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Zusammenfassung

Zwei (pseudo-)Riemannsche Metriken heifen projektiv dquivalent, wenn sie die sel-
ben Geodétischen (als unparametrisierte Kurven betrachtet) besitzen. C-projektive
Aquivalenz ist eine natiirliche Ubertragung des Begriffs projektiver Aquivalenz von Rie-
mannschen Mannigfaltigkeiten auf K&hlersche Mannigfaltigkeiten. Eine regulire Kurve
~ auf einer Kahlersche Mannigfaltigkeit (M, g, J) heifit J-planar, wenn ihr Beschleu-
nigungsvektor in der Ebene liegt, die durch den Tangentialvektor der Kurve und den
Vektor, der durch Anwendung der komplexen Struktur J auf den Tangentialvektor
hervorgeht, aufgespannt wird. Zwei Kéhlersche Metriken auf einer Mannigfaltigkeit
von reeller dimension echt grésser als zwei heiffen c-projektiv dquivalent, wenn jede
J-planare Kurve der einen Metrik auch beziiglich der anderen Metrik J-planar ist.

Es werden zunéchst grundlegende Eigenschaften c-projektiv dquivalenter Metriken
besprochen, sowie die Integrale des geodétischen Flusses, die aus der Existenz einer
c-projektiv dquivalenten Metrik hervorgehen.

Im Hauptteil der Arbeit werden die folgenden Probleme behandelt:

Erstens: Kommutieren die den Integralen durch eine Quantisierungsvorschrift zugewiese-
nen Differentialoperatoren? Diese Frage konnte mit Ja beantwortet werden.

Zweitens: Ist eine Verallgemeinerung zu natiirlichen Hamiltonschen Systemen méglich?
Das heifst: Gibt es Potentialfunktionen, die sich zu den Integralen der Bewegung hinzuad-
dieren lassen, sodass die neu entstandenen Funktionen auf dem Kotangentialbiindel
weiterhin beziiglich der Poisson Klammer kommutieren? Weiterhin: Kommutieren auch
die durch Quantisierung aus diesen Funktionen hervorgehenden Differentialoperatoren?
Die Antwort ist Ja, und sowohl auf der Ebene klassischer Integrabilitit als auch auf der
Quantenebene sind die selben Potentiale zuldssig. Fiir gewisse Félle konnten sémtliche
zuldssige Potentiale gefunden werden. In den anderen Fillen geben wir eine Schar
zuléssiger Potentiale an, es kann aber sein, dass neben diesen noch mehr existieren.

Drittens: Fiir Kahlersche Metriken, die nichttrivial c-projektiv dquivalente Metriken
besitzen, wurde die Separation der Variablen fiir die Schrédingergleichung untersucht.
Es wurde gezeigt, dass sich die Suche nach Funktionen, die gleichzeitige Eigenfunktio-
nen der in den vorigen Abschnitten betrachteten Operatoren sind, auf das Ldsen von
Differentialgleichungen in niedrigeren Dimensionen zuriickfiihren ldsst. Als besondere
Anwendung der erzielten Resultate ldsst sich im Fall, dass die Anzahl der so konstru-
ierten unabhéngingen Integrale maximal ist, unter Voraussetzung einer positiv definiten
Metrik die Konstruktion einer Orthonormalbasis im Raum der quadratintegrablen
Funktionen auf das Losen gewohnlicher Differentialgleichungen zuriickfiihren.



Abstract

Two (pseudo-) Riemannian metrics are called projectively equivalent, if they possess
the same geodesics (considered as unparametrized curves). C-projective eqivalence is a
natural translation of projective equivalence to Kéhler manifolds: A regular curve ~ on
a Kéhler manifold (M, g, J) is called J-planar, if the acceleration lies within the span
of the tangent vector and J applied to the tangent vector. Two Kéahler metrics on a
complex manifold of real dimension larger than four are called c-projectively equivalent,
if every J-planar curve of one metric is also J-planar with respect to the other metric.

In the first section we will introduce c-projectively equivalent metrics and fundamental
properties. We will also introduce the integrals of the geodesic flow that arise as a
consequence of the existence of a c-projectively equivalent structure.

In the main part we will tackle the following questions:

Firstly: Do the integrals of the geodesic flow commute as quantum operators? This
could successfully be answered with yes.

Secondly: Is a generalization to natural Hamiltonian systems possible? This means:
is it possible to add potentials to the integrals of the geodesic flow such that the
resulting functions still commute with respect to the Poisson bracket? Furthermore
do the assigned quantum operators still commute? The answer is yes. The admissible
potentials are the same at the level of classical integrability as well as at the quantum
level. For certain cases all admissible potentials could be described. For other cases
a family of admissible potentials will be given, but there may be more admissible
potentials.

