) _
Lipea = 0, Velypeq pkeo — O Verlipea ko = O (4.20)

we find that rank R? = rank Ré) = 8. In other words, the adjoined equation in eq. (4.20),

\ fla(ll)’cld) =0, does not change the rank. Since the maximal number of the KVs is rank £ 1) = 10,
we can conclude that dimK' = 2. This is consistent with our knowledge: the two vector fields
&4 =(d;)" and {“ = (dy)“ are the only KVs in the Kerr metric (4.16). Similarly, a section of
the bundle E® is given by

Kba
_ (1) . (1) )
K = K(Czb)a : with K.y €0, Kjohq €20 4.21)
K
dcba

After solving the linear systems RY K = 0 and RY K = 0, we find that rank RY = rank R} = 45.
It also follows from eq. (3.36) that rank E (2) = 50. This amounts to dim K? = 5. We know that
four of them

8ab » g(agb) ) g(a Cb) ) C(agb) ’ (422)

are reducible KTs while the only one

2 22 2 0
Ky = % [A cos? 6 + r* sin’ 9} (dr)?, — %

sin” 6 202, 2\2 , 4 2 2 2
- [r (@ + )2 +a* A cos? B sin e] (d9)2,

2asin’ 6
)

(dr)ay +r*(d6)g,

[rz(az +72) + A cos? e] (df) (o(dD)p) - (4.23)

Using the same method, we investigate the first and second order KTs in several regular
black hole metrics, as shown in Table 4.1. It would be of great interest to make a systematic
investigation of higher-order KTs in various spacetimes. We leave it as a future work.
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CHAPTER 4. INTEGRABILITY CONDITIONS OF THE KILLING EQUATION

4.3 Supplement: derivation of the integrability condition

In this section we shall verify the integrability conditions (4.8). We begin with the condition of
the p™ prolonged variable. Evaluating the expression (4.1) at ¢ = p, one finds that

(p:p) _ v
Ly aypybyed = Y Y:: Y::: dcbpmblKaF"al"‘Y@:: Vicb,-b Kay---a,

p
(p)
+ X‘EY::: Vctyby Kaypay — V[dc‘]Kb,,--~b|ap~-~a]:| . (4.24)
1=
The last term in eq. (4.24) can be treated as

() _ &)
%Y g ViaaKebiaa = Vg Y8 @e;'p 1L® Viaeoy-iaya

= Yy (g ) Vo

where Pieri’s formula (2.20) is used and Littlewood’s correction (2.10) is dropped by a relation
Sayc Aa,e = 0. Hence, eq. (4.24) can be rewritten as

(p:p) (p)
Iallg..l.’apbl bped — YI YI I |:(Y:::+Y::> (Vdcbp~~b1Kap~--a1 - [dc]K ~biap- a1>

P
LW i Vdcbp~~anap~~-an} : (4.25)

Suppose now that the conjecture in Section 4 holds true. We then ignore the first sym-
metriser Y I f since it does not induce the representations belonging to (p+ 1,p+1). The

products of Young symmetrisers in eq. (4.25) can be simplified to

Yal,,. Y Ll = Y Lage] s 4.26
o-pa el Bl (4.26)
p—i

1
Y::: Y:::::: - 2Y:::(C’b [1®pr1-5.0 (4.27)

j=1

~.

The first result (4.26) follows immediately from Raicu’s formula (2.19). The second result
(4.27) can be confirmed by a direct calculation. By using the relations (4.26) and (4.27), the
equation (4.25) can be rewritten as

(p:p) _ . 1
Ly aybybyed = Y Y@:: id2p12 | Vac, b, Kay---a; ‘l'Evdbpcbp_lu-blKapmal

1 1
+ Evdbpbp,lcbp,zmblKa,,---m +-+ Evdbpbpflbp—Z”'CblKap"'al - V[dC]Klgfj,)..blap...al . (428)

Expanding id>,, and the antisymmetrisations of the operands yields the result (4.8).
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CHAPTER 4. INTEGRABILITY CONDITIONS OF THE KILLING EQUATION

4.4 Supplement: the Killing-Yano equation

Our analysis based on Young symmetrisers has effective applications to other types of overde-
termined PDE systems. In this section we make a slight digression to discuss the Killing-Yano
equation

VioFa)a, = 0, (4.29)

ap
where Fy, ...q, = Fly,..q,] 1s a Killing-Yano tensor field (KY). If we have a KY, then we can obtain
a KT of order 2 as

Kap = Facyoocy B0, (4.30)

but the converse is not generally true. While the prolonged system of the Killing-Yano equation
and their integrability conditions have been known in [33, 44, 45], we revisit the results by using
Young symmetrisers.

Let F,;, be a KY and consider its derivatives. Since V.F, is a type (0,3) tensor field, its
decomposition to the irreducible representations reads

. 1
VeFpa = Yyidy Vel = Yy <Y+Y+Y> V.F,, — Y VeFy = FIV . (@31)

where we have used Pieri’s formula (2.20) and the Killing-Yano equation (4.29). We next
)

consider Vch(ba as the above result is not yet closed. Its decomposition to the irreducible
representations reads

1 .
Vch(bcz = Y idg VycFpy = (Y + Y + Y +Y) VicFpa = VicFpa
]

— Yoo (2VgFoa+ VeaFha) = 2Wota Yoy Racs” Fra (4.32)
B

which is now closed. This implies that we are at the completion of the procedure of prolonga-
tion. A similar calculation, taking into account Littlewood’s corrections, yields the conclusion
that the Killing-Yano equation (4.29) is equivalent to the prolonged system

1
ViFapay = F,fap),_,al, (4.33)
1 m
VeFS) 0 = Yo Y Reba, " Fuay a1 (4.34)
)
where
1
Fra) = Yo ViFay ) 4.35)

12

After a calculation analogous to that in Section 4.3, we obtain the integrability condition for eq.
(4.33)

Yo [R"cay-Foapom] = 0, for p>1. (4.36)
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CHAPTER 4. INTEGRABILITY CONDITIONS OF THE KILLING EQUATION

It can be confirmed that the integrability condition for eq. (4.34) is involved in the derivative
of eq. (4.36). Therefore, eq. (4.36) and its derivatives are enough to discuss the integrability
condition of the Killing—Yano equation. Once again, we face a situation similar to the one just
discussed in Section 4.1. Namely, there is only a representation in eq. (4.36), even though the
possible representations of eq. (4.36) are three

o o ik
. ] :
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Chapter 5

Cartan’s test for the Killing equation

So far we have discussed the integrability conditions that are necessary, but not sufficient to
ensure the existence of Killing tensor fields. In this chapter we will restrict our attention to
Killing vector fields, and derive necessary and sufficient conditions for admitting a solution to
the Killing equation of the first order. In particular, we characterise metrics which admit Killing
vector fields by local curvature obstructions. The obstructions will be obtained by analysing
the integrability condition and the original Killing equation. As a consequence, the algorithm
that tells us how many Killing vector fields exist for 3-dimensional Riemannian metrics will be
formulated.

This chapter consists of three sections: In Section 5.1 we begin with a brief history to
understand our place in the literature. In Section 5.2 we show our result for 3-dimensional
Riemannian metrics. In Section 5.6 we demonstrate this result for a Hamiltonian system.

5.1 Some history

As we have seen in Chapter 4, the existence of first integrals of a geodesic flow puts tough
restrictions on the Riemann curvature tensor. It is then natural to ask what is a major obstruction
for their existence. A more restricted question is whether, conversely, the existence of the first
integrals can be guaranteed by only several components of the Riemann curvature tensor and its
derivatives. This classical problem reaches back at least to a partial answer provided by J. G.
Darboux [46]. As mentioned above, we only deal with Killing vector fields (KVs) obeying the
Killing equation

VK = 0. (5.1)

In 1887, J. G. Darboux had implicitly solved our problem in two dimensions. He charac-
terised 2-dimensional metrics by curvature invariants that are a set of scalars constructed out of
the Riemann curvature tensor R,;.; and possibly operations on it. His result is shown in Figure
5.1 and interpreted as follows:

(i) Noticing that in two dimensions Rpeq = (1/ 2)Rga[cgd]b, we firstly evaluate the 1-form
dR. If dR vanishes, we can conclude that 3 KVs exist and the space(-time) is maximally
symmetric; Otherwise we go to the next step.