Thirdly: For Kéahler metrics that possess c-projectively equivalent metrics the
separation of variables for Schrédinger’s equation was investigated: We showed that
the search for simultaneous eigenfunctions of the previously constructed quantum
operators can be reduced to differential equations in lower dimension, in the case of
maximal integrability a reduction to ordinary differential equations is possible. In the
maximally integrable case this provides a possibility to construct an orthonormal basis
of eigenfunctions of the Laplace-Beltrami operator in the space of square-integrable
functions by solving ordinary differential equations.
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1 Foundations

1.1 C-projective equivalence and the canonical Killing tensors
In all our work we assume that the manifold we are working on is connected.

Definition 1 (K&hler manifold) A Kdahler manifold (of arbitrary signature) is a
manifold M?" of real dimension 2n endowed with the following objects and properties:

o a (pseudo-)Riemannian metric g and its associated Levi-Civita connection V

e a complex structure J, i.e. an endomorphism on the space of vector fields with
J?=-1Id

e g and J must be compatible in the sense that g(JX,Y) = —g(X,JY) and VJ =0

e We denote by Q the two-form QUX,Y) = g(JX,Y) which is called the Kdhler
form.

We do not need to dig overly deep into the theory of Kahler manifolds, but two
properties of the Riemann and Ricci tensor will be required:

Proposition 1 (Symmetries of the Riemann and Ricci tensor on Kéhler
manifolds) In addition to the usual symmetries of the Riemann and Ricci tensor on
a Kdhler manifold (M, g, J) the relations

;‘kl = —JéRtssz; = R]i‘abefIJlb (1)
JIR, = R.J?

are true. Here and throughout the rest of the work we use the Finstein sum convention.

Proof of proposition 1: Because J is V-parallel:
0= (ViVi—ViVi)J) = Ry J; — R J!

Using the block symmetry Rgopcqd = Redap Of the Riemann tensor gives the second
equality. Consequently R’ ikl = J;,qumJ;-I JiJ; and contraction of ¢ with k shows that
the Ricci tensor is Hermitian, concluding the proof.

Definition 2 (J-planar curves) A regular curve v : I — M is called J-planar if
there exist functions a, 8 : I — R such that

Viy = alt)y + B(t)J(7) 2)
is fulfilled on I where 7 denotes the tangent vector to .

This is a natural generalization of geodesics on (pseudo)-Riemannian manifolds that in
arbitrary parametrization are solutions of the equation Vs% = «a(t)%. Similarly, the
property of a curve to be J-planar survives under reparametrization.



Definition 3 (C-projective equivalence) Let g,g be two Kdhler metrics (of arbi-
trary signature) on (M, J) with dimg M > 4 They are called c-projectively equivalent
if and only if every J-planar curve of g is also a J-planar curve of §.

It is clear that if all J-planar curves of g are J-planar curves of g then every J-planar
curve of § is also a J-planar curve of g, justifying the word equivalence in the definition.
C-projective equivalence is the Kéhler analogue of projective equivalence on (pseudo-)
Riemannian manifolds and was proposed by T. Otsuki and Y. Tashiro [14]. For a
thorough introduction to c-projective geometry see [4]. For completeness, we recall the
definition of projective equivalence, since the theorem 12 is the projective analogue of
theorem 11. Because their proofs run in parallel, all statements about the projective
setting will be phrased as remarks placed after their c-projective counterparts.

Definition 4 (Projective equivalence) Let g,§ be two (pseudo-)Riemannian met-
rics on a manifold M. They are called projectively equivalent if and only if every
unparametrized geodesic of g is also an unparametrized geodesic of g.

In the definition of c-projective equivalence we made two restrictions:

Firstly we imposed that the real dimension should be at least 4. We excluded the case
of dimension 2n = 2, because in two dimensions any curve is J-planar, so in that case
c-projective equivalence would be a tautological property of any two K&hler structures
and there is no information that can be extracted from this and it is not interesting to
us.

Secondly we imposed that the two metrics shall be Kéhler with respect to the same
complex structure J. This is actually not a restriction: While in dimension 2n = 2 there
exist Kéhler metrics (g, §) with distinct complex structures (J,J) and they trivially
have the same J-planar or j—planar curves this cannot occur in higher dimensions, as
the following proposition shows:

Proposition 2 Let (g,.J) and (g, J) be two Kdihler structures on M of real dimension
2n > 4. Then if every J-planar curve of g is a J-planar curve of g and vice versa then
J = xJ. The signature of g, g may be arbitrary.

Proof of proposition 2: From the definition 2 it is clear that any J-planar curve
~ is uniquely determined by a starting point v(0) = p, a tangent vector at this point
4(0) = X and functions a(t), 8(t). At the same time any J-planar curve that goes
through p may be reparametrized such that the tangent vector at p is rescaled by an
arbitrary non-zero factor. We now choose an arbitrary point p, an arbitrary non-zero
vector X and arbitrary functions a(t), as(t), 81(t), B2(t). We consider the two J-planar
curves 1,72 of g, given by the data

11 n0)=p, 70)=X, ai(t), Bi(t)
Y21 72(0)=p, 7200) =X, at), B(t)

Then by our assumption there exist functions & (t), & (t), 81 (t), B2(t) such that



P DA =it + B i
P+ DA 3 =adi + B Jidr
5+ T35 =as¥s + BaJidb
s+ 050098 =ao¥s + B2 JiHs
Subtracting (4) from (3) and (6) from (5) we get
(T =T34t =1 — @44 + BuTist — Br it (7)
(0= D)5395 =(02 — G2)33 + B2 Jids — BoJiis (8)
We evaluate these equations at the parameter ¢ = 0. Because v1(0) = 72(0) = p,
equations (7) and (8) are equations on the tangent space at p and we can subtract (8)

from (7). Because we assumed that 41 (0) = 42(0) = X the left hand side becomes zero
and we get:

0= (a1 — &1 — a2 + G2) im0 X + (B1 — B2) im0 pX — (B — Bo) o p X (9)

This equation tells us that j|pX lies in the span of {X,.J,X}. But X could be chosen

arbitrarily, so for any tangent vector Z at p its image under j|p lies in the span of
{2,J,7}.

We now choose a basis (X1,...,X,,Y1,...,Y,) of T, M, such that for i =1,...,n we
have JX; = Y;. Then because of the above there exist coefficients ({;,n;, 3, \i|i =
1,...,n) such that fori =1,...,n

JpXi =G X; +nY;

k (10)
JpYi =Y — \iX;

Consider an arbitrary tangent vector Z at p and decompose it according to the chosen
basis:
n
Z = Z wiXs +v;Y;)
i=1
We shall denote by p the tuple (p1,...,un), likewise v = (v1,...,v,). From the

discussion above we know that the image of Z under .J,, lies in the span of {Z, J,Z}.
Thus there must be ¢(u, v), ¥ (u, v) such that

JpZ = () Z +(p,v)J 2 (11)

Because we chose our basis such that J, X; = Y; we have J),Y; = —X; and thus we
have:

JpZ = Z(w(u, V)i X + @ V)viYi + ¢ (p, v)pid|p X + 9, v)vi ) Y)
i;l (12)
= Z((so(m V)i — (i, v)vi) Xi + (9(p,v)v; + 6, v) ) Vi)



But by linearity of j|p we also have:

Z HZ‘]\Z)X +1/2J|p )

= (G Xi + pansY; + viseY; — vihiX) (13)
=1
= ((1iGi — vid) Xi + (ami + viz)Yy)

@
Il
-

Equating the last lines of (12) and (13) gives:

n

D (o v = s v)a) X + (@1 V)i + (11, ) ) Vi)

i=1
= Z((Hz‘@ —vi\) Xi + (pami + viza)Yi)  (14)
i=1
Because (X;,Y;]i = 1,...,n) is a basis and thus linearly independent we must have
that:

(s V)i — P, v)vi =piGi — ZZ}WZL”wn (15)

P, v)vi + (v =pini + vz
We look at these equations for particular choices of (u,): those that have only one or

two entries equal to one and all others are zero. The positions where the ones are will
be put in the upper indices

; 1 1=1
1 __
Hi = { 0 else
; 1 1=14
11
Vi = { 0 else
i1,l2 1 i=i10ri2i2
P =3 0 else
l/il’iz _ 1 Z':’il Ori:ig
i 1 0 else

By u** we mean the collection (p%', ..., ut) etc.
Now consider equations (15) for p = p"*2, v = 0. Then the only nontrivial equations
are those for i = i1 and ¢ = is:

e, 0) =,
w(ﬂll 2 ,0) =i,
P, 0) =C,
P(u'"2,0) =i,



But this implies that for all 1,45 € {1,...,n} the constants (;, and {;, must be equal.
We also see that for any i1, i3 we have n;, = n;,.

Next we consider equations (15) for (u = 0,v = v*22). In the same way as before we
can conclude that for all 41,i2 € {1,...,n} the equalities A\;, = \;, and s, = 5, must
hold.

Then we look at (15) with u = p'', v = v with iy # i5. This is the moment where we
use that the dimension of M is at least 4.

p(p',v"?) =G,
¢(ﬂil ) ViZ) =iy
/‘/}(ILLil ) Vi?) :>‘i2
(', v"2) =mn;,

Thus each of the (; is equal to one of the s;. But the s; are all the same. Thus
(1=...=Cv="...=300=...= 3,.