(i) If the 2-form dRAd[(V,R)(V“R)] vanishes, we can go to the next step; Otherwise no KV
exists.
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CHAPTER 5. CARTAN’S TEST FOR THE KILLING EQUATION

(iii) If the 2-form dR A dUJR vanishes, there are only one KV; Otherwise no KV exists.

» dR=0

dR Nd[(V4R)(VR)] =0 =
s~

@
2}

dRNdUR =0

Figure 5.1: The algorithm for a 2-dimensinal space(-time). A triangle symbol » stands for a
root of this algorithm. A box denotes d’ Alambertian, [1 = V,V*.

For 4-dimensional Einstein space(-time)s, R. Kerr also shown that there exists an algorithm
which tells us that how many KVs exist. However, a specific form of the algorithm is still
unknown. Meanwhile, an analogous algorithm for three or more higher-dimensional metrics
remains largely unexplored. The reason for this may lie in the fact that in three or more di-
mensions, curvature invariants have a poor predictive for the existence of KVs. Namely, for
vanishing scalar invariant spacetimes in which all curvature invariants vanish identically, they
have no role in understanding of the existence of KVs.

In this Chapter, we do not stick to curvature invariants and characterise metrics admit-
ting KVs by curvature and curvilinear invariants. As we will see, the curvilinear invariants
result from an analysis of the integrability condition of the Killing equation. Although we
will only consider 3-dimensional Riemannian metrics, our result would be extended to more
higher-dimensional Riemannian or Lorentzian metrics. Concrete steps are based on the Car-
tan’s prolongation: Solving the integrability condition, we obtain an ansatz for the solutions
to the Killing equation. Using this, we subsequently rewrite the prolonged system and write
out the integrability condition for it. If this is trivially satisfied, we can stop the procedure.
Otherwise we once again solve the integrability condition and then repeat the above procedure.

5.2 Result for 3-dimensional Riemannian cases

We consider 3-dimensional Riemannian metrics. Our algorithm is outlined in Figure 5.2. In the
following, we give the proof for this algorithm.
In 3-dimensional spaces, the integrability condition for KVs (4.3) can be written by

I, = %(VmRab)K’”+R(amKl§)llz1 , (5.2)

where I, = ngIc(zlLId)' Multiplying I, by g%, R* and R“R",, we obtain the necessary condi-

tions

v, 10
M® k4 = | v I? | k* =0, (5.3)
\v (&)
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where I() = R, 1(?) = R R and I () = R.R,‘R®. Note that the determinant of M
detM = dI'") AdI® A aI®) (5.4)

must be zero. Otherwise the kernel of M will only consist of {0} and consequently there is
not a KV. In what follows, rankM = 0, 1,2 cases are respectively called case 0,1,2 and in turn
considered separately.

» Rup o< gap =
E
VRpe =0 -

dI) AdI® AdI®) =0 =

< v

! ,.
A1 N dI®) =0 —— [case 2] >

1 KV]
T
dl(“):O%()*’casel\ > 2KVs\
yes *
[case 0| > |3 KVs|

A

Figure 5.2: The algorithm for a 3-dimensinal space. A triangle symbol » stands for a root of the
algorithm. 1@ (a = 1,2,3) denotes I'") = R, I?) = R,,R? and I®) = R,,R*“R“,, respectively.
Several dotted lines involve some procedures shown in Figures 5.3-5.5.

5.3 Details of case 2

In this case, it follows from the rank-nullity theorem that dimkerM = 1. So if we have an
annihilator of M, KVs can be written by

K‘=0U“, (5.5)

where @ and U“ are respectively an unknown function and the annihilator. We here take the
annihilator as

U = Ue® (Vi) (v.1?), (5.6)
where the normalisation factor U is determined by
U™ = 2V V)V, @) (VT ) (v, (5.7)

so as to satisfy U,U* = 1. If U“ vanishes identically, two scalars (I1,I) in the definition (5.6)
must be replaced by (1;,13) or (I»,13). The condition rankM = 2 guaratees that at least one of
the 2-forms constructed from (dIy,dl,dl3) is non-zero.
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> Kp=V

=0 [1KV]

;m

Figure 5.3: The sub algorithm for case 2. The curvature obstructions k,;, and A, are defined in

eq. (5.13).

» dRis ageodesic ————

13
)
= Lp(Kg+ Ky) =

7, =0

N (Kg + Ky)

no

‘L%
@
©»

ou

’caseZ‘ ’2KVS‘ ’noKV\
2 .
v ]
rank=(®)
rank=(?) rank= (1) Shad K, =0

no

Kg=0
|3
A =LA =0
|3

Figure 5.4: The sub algorithm for case 1. Several undefined quantities are defined in Subsection

54.
{111}
» What is the Segre type of R, 7 — rank®(!) —

|2

0 0
— rank@®?) —

case

rankA(!)

o
NS

1

case2

rankAG)

0
— rankA(®

=

S
H

<

ﬁ‘

=]
=

yes

I

A=0—

no

&

no
casel | — 1 =

|

0
|3

Th—1Tr=0
lﬁ

Figure 5.5: The sub algorithm for case 0. Several undefined quantities are defined in Subsection

5.5.
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Using the concrete form (5.5), we perform prolongation of the Killing equation (5.1). To
write out the components of the Killing equation, we introduce the projection tensor onto the
hyperplanes orthogonal to U“ as

4ab(U) = gap —UaUp, (5.8)
that is endowed with a metric property and an orthogonality
Gacq’s = Gab U’ = 0. (5.9)

The (UU), (Uq) and (gq)-parts of the Killing equation have respectively 1, 2 and 3 components
as follows.

20UV Ky = 2.%0 =0, (5.10)
20°¢" V (Kp) = ©(Velno+A,) (5.11)
2¢°cq"aV (Kp) = 20Keq, (5.12)

where we have defined the acceleration vector A% and the extrinsic curvature K, as
AYU) = UV, U, kan(U) = %040 = 4“ad"sV Uy - (5.13)
It can be concluded that the Killing equation (5.1) can be rewritten as
Ko = 0, V.nl/o = A,, (5.14)
with its compatibility condition
Vi = 0. (5.15)
If the annihilator U¢ passes the first-order and second-order tests,
K = 0, ViAp = 0, (5.16)

then there are no extra conditions that must be satisfied by any solution to the Killing equation,
thereby allowing us to confirm that one KV exists.

5.4 Details of case 1

Again by the rank-nullity theorem, dimker M = 2. Then KVs take the form
K=o N+ a, B*, (5.17)

where @w; and w, are two unknown functions. N% and B“* must be two annihilators of M,
N®V,R = B*V,R =0. For now {N“, B*} remain undetermined and will be fixed in the branches
we will see below. We assume, however, that {N“ B*} are unit vector fields satisfying an or-
thogonality N“B, = 0. We further introduce a unit vector field 7% as

a — V'R
= (VuR)(V'R) ’ (5.18)
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so that a triad {7 ,N“, B} forms an orthogonal frame, i.e.
0%, = TT, + NNy +B“B,,. (5.19)

By using eqgs. (5.17) and (5.19), the (TT)-part of the Killing equation can formally be writ-
ten by

0 = (0 N*+ @B)TV,T,, (5.20)

which gives a first-order test for the Ricci scalar. If the two functions @; and @, are independent,
then TV, T, = 0. Depending on whether the gradient of the Ricci scalar satisfies the geodesic
equation

(VPR)V,V,R o VR, (5.21)

our algorithm branches off.