In the same fashion we get that \y = ... = A\, = n1 = ... = n,. Inserting this in
equation (10) and using Jﬁp = —1Id), we get

j\sz' =X + mJ;pXi
JpYi =Y +mJ),Y;

Because a linear operator is uniquely determined by its action on the basis vectors we
must have that R
Jpp = Gldpp +mJjp

Because jﬁp = —1Id),, it followst that

7Id|p = (412 - U%)Idm + 2CIW1J\p

Since Id, and J, are linearly independent the product ¢17; must be zero. But working
in real coordinates, 1; cannot be zero because otherwise (¢ —n?) > 0 and the equation
cannot hold. Thus ¢; = 0. Inserting this into the equation we get that n? = 1. Thus
Jip = EJp-

As the point p was chosen arbitrarily, the equation must be true on all of M. It follows
from the smoothness of J that the sign is the same at every point and the proof is
complete.

1.1.1 The tensor A

Proposition 3 [6], see also section 5 of [4]. Two Kdhler metrics (of arbitrary sig-
nature) on a manifold (M, J) are c-projectively equivalent if and only if the tensor

1
Z(nt1)

det g
det g

~il

i def 3" ai;, where i gm =08 (16)

J




satisfies the equation

Vidi; = Xigik + Njgie + ANk + AjQik (17)
where
e ]- e Y e ]
A DA YA and  NE TN (18)

Raising and lowering indices is always by means of g: A\* = g/ );, where ¢g**g,; = (5;
The sole exception to this is when we speak about a covariant (c-)projectively equivalent
metric g, for which we will define the symbol with upper indices via §**g,; = 6;..

Corollary 3.1 Let A be a nondegenerate Hermitian solution of (17) then we can
construct a metric § that is c-projectively equivalent to g via §¥ = Alg*iv/det A. By
vdet A we mean taking the eigenvalues of A and multiplying them with powers equal
to half of their algebraic mulitplicities(Because J*> = —Id and A commutes with J all
multiplicities are even).

Remark 1 (for the projective case) [2, theorem 2] Two (pseudo-)Riemannian met-
rics ¢,g on a manifold M are projectively equivalent if and only if the tensor

1
i def |detg| ™t il ~ i
b= detg aij, where G Gim = 6%, (19)
satisfies the equation
e 1 €
VkAij = )\igjk + /\jgika with A d:f 5 trA i d:f Vi (20)

If A is a nondegenerate g-self-adjoint solution of (20) then a metric that is projectively
equivalent to g can be constructed via the formula §¥9 = Alg®J det A

Definition 5 (C-compatibility) We shall call Hermitian (g-self-adjoint and
J-commuting) solutions of (17) and (18) c-projectively compatible or simply
c-compatible with (g, J). As in the definition of c-projective equivalence we shall require
that the real dimension of the manifold be at least 4. Likewise symmetric solutions of
(20) shall be called projectively compatible or simply compatible with g.

Remark 2 [t is also possible to define c-compatibility in the following sense: a tensor
A is called c-compatible with (g,J) if there exists a covector \;, such that the triplet
(A, N, i = JI\;) satisfies (17). This may seem like a less restrictive definition but
taking the trace of (17) shows that \; = ivi tr A, making this definition equivalent to
the one given above.

Similarly one could call a tensor A projectively compatible, if there exists a covector field
Ai, such that Vi Ayj = Nigjr + N\jgir 1s satisfied. But taking the trace of this equation
reveals that then \; = %Vi trA.

Before we procede to prove proposition 3 we shall first establish some properties of
Hermitian solutions of (17) that will be used at several points later on.



1.1.2 Basic properties of (c-)compatible structures
Lemma 4 Let (g,J, A) be c-compatible. Then
1. Videt(A) = 4det(A) A1)\,

2. Ais self-adjoint w.r.t. the Hessian of A: A Ni p = Nj s A}, [4, lemma 5.13]. For real
numbers t the (1,1)-tensors (tId — A), A=' and (tId — A)~! are also self-adjoint
w.r.t. V2X (the latter of course assuming that A and tId — A are invertible).

3. Additionally let S be an endomorphism on the space of vector fields on M with

the following properties: JoS = SoJ, AoS =SoA, V2X(S-,-) = V2\(,, S")
and g(S-,-) = g(-,S-). Then the formula

R x4 SY — R A SY =0 (21)
is valid. In particular (taking S = g"9) A commutes with the Ricci tensor:
RLA; = ALR;.

4. The Hessian of X is Hermitian: \;j = A\j; = J;)\S,tJf
Here and further on, an index preceded by a comma is meant to indicate a covariant
derivative. This lemma contains by no means new wisdom. Item 1 will be proven in a
straightforward computation, the others can be found in [6, 3, 4]. The proofs that will

be given also recyle the ideas of the cited sources. Only the proof of item 2 appears to
be a new one, although fairly simple.