Branch where VR is not a geodesic

In this branch T and its acceleration TV, T¢ are linearly independent. It is therefore possible
to define the Frenet—Serret frame as

a — VR a — TV, 1¢ a — pabe
= (VauR)(V"'R) ’ N = /(Y TR TV, 1) B = €7 TN, (5.22)

This triad obeys the Frenet—Serret formulas

T¢ 0 kK O T¢
v, [N = [-x 0 =] [N?], (5.23)
B 0 -t 0/ \B?
where
K = NT’V,T,, T = BT’V,N,, (5.24)

are respectively the geodesic curvature and torsion of an integral curve of 7.
Now, the (TT)-part of the Killing equation reads

ko = 0. (5.25)

Since k = 0 contradicts 7V, T # 0, o) must be zero. As KVs take the form K¢ = @, B¢, our
algorithm reduces to the case 2 with the identification of U = B%. Thus the acceleration A%(B)
and the extrinsic curvature K,,(B) defined in eq. (5.13) give the first-order and second-order
tests. In this branch, there is at most one KV.

Branch where VR is a geodesic

We firstly have to fix the orthogonal frame {7¢,N% B*}. There are two natural frame depending
on the property of 7¢: If T is an eigenvector of the Ricci tensor, we take the orthogonal frame
as the eigensystem of the Ricci tensor. Otherwise N“ and B? are taken to be

N = Ne®T,(RyT?), B = TN, (5.26)
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where N is the normalisation factor. Our following analysis does not depend on the choice of
the frame explicitly.

In this branch, the (T'T)-part of the Killing equation is identically satisfied. To write out the
remaining parts, we introduce the curvilinear invariants as

T4 0 0 0\ /T
TPV, N | = [0 0 = [N?], (5.27)
B 0 —7 0 B¢
T 0 —-x 7 T
NV [N = |, O 1w ] |NY], (5.28)
B? -7, —k, O B¢
Ta () Tr _kg Ta
BV, [N| = |-, 0 =%, ) ([N?], (5.29)
B R, ke 0 ) \B
where
K, = T°N°V,N,, K, = B*N’V,N,, 7, = B'N*V,T,,
k, = T°B"V,B,, &, = N“B’V,B,. (5.30)

K,(Kg), Kq(K,) and 7, are respectively the geodesic curvature, normal curvature and relative
torsion of an integral curve of N%(B%). Note that since T?V,T% = 0, the derivative of T is sym-
metric; the derivatives of the curvilinear invariants are not independent due to the analyticity.
These relations are listed in Appendix 5.7.

Using the curvilinear invariants, the remaining parts of the Killing equation read

Loy = — Ko+ (T+7) W, (5.31a)
Loy = K, (5.31b)
Lpo) = — K0 — K, — @, (5.31¢)
Lram = —(T—1)0 — K02, (5.31d)
v = 0, (5.31e)
Lpmn = K01, (5.31f)

where eq. (5.31¢e) defines new variable @. Clearly, the above equations are not closed. We
thus need the derivatives of the Killing equation. It can be seen several parts of the equation
V[avb] W = V[avb}(x)z = 0 tell us that

0 = —27,0+ (Lnkg) 01 + (LpK, — 27K, @2, (5.32)
0 = 27,0+ (Lk,) 0 + (LK, +27,K,) 02, (5.33)
0 = (Kg—Ko) D+ (ENTr) 01 + (LT + Kn(Kg — Kg) ) 02 (5.34)

Adding eq. (5.32) and (5.33) gives
0 = [Dh(Kks+ K)o + [LB(Ks + Ky) | . (5.35)

So Zn (kg + Kg) and LB (K, + K, ) must be zero. Otherwise we can write KVs as K¢ = @y (N* —
UB®) or K¢ = @ (B* — u~'N%) with u = Ly(kq + Rg)/Ls(Ke + Kg). Thus, our algorithm
reduces to the case 2 with the identification of

U o (N —uB?), or U o (B*—pn N9, (5.36)
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where the proportionality factor is determined by the normalisation.
In the sub-branch where

IN(Kg+Ky) = LB(Kg+K,) =7 = Kg—Kg =0, (5.37)

the set of functions {@;, @, ®} can possibly be independent. It also follows from egs. (5.37)
and (5.106) that £y, = LnKy = Lk, = LpKy = 0 and

0 = RypT*N® = R, T“B”, A =24z = L. (5.38)

The above equations implies that 7¢ has to be an eigenvector of R*;, whose Segre type is {21}.
Now we look at the Killing equation

W
V.o = Q,0, owo=|wm], (5.39)
(0]
where
—Kg T 0 0 Ky 0
Q, =T, -7 —-Kg O] +N, 0 0 1
TRy — LT —TK, O — Nk K2 — Dk, — Lk O
—K, -k, —1
+B, Ky, 0 0 |. (5.40)

A A2 A
INKy— K7 KnKn Ky

Notice that the equation for @ arises from the some parts of V|, V@) = V[,V 0, =0. The
integrability condition for eq. (5.39) reads

(Vi — Q. Q) @ = 0. (5.41)

or equivalently,
K (nkn)or = 0, KK, = 0, KeKnr = 0, (5.42)
KoK + K, = 0, (Ao + (LA)wy = 0. (5.43)

Soif kK, = ZNA = ZpA = 0, then there are no extra conditions, thereby allowing us to conclude
that three KVs exist. It should be noted that the third KV can be obtained by the Lie bracket of
the two KVs,

LoN(mB?) = (®+ K,mm)(w B+ wp N?) , (5.44)

which satisfies the Killing equation (5.1); if k, = 0 but £yA # 0 or £3A # 0, our algorithm
again reduces to the case 2 with the identification of

U o< (N*—vBY), or U o (B*— v INY), (5.45)
where v = (XyA)/(£BA) and the proportionality factor takes care of the normalisation of U¢;
if kg # 0 but &, = 0, we can write @ = —K,®, and the rank of the 1st obstruction matrix

s = (&0
VY = (XNA Zgl) , (5.46)
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controls the number of KVs. If (1) is identically zero, two KVs exist. If det=(1) # 0, no KV
exists. If det=(1) = 0 but (1) # 0, then, once again, our algorithm reduces to the case 2 with an
appropriate identification of U“; we can see that, after re-prolongation of the Killing equation,
the conditions kK, # 0 and &, # 0 are in conflict with the integrability condition and thus there
is no KV. We are at the end of this sub-branch.

In the sub-branch where

the function @ takes the form
D= —K,m. (5.48)

Substituting this form into eqgs. (5.31), we obtain

. A A . 0]
Vb = Q,0, & = (w;) : (5.49)
where
Q, =1, (__’;g _Tf(g) +N, (8 _K,ién) +B, (_K’;” 8> . (5.50)
Its integrability condition
(Vi — 2, Q) = 0. (5.51)
leads to
0 = (nt)o + (L), 0 = (kg + (L), (5.52a)
0 = (k) o + (Lpky) @, 0 = (k) + (LpK)w, . (5.52b)
Therefore, the rank of the 2nd obstruction matrix
INT LT
2 = ﬁx Eg ﬁif , (5.53)

Inkn LBKy

reveals the number of KVs. If rankZ(?) = 0, two KVs exist; If rank=(2) = 1, our algorithm
reduces to the case 2 with an appropriate identification of U%; If rankZ() = 2, there is no KV.
Similarly, in the sub-branch where

(K, + k) = Lo(K,+K,) =0, but 7. #0, (5.54)

eq. (5.32) tells us that

A

O = A (Aur)or+ (55 Lk, — k) 0. (5.55)

Thus the Killing equation (5.31) can be rewritten by

v

Vi = Q0 (5.56)
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where

« —K T+ 7T 0 Ky
Q =T g . N, N
a a (—T—H'r — Ry ) T Na (ZLT,_XNKg %ZBKg— K‘n>

e a1
N Ba( K = 55 LK zf,gBKg). (5.57)
& 0

Its integrability condition gives the relations between @; and @,

0 = [Lr ke +20.N(T— 1) — 2Ky + L7 InT,) kg + K INKy — (T — T,) LBK,] @1
+ [ L Lo + 27, Lp(T— 1) — (2K, + L1 In T, ) LKy — Ko LpKe + (T4 Tr) LK 2,
(5.58)

{ifg) D — (Lyn f,)(g,vxg)} o

0= [ngNKg—l-ZTrfNKn— (kn

+ [XNZB Ko + 272Ky — <2kn — %ﬁfﬁ LBk, — (LnInt,)(LBKe) + KHXNKg} w,

(5.59)
0= [—XB.,%N Ko + 27, Lk + <2Kn + "i;'\;fg ) Lnkg+ (LpInt,) (L) — R s Kg] o)
n [—3333 g + 27, Ly + (;c,, + %) Lsky + (Lsln rr)(zgxg)} o, (5.60)
Writing eqgs. (5.58)—(5.60) as
=2¥a = 0, (5.61)

the rank of the 3rd obstruction matrix =) governs the number of KVs in a way analogous to
that of Z() and Z(). It is remarkable that if K, — Kg = 0, then we obtain the relation

gNKg = KBK‘g =0, (5.62)
from eq. (5.54), which makes the 3rd obstruction matrix much simpler form

In(t—1) Lp(t—1)

20 — 2. [ Ak, Lk, . (5.63)

5.5 Details of case 0

In this case, any eigenvalue of the Ricci tensor is a constant. Therefore, our algorithm may de-
pend on Segre types of the Ricci tensor. As the Segre type {3} implies a manifold is maximally
symmetric, there are possibly two Segre types {21} and {111}. In both cases, any KV can be
written as

K= Vi+pVi+p3Vy, (5.64)

where 71,9 and 3 are unknown functions. Here the orthogonal frame {V{*,V',Vy'} is taken as
the eigensystem of the Ricci tensor.
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Introducing the curvilinear invariants

1% 0 KG Ky vy
Vivp [Vl = [-x¢ 0 w|[W (5.65)
V3a —Ky —1TR 0 V3a
Vla 0 —ﬁ'G TR Vla
vl ve |l = | k¢ 0 Ry [W (5.66)
& —%r —Ry O vy
vy 0 —% —kg\ [V{
Vvl vil = & 0 —&v]| V¥ (5.67)
14 kg kv 0 4
we can write out the Killing equation as
Ly = Keh+Knls, (5.68a)
Lo =N, (5.68b)
Ly = —kvn— (r+1R)p— K3 — 93, (5.68¢)
Ly = —Keh — ke +(R+TR)B— 1, (5.68d)
Ly = Ko +Knys, (5.68¢)
Lvh = 1, (5.68f)
v =B, (5.682)
L = — (=N —Kvp— kv — P, (5.68h)
L = Keh +KnYz, (5.681)

where eqs. (5.68b), (5.68f) and (5.68g) define new variables {71, 2, 73 }. Moreover, the integra-
bility conditions of egs. (5.68) reveal that

0 = [(M—A)ke+ (M —A3)Ks| 1, (5.69a)
0 = [(M—A)ke+ (43— )kn] 12, (5.69b)
0 = [(AB3—A)kv+ (A3 —A)Kn] 15, (5.69¢)
0 = (M —4A)[xen — (Tr+ )1+ 11, (5.69d)
0 = (M =) [(tr—TR) 2 + Ko Vs + T3] (5.69)
0 = (A3—242) [(tr—Tr)N + Pol + (M1 — A3)kn 12, (5.69f)
0= (L—A)[(tr—W)7+Evp+KvYs + P
+ (M —A)ke, (5.69g)
0 = [(A—A)ky+ (3 —A)KrnI T, (5.69h)
where A1, A, and A3 are the eigenvalues of the Ricci tensor defined by
R4, VE = ave, RGVY = M VE, R,VE = M Ve, (5.70)

Notice that the above conditions are evidently satisfied if the Segre type is {3}, A} = A, = A3.
In the remaining parts of this subsection, we discuss the Segre types {21} and {111} separately.
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Branch where the Segre type is {21}

In this branch, we can assume A, = A3 without loss of generality. The integrability conditions
egs. (5.69a)—(5.69c¢) are simplified to

0 = (k¢ +%6)n , 0 = K6h, 0= Kknys. (5.71)
So if the rank of the 1st obstruction matrix

kKc+kc 0 O
A = 0 kg 0 (5.72)
0 0 KN

is 1 or more, our algorithm reduces to the case 1 or 2 with the appropriate identifications: For
instance, if kg + Kg # 0 then y; must be zero and consequently any KV can be written as

K¢ = ’}’2V2a—|—’}/3 Vg,a, (5.73)

thereby allowing us to go back to the case 1.
In the following, we asssume rankA() = 0. Under this assumption, the remaining parts of
the integrabiliy conditions (5.69) lead to

= (r+WR)Y, = —(tr—TR)P—Kc)s- (5.74)

Using this, the Killing equation (5.68) can be rewritten as

n
V.y = L.y, y= | 2|, (5.75)
P&]
g0)
where
0 0 0 0
¢ a 0 _kG TR — %R 0
=l 0 —(‘L’R — fR) —IE'G 0
ng ”Z'R IV('N(’L'R — f’R) $V3 TR — IQ'N(TR — ’Z'R) 0
0 0 Tr + Tr 0
) Re 0 Ry 0
V2 —(te—x) kv Ry 1
Lo tr+Kky(tr—Tr) Rvky LAnky — Ky — (tr—Tr)(Br +%r) Ky
0 —(fR + ’Z'R) 0 0
0 0 0 1
a
+V3 ke Ky 0 0
g\@ fR — kgk]\] 12'1%/ — (,2”\/3 kN + XVQ I\{'N) + (TR — %R)(%R + ‘fR) —Z\@ féN 0

(5.76)

After some gymnastics, we are led to the integrability conditions of (5.75)

0 = Rotrn + 5 [Kn(Tr — &) — L kel 1o — 5 [Rn(tr — tr) + Ln TRl s — Koo, (5.77a)

0= — fR(fR - %R)Yl + (QIACGIE'N +$V3 f’R)’}/z + ($V3 kg)’}@ + (”ER — fR)?z , (5.77b)
0= IQ'N(TR — fR)’)@ . (5.77¢)
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Thus if Ky (Tr — Tr) # 0 then 73 = 0 and we go back to the case 1 with the identification
0 =", N =V, = P, B = Vi (5.78)
In the sub-branch where
kv(tg—1R) = k¢ = Tr— 1k = 0, (5.79)

the integrability conditions (5.77) are identically satisfied. It follows from eqs. (5.108) that
2y, Tr = 0. As there are no extra conditions, four KVs exist. Notice that the fourth KV can be
obtained by the Lie bracket of the two KVs,

Ly (V7)) = 2B %RV + (R + nky) (V3 +1V5). (5.80)
In the sub-branch where
kn(tR—1Tr) = kg = 0, but iR—1g # 0, (5.81)
the integrability condition (5.77a) gives us that

P = Trni —kvys. (5.82)

So we can rewrite the Killing equation (5.75) as

n
Y Y Y=1nr|, (5.83)
V3
where
. 0 0 0 0 0 Tp+1r 0 —(TR-i-‘L'R) 0
I = V]a 0 0 TR — Tr —|—V2a 0 O Ky —l—V3a Tr —Ky 0
0 —(TR—’fR) 0 —AR 0 —IE'N 0 k'N 0
(5.84)
The integrability conditions of eq. (5.83) reads
0 = g1, (5.85a)
0 = (At + (L3R, (5.85b)
0 = (L) +(Late)n, (5.85¢)
0 = (L kv)n + (Lnkn) o+ (Lv3kn) s (5.85d)
0 = (LK )Vl+($V2KN)72+($V3KN)737 (5.85e)

If g # 0, then ; must be zero and thus our algorithm goes back to the case 1. Otherwise g =0
and the rank of the 2nd obstruction matrix

0  Air L3t

0 Atk Lt
Ly kn Lyky Lyzkn |
kv Ly, Ky LyiKy

A2 = (5.86)
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controls the number of KVs. If A®?) is a zero matrix, three KVs exist. If rankA(?) = 3, no KV
exists. If rankA®) =1 or 2, our algorithm reduces to the case 1 or case 2 with appropriate
identifications.