Corollary 4.1 Linear algebra applied to (21) provides the formula:
—1lr pk ij _1kr is
(tId — A) RSV — (tId — A) R ;57 =0 (22)

Proof: Consider the endomorphism R’"iﬂSij on the space of vector fields. Raising
and lowering indices in (21) shows that it commutes with A. Consequently it also
commutes with (tId — A) and thus with (t/d — A)~!. Standard index manipulations
using the symmetries of the curvature tensor imply the result. We will see this argument
recurring in the proof of item 2 of lemma 4.

Remark 3 (for the projective case) Let (g, A) be compatible. Then
1. Videt(A) = 2det(A) A1)\,

2. A is self-adjoint w.r.t. the Hessian of A\: A5N\; = \j sA5. The same is true for
(tId— A), A=Y and (tId— A)~1 (the latter of course assuming that A and tId— A
are invertible).

3. Additionally let S be an endomorphism on the space of vector fields on M with
the following properties: JoS = SoJ, AoS =So0A, V2X(S-,-) = V2\(,, S")
and g(S-,-) = g(-,S-). Then the formula

R x4 SY — R A SY =0 (23)

1s valid.



4. Equation (22) is true in the projective case as well.

Proof of lemma 4, item 1: We use Jacobi’s formula ddet M = tr(Ad(M)d M):

Vi det(A) =det(A) AV, AL
=det(A) AT [N"gar + N0l + 9" A + Agg"* Q] (24)
=4 det(A)A™L N,

Equation (17) was used to expand the covariant derivative of A and then the properties
of J interacting with g were exploited to obtain this.

Remark 4 (for the projective case) The procedure is the same in the projective
case. In the second line of (24) the terms involving A do not appear, resulting in a
factor of 2 rather than 4 in the third line.

Proof of lemma 4, item 2: To the author’s knowledge the proof that we present here
is a new one. The advantage of the proof given here is that it uses only the statements
we have already established in the earlier sections of this document.

Without loss of generality we may assume that A is invertible. Otherwise we may
choose ¢, such that eId — A is invertible. Then we can apply the same procedure to
Indet(eId — A) instead of Indet A. This will show that (eId — A)~! is self-adjoint with
respect to VZA. And thus by linear algebra eId — A and consequentially A are also
V2 \-self-adjoint.

Now to the main argument: We compute the second covariant derivative of Indet A
using (24), (17) as well as the general identity d A= = —A~!. (dA) - A~! and the
antisymmetry of J with respect to g:

1 . .
1 ViViindet A =— NATE PN AT g — N AT AT, 25)

— N AT PN AT+ N AT IR AT 4 AT N,

The left hand side is symmetric with respect to (k <> [). The first, second and
fourth term on the right hand side are symmetric as well. The third term vanishes.
Consequently the last term must be symmetric as well. By means of linear algebra,
the self-adjointness with respect to \;  is also true for (tId — A) or (tId — A)~'. The
latter of course is only true, provided that ¢ is not chosen to be within the spectrum of
A. This concludes the proof of item 2.

Remark 5 (for the projective setting) Performing the same computations as above
gives the intermediate result

5 ViViindet A = —NATE PN AT g — N AT AT+ AT N

to which the same logic is applied as in the c-projective case.



Proof of lemma 4, item 3: In the proof we reuse and extend the ideas used in the
proof of equation (12) in [10]. We inspect the second derivative of A:

R Air + R Arj =(ViVie = ViV Ay
=X 105k — N, kG51 + Ajigik — Nj kGl (26)
F X0k — Xk + Xk — A ey

The first equality is the Ricci identity and is true for any (0, 2)-tensor. The second
equality comes from differentiating (17). We continue by adding the equation with
itself three times after performing cyclic permutations of (j, k,1). The three terms rising
from the first term on the left hand side of (26) vanish due to the Bianchi identity. On
the right hand side only terms involving \ remain:

R Avj + R At + R Ak =(F X0k + Xk + Xi jQu 27)
= XNk = Nia Qi — Ao i Q) + (i < §)

+(i <> j) means that the preceding term is to be added again, but with indices ¢ and j

interchanged. We now multiply this equation with S%. Since S is g-self-adjoint and

commutes with J we have \; ;5% = 0. Using this and using again that S commutes

with J the right hand side simplifies as follows:

Ry Arj S + R A + Ry ArSY = A(S{ Mg = 5] Aje)

SoAis g-self-adjoint because S and A are g-self-adjoint and commute. As a consequence,

we know that R",;; A,;S" vanishes on the left hand side. Further utilizing the symmetry

of the curvature tensor as well as the self-adjointness of S with respect to VZ\ we reach

the desired result: 3 »
R'jpAnSY = R ApSY =0

Remark 6 (for the projective case) To prove item 3 of remark 3 we perform the
same steps as in the proof of item & of lemma 4. Removing the terms involving 2
from (26) gives the intermediate step for the projective case. Equation (27) trivially
simplifies to R";3 A + R, A+ BTy Arge = 0. After multiplication with S the first
term vanishes with the same argument as in the c-projective case and the result is
obtained. For the proof of item 4 of remark 3 we observe that the proof of corollary 4.1
only involves linear algebra. Thus the proof is exactly the same in the projective and
the c-projective case.