In the sub-branch where

ﬁ'N(TR — ‘,L;R) =0, but KG 75 0, (5.87)
the integrability condition (5.77a) reads
o = TN + g v (T — T8) — L k6l 12 — 3 (L TR) 5 - (5.88)

Using this, we can rewrite the Killing equation as

V¥ = L., (5.89)
where
0 0 0
1"“ = Vla 0 —kG TR — Tr
0 —(’L’R — f’R> KG
0 0 TR+ TR
+V5' | ko 0 Ky
—Tr —Ky— ﬁ [Kn (Tr — TR) — L, K6 —1V<N+ﬁfv3f1e
0 —(Tr + %) 0
+ V3a Tr 21G [IVCN(%R — ’ZVTR) — $V3 12'(;] —ﬁg% R . (5.90)
K Ky 0
Its integrability condition leads to
0 = (Lir+L,TR)L+ (Lt + L5TR)1 (5.91)

0 = [AykE+ (Tr— %) Anik] v
+ [(‘LA'R — ”LV'R)‘,%V2 K — 21%(;3\/2 Tr + Ky (412'% — (f’R - ‘Z'R)(”L'R — 2%+ ’Z'R))} »B. (5.92)

Rewriting egs. (5.91) and (5.92) as
APy =0, (5.93)

the rank of the 3rd obstruction matrix A®) controls the number of KVs in a way analogous to
that of A1) and A®). If A®) is a zero matrix, we come to grips with

Ay = 0. (5.94)
Therefore, in this sub-branch there are 3 KVs if rankA®) = Ay =0.

Branch where the Segre typeis {111}

In this branch, the eigenvalues of the Ricci tensor differ from each other. The integrability
conditions egs. (5.69a)—(5.69c) read

0= [akg+Kelyi, 0= [Brg+Rnlp, 0= [af'Rv—Kkv]y,  (5.95)
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where @ = (A} —A2) /(A1 —A3) and B = (A — A2) /(A3 — A2). Soif the rank of the 1st obstruction
matrix

ok + Kg 0 0
o) = 0 Bxc + Ky 0 (5.96)
0 0 (Xﬁ_lkN—i—KN

is 1 or more, we can go back to the case 1 or 2 with the appropriate identifications: For instance,
if the conditions ok + Kg # 0 and Bk + Ky # 0 lead us to the conclusion that 3 = 9 = 0
and thus any KV can be written as

K* = BV, (5.97)

We thus go back to the case 2 with the identification U¢ = V7.
In the following, we asssume rank®!) = 0. Under this assumption, the remaining parts of
the integrabiliy conditions (5.69) read

h = —xen+(@R+WR)7, B = —(r—Tr)N — Knp,
B = —(R—TR)n—KeVs- (5.98)

Thus, in this branch, there are at most 3 KVs. Using egs. (5.98), the Killing equation (5.68) can
be rewritten by

Vay = Ta¥, (5.99)
where
B 0 KG Ky -k 0 1Tp+1r
‘= Vla 0 —Kg (TR_%R) —|—V2LZ KG 0 (X_lﬁKN
0 —(TR—%R) OHZ'G TR—Tr O ﬁK‘G
— KN —(TrR+1r) O
+V8 |l —(tr—1%) —o 'Bry O] . (5.100)
—OH%G —ﬁKG 0

After some algebra, we can see that the integrability conditions of eqs. (5.99) take the form

ey = o, (5.101)
where
Ly Kg L, Ke Ly, KG
L, Ke Ly, Ke L, Ke
0 — Ly, Kn Ly, Kn Ly Kn (5.102)

Ly (tR—1R) Ly (tR—1TR) Lvy(TR— 1R)
Lo (TR =) (TR — 1) Ly (TR — TR)
fvl(’z’R-l—fR) gvz(fR-i-”Z'R) gyg(%R-l—fR)

We therefore are at the conclusion that the rank of the 2nd obstruction matrix ®2) controls the
number of KVs.
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5.6 Example

This section is devoted to the application of our algorithm. As we have demonstrated in Chapter
1, a natural Hamiltonian with two degrees of freedom

H(p,x) = $(p1+p3)+V(x1,x2), (5.103)

can be lifted to the geodesic Hamiltonian with three degrees of freedom

1 0 O
H(p,x) = %g“bpapb, where ¢ =101 o]. (5.104)
0 0 2V

The metric g, is the Eisenhart metric. Using this metric, we can calculate the Ricci tensor and
its derivatives. We examine the Eisenhart metric with

V(xi,x) = 30 +x3) + 5xix3 (5.105)

by our algorithm.

After simple algebra, we can see that the first two tests R, o< g, and V Ry, = 0 do not hold
for any €. However, the metric have no trouble passing the third test dI") A dI®) A dI () = 0.
Interestingly, the result of the fourth test d/ (@ AdI®) =0 depends on the value of €: If € =1,
the metric arrive at the case 1. Otherwise the metric drifts to the case 2 and then passes the last
two test Ky = V{44, = 0. So there is only one KV, (d3)“.

Inthe case € =1, VR is to be a geodesic as well as an eigenvector of R%;, with the eigenvalue
—6/(x7 +x3). The metric passes the tests Ly (kg + Kg) = L5 (kg + Kg) = 0 and 7, = 0. However,
it fails to be K, = fcg. As its 2nd obstruction matrix Z(2) has rank 2, we can conclude that 2 KVs
exist.

5.7 Supplement: Relations between the curvilinear invari-
ants

Due to their analyticity, the derivatives of the curvilinear invariants are not independent. In this
section, we record the relations between the curvilinear invariants.

For case 1

When VR is a geodesic, the following relations hold true:

RpTT" = — (kg + R +277) + L7 (K, + Ke) = Ar, (5.106a)
RapNNP = 217, — k] — Ky — Ry — KRy + L7 Ko + Lok + Lkn = Ay, (5.106b)
R,B°B’ = —21:1:,—1%;— 5—&3—ngg+37kg+$BKn+$Nkn = Az, (5.106¢)
RpTNY = & (1, — Re) — 2K, T, + Lp7Tr + Liis (5.106d)

= LBT—Ku(T+7T) — KKy + L7Ks (5.106¢)
RpTBY = —21,&, — 16,(k, — Rg) + LT + LK, (5.106f)

= K(T— 7)) — INT — KK+ 27K, (5.106g)
RupN“B" = T(ky — &Ko) + Tk + Rg) — L1 7, (5.106h)
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The commutators of the Lie derivatives can be written as follows.

LT INf —INDrf = LB+ KIS — T LBS
BLrf— L2 LBf = TINS — K LB FTEINS S
INLBf — LBINS = v LT f + K LB — LT f — K NS

where f is an arbitrary scalar function.

For case 0

In the case 0, the following relations hold true

Rabe’Vf’ = — K'(z; — 12'(2; — 1\{'(2; — KGI\{'N — KI%] — kNKN

+2TpTR + gvl K+ gvl KG + gvz Kg + $V3 K,
RabVZ"VZ" = —Ké—kg;—ﬁ'GkG—k[%;—kl%;—kNKN

—2TRrTR + gvl K+ ng Kg + gvz Ky + $V3 Kn,
RabeVf = — 1\{%— i{'GkG_k}%l_ K'GI\{'N— 1\{']%]— K]%’

—2TRrTR —i—gvl KG —|—ofv2 Ky + 3‘/3 KN +$V3 Ky,
RpViVy = Kn(Ke —Kg) — Kv(Tr — Tr) — kv (TR + Tr) + L, K6 + Ly TR
= IV('G(Kg—IE'N)—IA('N(TR—”ER)—KN(TR-F’LV'R)—F.,%V] IV('N—l-gVSTR,
RpVI'VS = —&n(Kg — Kg) + Tr(KG — Ky ) + Tr(KG + Knv) — Ly, Tr + L, Ko
= —Rgky + tr(KG + Kn) + Tr(KG — Kv) + kv K + Ly kv — Lo, TR
RypVy'V3 = tr(Kg — Kg) — Tr(KG + Kg) — Kn(KG — Kn) + Ly, Tr + L3 %G
= KKy — KoKy + Tr(KG — Kg) + Tr(KG + Kg) + Ly, kv — Ly, Tk -

The commutators of the Lie derivatives can be written as follows.

Lo, f — L, o f = — kL [+ Ke Ly, f + (TR — TR) L f
L, b f — L o f = — kv f— (tr—TR)L0, f + KL f
L Lo f — L, Lo f = —(Br+TR) Ly, f— RnLonf + kv f

where f is an arbitrary scalar function.
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Chapter 6

Rational first integrals and gauged Killing
tensor fields

As we have seen in Chapter 1, Killing tensor fields (KTs) arise out of an assumption that first
integrals of a geodesic flow are polynomial in momenta. It is then natural to relax this assump-
tion and conceive of first integrals that are meromorphic in momenta. We call them the rational
first integrals. As a consequence, we are naturally led to introduce gauged Killing tensor fields
(GKTs).

The study of rational first integrals was already initiated by Darboux [47]. After then, several
works have been concerned with concrete examples of models admitting rational first integrals
of the geodesic equations. An example is the Collinson—O’Donnell solution [48] which is a
solution to the vacuum Einstein equations. However, as we will see below that the Collinson-
O’Donnell solution is a trivial example in the sense that a rational first integral results from a
pair of polynomial first integrals. Therefore, another aim in this chapter is to obtain a nontrivial
model admitting rational first integrals.

This chapter consists of two sections: In Section 6.1 we formulate rational first integrals.
Consequently, GKTs are naturally introduced. After introducing the notion of pure GKTs, we
provide a method for checking whether a GKT is pure. We also show that the defining equation
of GKTs can be written in the same form as the ordinary Killing equation with replacing the
Levi—Civita connection by a certain connection. Moreover, we provide the integrability condi-
tion for GKVs. In Section 6.2, we show the rational first integral of the Collinson-O’Donnell
solution is trivial. We then construct several metrics admitting a nontrivial rational first integral
in two and four dimensions.

6.1 Formulation

As it is for Chapter 1, we only deal with a geodesic Hamiltonian

1

H(q,p) = 3¢

ab
58"

q)PaPb ; 6.1)

where (g, p) are canonical variables. A first integral F that is meromorphic in canonical mo-
menta p, takes the form

(6.2)
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where U and V are nonzero polynomials of degree u# and v in p,. Without loss of generality,
we can assume u > v since if F is a first integral, the same is true of F —1. We also assume
that U and V have no common root. A rational first integral F is said to be irreducible if the
degrees of U and V cannot be reduced by using other first integrals. For instance if p,/py is a
first integral, the linear combinations such as (py + Hp,)/px and (p2+ pi)/ PxPy are also first
integrals. However, they are not irreducible.

Itis obvious thatif U and V are first integrals, then F is also a first integral. This suggests that
a rational first integral is not so meaningful if it can be constructed out of a pair of polynomial
first integrals. We must distinguish it from the others. Therefore, we introduce the notion of
inconstructible rational first integrals: A rational first integral is said to be inconstructible if it
does not result from a pair of polynomial first integrals. Otherwise it is constructible.

Requiring F' to be a first integral, {H,Q} = 0, we obtain

{U.HYWV —{V,H}U = 0, (6.3)

where { , } denotes the Poisson bracket. Introducing an auxiliary function W, the above condi-
tion is equivalent to

{U,H} = WU, {V.H} = WV. (6.4)
When U and V are homogeneous polynomials in momenta, we can write
U = Ka1-~~aupal **Pay V = Kﬂll”'llvpal ***Pay (65)

where K9 % and K* % are totally symmetric tensor fields. Substituting egs. (6.5) into egs.
(6.4) with the Hamiltonian (6.1), we find that W must be a linear function of p,, W = A%p,. We
are then able to rewrite eqs. (6.5) as

VKo, b)) = A@aKp,-py) 5 VaKp, ) = AaKp, b, (6.6)

where V denotes the Levi—Civita connection and the round brackets (---) denote symmetrisa-
tion over the enclosed indices. As the Hamiltonian (6.1) is homogeneous with respect to the
momenta. The above results are valid order by order in momenta, even supporsing that U and
V are inhomogeneous polynomials. The equations (6.6) motivate us to introduce the following
definition for gauged Killing tensor fields.

Definition 12. A symmetric tensor Kg,...q, is called a gauged Killing tensor field (GKT) if there
exists a I-form A, satisfying the differential equation

V(aKb1-~~b,,) = A(aKb1-~b,,) , (6.7)
where A, is called the associated 1-form of Ky, ...q,- A GKT is equivalent to a KT if A, = 0.

It should be noted that C. D. Collinson had already introduced gauged Killing vector fields
[50]. To obtain a rational first integral of the geodesic equations, we need to find a pair of GKTs
with a common associated 1-form A,. This pair is referred to as a Killing pair in Refs [49, 48].

It is worth commenting here that the associated 1-form A, can be determined uniquely: If

there exist two different associated 1-forms Agl) and AE,Z), we deduce that

5A(aKb1~--b,,) = 0, (68)
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where 64, = Agl) —Aﬁf). However, it is possible to show A, = 0 in the following way. Let 64

be a nonzero component of §A,. Then it follows from eq. (6.8) that A1 K;;..1 =0, then Kyy...; =

0. It also follows from eq. (6.8) that p 0A|Kj...12 + 0A2K]...1 =0, then Kj...1» = 0. The same

is true for Kj...13,Kj...14, - - - Kj...1n. Moreover, (p - 1)5A1K1...123 + 8A3K;..10+ 0A2K, .13 =0,

then Kj...123 = 0. The same is true for Kj...124,K]...125,- - - Kj...1on. After a lot of repetition, it is

concluded that all the components of K, ...q, vanish. This completes the proof by contradiction.
We can confirm that the following properties hold true:

e Given two GKTs Ky,...q,,Ca,.-a,» @ Symmetric tensor product Ky a,Cay ay) is also a
GKT.

e Given two GKTs Kal...ap,lzal...a ” which have a common associated 1-form, their linear
combinations such as Kq, ...q, — K, .q, and Ky;...q, + Kq, .q, are also GKTs.

We particularly find the following property.

Proposition 13. Suppose Koy .a, is a GKT. Then, Kal...ap = 0Ky,...a, Is also a GKT for an
arbitrary function .

Proof.  Since Ky, ...q, satisfies eq. (6.7), we have
VKb, b,) = Kb, Vay @+ OAGKp, ) = AaKp, .., -
where A, = A, + V,In . O

It follows from this proposition that I?a] way, = OKqg,...q, isa GKT if K, wa, a KT. Obviously,
not all GKTs take this form. In what follows, a GKT Ky a, is said to be pure if it there exists
a function @ such that Koy a, = 0Ky, ..qp is a KT. Otherwise, it is said to be impure. If we
construct a rational first integral from two pure GKTs with a common associated 1-form, the
resulting first integral becomes constructible.

We offer a criterion to decide whether a GKT is pure.

Proposition 14. A GKT is pure if and only if the associated 1-form is closed.