Proof of lemma 4, item 4: We covariantly differentiate (17) and use the Ricci
identity:

Rrjk;lAiT + Rrik;lA'r‘j :(VZVk - VkVZ)Alj
=i 19k — A, kGil + NjiGik — Aj kil
+ X — A e+ X Qi — A eQa



Contracting with ¢/* and rearranging terms gives
—R[ Aiy + R0 Ari " + 075X kg — JiAs e JE = (20 — 1)Aiy
We subtract A;; on both sides:
—Rj Ay + R A g™ + g5 N kgis — Xig — JiXe ] = (2n = 2)Niy

Because A commutes with J and R (see item 3 with S% and S% = A%) and because of
the way J interacts with g and the Riemann and Ricci tensor (1) we see that the left
hand side is Hermitian. Thus ), ; must be Hermitian as well (remember we excluded
dimension two in the definition of c-projective equivalence, so (2n — 2) is non-zero),
concluding the proof.

Proof of proposition 3 The idea of this proof is based on the ideas in section 40 of
[8]. We first show that if two metrics g, § are c-projectively equivalent then A formed
as in (16) satisfies (17). We start off with the equation for J-planar curves:

7'+ T3t = a®F' + B i7"
We multiply with 4, then alternate (I <+ i) and subtract both equations:
V3 =4+ (DA = Td") ¥74% = B (13" = 4" Ji4") (28)

Because we assumed that g, § are c-projectively equivalent, for any curve - there exist
a, B such that the same operations can be performed, putting a tilde on I', o, 8 without
compromising the validity of the equations. Taking the “~” analogue of (28) and
subtracting it from (28) leaves us with

PLAAIA* — PLASIAR = (B — B TiAY — (B — By JLA (29)

Here we have introduced Pj, as a shorthand for T%, —T'%,.
At the same time we can multiply (28) with J;™J}:

TEYFI = I A I T TP AR — T A
= B=J"" + IPAA™) - (30)

” equivalent. After renaming some indices we obtain

From this we subtract its “~
TP AR T A = Ty PRAT T A™ = (8 = B) A" = (B = B) T amy (831

from (28). Subtracting (31) from (29) gives:
VA (03Pj — 6:Pjy — JoPjiJs + Ju PiJi) = 0 (32)

This equation is valid for any J-planar curve v and thus 4 may be considered to be
arbitrary. This implies that the symmetric part of the expression in the parentheses
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must vanish. Because the expression in the parentheses is symmetric when exchanging
(j ¢ k) this is equivalent to the following condition:

L Pf — 8Pl — TP+ S

stjk = Yst m= jk
+6,.PL — 0u P — JL Pl L+ JL P (33)

+65 P, — 6iPL, — JL PRl + J Pl =0

i.e. we took the expresion in parentheses, took cyclic permutations of (s, j, k) and added
them together. Contracting [ with k& and using that P is symmetric in the lower indices
it follows that

0=2(n+ )P}, — 6. Py, — 8, PE + JLJ " Pl + JiJ P,
Because P, =T, — fzk and T%, = 1/29;In|det g|,T'¥, = 1/29,1n| det §| we have
P;s:6g50j+5;@s_<]si‘];n@m_<];<];n90m (34)

where we have introduced

1
An+1) "

det g
det g

(p:

‘ ) ws = Vs (35)

We can then use equation (34) to work out V; G" in terms of § and the derivatives of
via

0= @]gzl — V]gzl _ P;Sgsl _ Pjsgis

and use the result to compute

Vje*m"gilglp = 5;6724P905§8lglp + 672wsﬁs§isgjp
— G_QWJ;J;RSDmgSlglp - e_mp']jl'glpgis’];n(pm

We see that the left hand side is just VjA;. So by contracting ¢ with p in this equation
and defining A = 1/4tr A and A\; = V,;\ we get \; = e*2¢g05§5lglj. Reinserting this
into the equation above, introducing the shorthand 5\j = J7As and renaming indices
gives

ViAij = Aigje + Ajgie + Xk + A Qi
as we have claimed.
Now we show the other direction: we assume that two metrics g, g are given, such that
A formed with (16) fulfills (17) and then show that g, g are c-projectively equivalent.
The computation is straightforward, starting with the well known formula for the
Christoffel symbols of g:

RN P . .
ik =39 "(0;Guk + Okt — Gjn)

11



We express the partial derivatives of g in terms of the covariant derivatives of the
Levi-Civita connection of g: 9;9;x = V;gjk + I'j;gsk + I';;.91s. The result simplifies to

i 1 ~ N _
I =T = 39 NV + Vidin — Vidix)

We can express § on the right hand side via §¥ = A%g%/v/det A and use the properies
(17) and (24) of A as well as the general formula VA=! = A=1. (VA)- A=, Then we
use that A is Hermitian to reduce the terms to

;’k - ~§'k = 5]@(1471)]0‘[)\& + 5;(‘471)(!:)‘04 - (Ail)?j‘m]li - (Ail)gj\ou];

We then use the fact that A commutes with J, the previously established formula

(A™H%Xo = 1/40; Indet A and that det A = |det g/ det g|~Y(+D In terms of the

quantity ¢ = 1/(4(n + 1)) In(det g/ det ) the above becomes
i = Dok = 01050 + 830kp — JjTR0up — Ji T3 0up

With this formula we show that all J-planar curves of g are also J-planar curves of g.
Suppose v satisfies

' DA = a®)F' + B(6) 53"
for some functions a(t), 3(t). We can now compute 5° + f‘é-kf'yj"yk:
F' A3 =5+ D7 = (T, = D)3 4
=a(t)y + BT — 274 850 — 2J;5 44 0
Thus 7 satisfies V44 = a(t)y 4 5(t)J(¥) for a(t) = a(t) — 2470;p and B(t) = B(t) —

24F J20sp and 7 is also a J-planar curve of §. The fact that any J-planar curve of § is
also a J-planar curve of g is obvious and proposition 3 is proven.

1.1.3 Conserved quantities of the geodesic flow

Throughout this work we shall canonically identify symmetric covariant tensors with
polynomials on 7*M via the isomorphisms * and :

b Se1ar Tal...al,pal . Pay
T, g, o T

By the parentheses we mean symmetrisation with the appropriate combinatorial factor:
T(@a) =1/ 2 (brsosbt) = (@10t TPt (7 means permutation here).
Let (g,J, A) be c-compatible on M and consider the one-parameter family

t ;i def —1% 15
K9 \/det(tld — A) (tId — A)~", g (36)

Throughout this work the root is to be taken in such a way that we simply halve the
powers of the eigenvalues in det(tId — A). This is well defined because A is g-self-
adjoint and commutes with J and thus all eigenvalues of A are of even multiplicity.

12



In particular /det(t/d — A) can be negative and it is smooth also near points where
¢ ¢
det(tId — A) = 0. With the tensors K we associate the functions [: T*"M — R

t t ..
I =K"pip; (37)

Theorem 5 P. Topalov[17], see also [4, §5]. Let (g,J, A) be c-compatible. Then for

v w
any pair of real numbers (v, w) the quantities I and I are Poisson commuting integrals

v ow t ..
of the geodesic flow i.e. {I,1} =0 and {I,¢9"pip;} =0

t
The tensors K defined above are called the canonical Killing tensors for the c-compatible
structure (g, J, A). Killing tensors and integrals of the geodesic flow that are homoge-
neous in momenta are in one to one correspondence.

t
Remark 7 The quantities K are well-defined for all values of t: if we denote by 2n

t
the dimension of the manifold, then K is a polynomial of degree n — 1. This is a
consequence of J? = —Id, the antisymmetry of J with respect to g, the commutativity

t
of A with J and the construction of K from A.

Remark 8 (for the projective case) Let (g, A) be compatible. We shall define
t ;i de i 1 o .

kil det(tId — A) (tId — A)=1,g" for the projective case. Then for any pair s,t € R

iy t t

the quantities ; dgf_fc{' “pip; and I difK”pipj are commuting integrals of the geodesic
flow for g [2, 13]. The projective and the c-projective case differ merely by the power
of the determinant.

Theorem 6 See [4, theorem 5.11] and [3, lemma 2.2]. Let (g,J, A) be c-compatible.
t
Then the quantities [ given by

t t . t . . .
L=V7p;, VI = Jlg"V,\/det(tId — A) (38)

form a one-parameter family of commuting integrals of the geodesic flow: for all values
of s,t € R the following relation is true:

s t S ..
{L,L}=0 and  {L,9"”pip;} =0 (39)

¢
The vector fields V' are called the canonical Killing vector fields for the c-compatible
structure. Killing vector fields and integrals of the geodesic flow that are linear in
momenta are in one to one correspondence.

Proposition 7 Let (g,J, A) be c-compatible. Then for all values of s,t € R the

¢ ¢
integrals T and I of the geodesic flow (see (36), (37) and (38) for the definition)
Poisson commute:

(L1} =0 (40)

13



Corollary 7.1
o Let (g,J, A) be c-compatible. Then the flow of the canonical Killing vector fields
t
V in (38) preserves A.

e Let g,g be c-projectively equivalent on (M, J). Then the canonical Killing vector
fields (38) of g are also Killing vector fields for g.