Proof. Let Ky, ..a, be a GKT. («) If the associated 1-form A, is closed, V[aAb} =0, there
exists a function y such that A, = V,Iny. Using this, we define I?al...ap = 1//*11(01.‘.“ , and
consequently find that Ky, ...q, is a KT. (=) As Kg,...q, is pure, there exists a function ¥ such
that Kal...ap = W_lKa1-~ap is a KT. Using this, we obtain

V(aKpy.-b,) = V(a(wkbynb,,)) = (V(aan)Kbl-~~b,,)7 (6.9)

so it follows from the uniqueness of the associated 1-form that A, = V,In y. Thus if Kyy..q, is
pure, then A, is closed. U

Proposition 14 states that by investigating whether the associated 1-form is closed, we can

check whether a rational frist integral is inconstructible. Using this fact, we investigate several
concrete examples of rational first integrals in the next section.
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Geometric interpretation

Let us introduce the connection @a on @” T*M which acts on a tensor 7y, ., @S
N n
VaTp,., = Valp,.t, — XiB(aT\b1~-~bi_1|bi>bi+1~~~bpa (6.10)
1=

where B, is a 1-form. This connection is torsion-free but not metric-compatible, @agbc #0.
The curvature tensor of @a defined by RupcVy = (@a@b — @b@a)Vc has antisymmetry with
respect to the initial two indices, Rupe? = —Rpg.?, and the Bianchi identities Ié[abc]d = 0. Whilst
antisymmetry of the latter two indices does not hold. Now the gauged Killing equation (6.7) is
written as

A

V(Kp,..,) = 0, 6.11)

where B, = pA,. This equation takes the same form as the ordinary Killing equation with
replacing V by V. It turns out by using the torsion-free connection (6.10) and Proposition 14
that a GKT is pure if the gauge potential B, is locally pure gauge.

Integrability condition

By using the torsion-free connection (6.10), the integrability conditions for GKTs can be written
in a simple form. For instance, let us consider GKVs obeying

VieKp) = 0. (6.12)

The integrability condition for GKVs were already provided by C. D. Collinson [50]. However,
the expression provided by him is rather complicated as he used the Riemann curvature tensor
and the associated 1-form. On the other hand, it follows from eq. (6.12) that

ViK, =K\ (6.13)

A 1 A
VK = Vg Vi Reva g (6.14)

where Kéi) = Y VK. Its integrability condition reads

0 = Yoo [(%dﬁcbam)Km—zﬁmm ,(n{}] . (6.15)

Once again, we confirmed that this takes the same form as that of the ordinary Killing equation
with replacing the Levi—Civita connection V and the Riemann curvature tensor R,p.q by V and
Ropead, respectively. It should be noted that the procedure of prolongation developed in Chapter
3 can be applied for GKTs of a general order; however, the explicit forms of the prolonged
system (3.20)—(3.26) and its integrability conditions for the second and third order (4.4)—(4.7)
cannot available for the GKTs because we had implicitly used the Bianchi identity R,cq) = 0
in the derivation
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6.2 Examples

6.2.1 Collinson-O’Donnell solution

Vaz and Collinson [49] have found the canonical form of the 4-dimensional metrics admitting
a pair of GKVs. They assumed that one of the GKVs is hypersurface orthogonal. Following
this result, Collinson and O’Donnell [48] have obtained the solutions of the vacuum Einstein
equations and have classified them into two cases. The solution of Case 2 was given in the form

2 2
y L S A S N AVA L. f
ds* = —Zdidx+ =d —(d dz") — —————dx | —=dy— d 6.16
s - x+x2x+2ﬁ(y+z) ;. xﬁy gyydz ),  (6.16)
where « is a constant, f and g are arbitrary functions of y and z obeying the Einstein equations
C? C
hf—ydg = —5—, dof +yoyg = —=, (6.17)
A VY ST

where C is a constant. The geodesic equations in the metric admit an irreducible rational first
integral

_ Dx

F .
Pt

(6.18)

and a pair of GKVs (d;)? and (dy)* with the common associated 1-form (2/x)dx,. We note
that F' is a rational first integral even if f and g do not satisfy egs. (6.17). Since the associated
1-from is closed, we find from Proposition 14 that the rational first integral is constructible.
Indeed, we find that x(d; )%, x(dx)* are independent KVs, and the rational first integral is given
by F = 0»/Q; with two independent polynomial first integrals Q| = xp, and Q» = xp;.

The solution of Case 1 is obtained as the limiting case: If we take y — 1 + €y, z — €z with
f—ef, g — €g, a® — a? /€. Subsequently taking € — 0 gives the metric

o?

20
5 (dy* +dz*) — = —dx(fdy—gdz). (6.19)

1 t
ds? = — —drdx+ —2dx2 +
X X
where f and g are functions of y and z obeying the Einstein equations
of—0dg = —C?, d.f +oyg = C. (6.20)

As this metric still has two independent KVs x(dx)%, x(d;)%, two GKVs (d;)%, (dy)* are con-
structible. Thus it follows that the rational first integral is constructible.

6.2.2 Metrics admitting an inconstructible rational first integral
Two dimensions

To construct metrics admitting an inconstructible rational first integral, we consider the Maciejewski-
Przybylska system [51]. The Hamiltonian is given by

1
H = (03 +p) + f(pepy) (xpx— aypy) (6:21)
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where « is a constant and f(py, py) is an arbitrary function. This Hamiltonian admits a first
integral of the form

F = pgpy, (6.22)

for arbitrary o and f. To obtain a rational first integral, we assume that o is a negative rational
number. Then by setting & = —s/r with positive integers r and s, we have a rational first integral
F" = p}/p;. Moreover, we take f = py + py to make the Hamiltonian quadratic. As a result,
the Hamiltonian describes geodesic flows on a 2-dimensional surface with the metric

(1 —2ay)dx* —2(x — oy)dxdy + (1 4 2x)dy?

ds> =
’ O(x,y) ’

(6.23)

where « is a constant and
O(x,y) = 14+2x—2ay— (x+ay)?. (6.24)

We firstly focus on the case ¢ = —1. In this case, the metric (6.23) is flat. As the first
integral is given by F = p,/p,, (Jx)* and (d,)* are GKVs. The common associated 1-form is
—8ab((94)? + (9))?). We can confirm that the the associated 1-form is closed. Thus it turns
out from Proposition 14 that (dy)* and (d,)* are constructible. More explicitly, we perform the
coordinate transformation

1 1
x = u+v+§(u2+v2), y = u—v+§(u2+v2). (6.25)

In the (u,v) coordinates, the metric is given by ds? = du® 4+ dv* and the GKVs are given by

1—v 1
(00" = Tro@)"+(@) = 7= [@)"+(@)" = (@) +u(@,)] (6.26)
I+v 1
()" = T ()" —(9dy)* = T2 [(8,,)“ — () +v(dy)* — u(av)“} : (6.27)
confirming they are constructible.
For general oo = —s/r, since F" = p}/p; is a rational first integral, (dy)*'---(dy)® and
(9y)@ -+ (dy)?r are respectively GKTs with the common associated 1-form —sgq,((x)”+(9y)?).
After some algebra, it follows that the associated 1-form is not closed except for &« = —1. Thus

the rational first integral is inconstructible for o # —1. This implies that we have constructed
the metric (6.23) admitting an inconstructible rational first integral of the geodesic equations in
two dimensions.

Four dimensions

We are able to generalise the Maciejewski-Przybylska system (6.21) to the N-dimensional sys-
tem. The Hamiltonian is given by

1 ¥ N
H :EZP?Jrf(Pl,---,pN)Zaix’pi, (6.28)
i=1 i=1
where o, ..., oy are constants and f(pi,...,py) is a function. This Hamiltonian admits a first
integral
F o= pph o py, (6.29)
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where B, ..., By are constants satisfying the condition
a]B]+a2B2+"'+aNﬁN =0. (6.30)

It should be noted that this system is completely integrable because first integral (6.29) indicates
there are (N — 1) constants of motion.

Taking f as f = ap1 +axp2 + -+ + aypn with constants (ay,...,ay), the Hamiltonian
(6.28) describes geodesic flows on the N-dimensional curved space with the inverse metric

g = 1+2a00, g/ = ajop +ajo . 6.31)

In what follows, we consider the Maciejewski-Przybylska system in four dimensions. For
brevity, we adopt the following setup: a1 =ar =a3 =1, as = —v/—1, qy =1, o = —«
and o3 = o4 = 0. Under this setup, the Hamiltonian is independent of the coordinates x> and
x*, so that p3 and p4 are first integrals. As another first integral is given by F = p[f ! pgz with
B1 — B = 0, we normalise 3, as B, = 1 and then obtain B; = a. Moreover, identifying the
coordinates x!, x2, x* as x,y,z and x* as v/—1w, we obtain the Hamiltonian

1
H = S(pi+py+p2 = po) + (pet Pyt pat pu) (s — aypy) (6.32)
with the first integrals p,, p,, and F = p,/ p;" . As aresult, we obtain one-parameter family of 4-
dimensional metrics admitting integrable geodesic flows. In particular, when we take o = —1,
the metric becomes scalar-flat, i.e. R = g“bRab = 0 whilst R,, # 0. The components of the
scalar-flat metric are given by

142y o 1+2x Xy
ST K@) 7 Kay) 7 Ky

_ 1+2x+2y+2xy _ —x2—y? _ V2 —xy—x
8z K(x,y) y 8w —K(x,y) ) 8xz —K(x,y) )
g = X% —xy—y o = 2(x—y)? —1—2x—2y+2xy gy = —y? Fxy+x
T Ky " K(x,y) P K(x,y)

2
—X“+xy+y

= —= 6.33

gyw K(X7y) ) ( )

where K (x,y) = 1 +2x+2y+2xy — x> —y?. This metric admits a rational first integral F = p,/p,
which is inconstructible. Thus, we have constructed the scalar-flat metric (6.33) admitting an
inconstructible rational first integral of the geodesic equations in four dimensions.
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Chapter 7

Summary and outlook

In this thesis, we have explored the classical problem of determining whether a Hamiltonian
system is completely integrable. More precisely, as is explained in Chapter 1, we assumed that:
The Hamiltonian under consideration is given by a natural Hamiltonian

1
H = 53" (q)paps+V(q), (AB=1,...N—1)

so as to reduce a geodesic Hamiltonian

1
H = Eg“b(q)papb; (a,b = 1,...,N)

First integrals are polynomial in momenta. For a geodesic Hamiltonian, such integrals can be
written as

Q(Qap) = K4 (Q)pal o 'pap 5
where K414 = K@) jg a Killing tensor field obeying the Killing equation
VoKaya,) = 0. (7.1)

Under the assumptions, we studied the Killing equation (7.1) and undertook the following ques-
tions:

e Are there any solutions of the Killing equation (7.1) for given metrics?
e If the answer is yes, then how many solutions are there?

e What quantities are sufficient to determine the number of solutions?

In this thesis, we study the above issues and give partial answers. In particular, we introduce a
systematic method to analyse the Killing equation and to study its properties. A key ingredient
here is projection operators called Young symmetrisers. Main results are as follows:

(1) We have constructed an effective way to analyse the Killing equation and to study its
properties based on Young symmetrisers Whilst several studies [52] had focused on the
role of Young symmetry in the tensor calculus, Young symmetrisers have not generally
been recognised so far. We have established a prolongation procedure which transforms
the Killing equation of a specified order into a closed system called the prolonged system
by introducing new variables. Then the explicit form of the prolonged system was written
out up to the third order.
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(i) We gave a formula for the integrability conditions of the prolonged system that put tough
restrictions on the Riemann curvature tensor and its derivatives. We also derived the
concrete form of the integrability conditions up to the third order. Moreover, we made
a conjecture on the Young symmetries of the integrability conditions of a general order
and provided a method for computing the dimension of the solution space of the Killing
equation with a specific example.

(iii)) We characterised metrics which admit Killing vector fields by local curvature obstruc-
tions. The obstructions had been obtained by analysing the integrability condition and
the original Killing equation. In particular, we provided the algorithm that tells us exactly
how many Killing vector fields exist for a given metric. This results would be extended
to 4 or more higher-dimensional metrics.

(iv) Killing tensor fields arise out of an assumption that first integrals of a geodesic flow are
polynomial in momenta. We relaxed this assumption and conceive of first integrals that
are meromorphic in momenta. We then defined gauged Killing tensor fields in order to
describe rational first integrals. We also studied their properties in detail and constructed
several metrics admitting a nontrivial rational first integral.

We close our study with some questions and outlook.

For the integration of the geodesic equations with a constraint H = 0, it is sufficient to
find a first integral in the zero energy level set. Such integrals F must satisfy the condition
{H,F} = LH for a certain function L. If F' are polynomial in momenta, this condition leads to
the conformal Killing equation

ViaCoy--b,) = 8(ab Pbyby) 5 (7.2)

where @, ...q, , is a symmetric tensor. As shown in Section 4.4, our analysis based on Young
symmetrisers has effective applications to other types of overdetermined PDE systems. So
a natural question to ask is whether our analysis is valid for the conformal Killing equation.
The immediate answer to this question is No since in order to analyse the conformal Killing
equation, we need not irreducible representations of GL(N) but those of SO(N). So it will be
necessary to incorporate the trace operation into our analysis. Such modifications have not been
pursued in this thesis but will be considered in the future.

Despite the fact that integrability conditions are simply a consequence of the requirement
that mixed partial derivatives must commute, the explicit forms of them have brought us essen-
tial insights into physics and mathematics. Classic examples are the Gauss-Codazzi equations in
the Hamiltonian formulation of general relativity and the Raychaudhuri equations in the deriva-
tion of the singularity theorems. Similarly, the integrability conditions of the Killing equation
for p = 1 lead to an immediate corollary (see, e.g. [53]): After some algebra, we can show that

1,1
Vara o) =0 & LiVaraRocdelpg = 0. (1.3)

where Zx is the Lie derivative along a KV K. This implies that if Q is the scalar constructed
out of the Riemann curvature tensor and its derivatives, then .Zx O must be zero. So if the set of
the 1-form {d o, ... .d Q(”)} are linearly independent, the N-form

dQW A ndQM) (7.4)
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must also be zero for N-dimensional metrics. If any of the possible obstructions is not vanishing,
such a metric admits no KV. We explicitly used this fact in Chapter 5. We therefore expect that
further analysis of the explicit forms of the integrability condition for p > 1 will lead to similar
corollaries for KTs.

If we establish analogous algorithms for KVs in 4 or more higher dimensions, it is not an
overstatement that we do not need to solve the Killing equation of the first order anymore.
However, it would need an intricate and elaborate calculation. On the other hand, it is not clear
how the algorithm extends to the second or more higher order KTs. Perhaps this results from
not understanding of the integrability condition completely. We expect that the conjecture we
made in Chapter 4 provides a clue to establish the algorithms for KTs.

Another question to ask is whether we can formulate the existence condition or hopefully
the value of ry in eq. (4.13). Answering this question may be linked to the conjecture we made
in Chapter 4. In fact, if the conjecture holds true, we obtain a criteria

rank /(PP) N(N-1)
C = = 7.5
rank E(P) (p+2)(p+1)’ (7.5)

where N and p are the dimension of space(-time) M and the order of KTs, respectively. Here,
rank E(P) agrees with the upper limit of the BDTT formula (3.36); rank I(”?) denotes the
number of linearly independent components of the integrability condition (4.8). If C < 1, we
definitely need the derivatives of 1(7"?) to determine the dimension of the space of KTs and thus
ro > 0. The equality is attained when N = p +2. Namely, our conjecture serves to formulate
the lower bound on the value of rg.

It would be worthwhile to comment the significance of our results in application to computer
program. In recent years various softwares implemented with a computer algebraic system, such
as Mathematica and Maple, have been developed. Each software prepares many packages avail-
able for solving individual problems in mathematics and physics, and we then find packages for
solving the Killing equation for Killing vector fields as well as Killing and Killing—Yano tensor
fields. However most of these packages do not solve the Killing equations efficiently, as they
merely use a built-in PDE solver without the integrability conditions. For fairness it should be
mentioned that we found one package (e.g. KillingVectors in Maple) which does use the inte-
grability conditions, albeit only for Killing vector fields and not for Killing and Killing-Yano
tensor fields. Hence, in order to make such packages more efficient especially for Killing ten-
sor fields, our results in Chapter 4 are significant to provide the formulas of the integrability
conditions to be implemented.
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