This is of course nothing new and can be found in [4, 3]. In lemma 2.2 of [3] a
particularly elegant proof of the second statement of the corollary is given which then
implies the first item and proposition 7.

Definition 6 (Functional independence) Let (f1,..., fi) be a set of functions on
the cotangent bundle. They are called functionally independent near a point p on
the cotangent bundle if their differentials are linearly independent at p. They are
called functionally independent, if their differentials are linearly independent almost
everywhere on the cotangent bundle.

Theorem 8 [/, theorem 5.18] Let (g,J, A) be c-compatible and consider the integrals
t s
of the geodesic flow I and L from (36), (37) and (38). Then

1. The number of functionally independent integrals in the family 2 is equal to the
number of non-constant Figenvalues of A.

t
2. The number of functionally independent integrals within the family I is equal to
the degree of the the minimal polynomial of A.

: t

3. The integrals E are functionally independent of the integrals K, so the total

number of independent integrals within the two families is equal to the number of
non-constant eigenvalues of A plus the degree of the minimal polynomial of A.

Remark 9 Let (g, A) be compatible. Then the number of independent integrals in the
t
family T is equal to the degree of the minimal polynomial of A [16].

Proofs

Definition 7 (Schouten-Nijenhuis bracket) Let (z,p) denote a set of canonical
coordinates on the cotangent bundle of a smooth manifold M. Let P,Q be homogeneous
polynomials in the momentum variables of degrees k,l. Then we define the Schouten-
Nijenhuis bracket of their associated tensors P Q% as

[Pﬁ’Qﬁ]S = {PaQ}ﬁ (41)

Proposition 9 Let (z,p) denote a set of canonical coordinates on the cotangent bundle
of a smooth manifold. Then two homogeneous polynomials P = P p; ---p;, and
Q= QM -+ pj, (P, QI It are symmetric) have a vanishing Poisson bracket

14



if and only if the Schouten-Nijenhuis bracket of P and Q' vanishes. The Schouten-
Nijenhuis bracket can be expressed via the formula

[pli7 Qﬁ]?"‘immjzb _ _lpa(i2~~ik anjz"'jlb) 4 kQa(jz"'jl vaPiZ"'ikb) (42)

The parentheses indicate the symmetrization of the indices with the appropriate
combinatorial factor. Proposition 9 is a well known fact, see e.g. [7]. A proof is given
for completeness.

Proof of proposition 9: We compute:

{P,Q} :(kQajZ'”jlvanT“jkb — [ P%2" Tk anjz”'jzb)
X PoPiy * PPz~ Py
:(kQa(jz“'jzvapjz"'jkb) — 1 pG2-Jk anjT“jlb))
X DbPiy ** * PiPjs *** Py

In the first step we used the definition of the Poisson bracket and the symmetry of
Ppiik @iiii, The Christoffel symbols all cancel out, ther is no difference in writing
the first step with partial or covariant derivatives. In the second step we can symmetrize
all upper indices except a because the product of the p’s is obviously symmetric with
respect to index permutation. Because homogeneous polynomials on T* M are in one
to one correspondence with symmetric contravariant tensors we see that {P, Q}ﬁ must
be equal to the term in parentheses, proving formula (42). Now because symmetric
contravariant tensors and polynomials in momenta on 7% M are isomorphic it is clear
from the definition of the Schouten-Nijenhuis bracket that [P, Q%] vanishes if and only
if {P,Q} vanishes as well. Proposition 9 is proven.

Proof of theorem 5: We will prove the theorem by direct calculation, using the
relations that have already been proven on the previous pages. When looking at the
proof of the main theorem 11, the reader will already be familiar with much of the
technique after this proof. Without loss of generality we may prove it for the cases

s t
where s and ¢ in K and K are chosen such that they are not in the spectrum of A.

Otherwise we recall the fact that Is{ and It( are polynomials and therefore smooth. Then
we can consider sequences (s;), (t;),7 € N that have elements outside the spectrum of
A and converge towards the values s and t that we want to and take the limit. We
introduce a shorthand notation:

.. _ t
A=grad A= (¢");), A=Jgrad\, M = (tId— A" (43)

for any ¢ outside the spectrum of A. ( M A)? denotes the i component of M A etc.
We get

Vi det(tId — A) = —4det(tId — A) M, (44)

in the same way as we have obtained formula (24). Using this, the general matrix
identity dC~! = —C~1.dC - C~! and (17), the covariant derivative of the Killing
t

tensor K evaluates to:
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. t t .
Ve Kt = det(tId — A)[—2 M \s Mg"grl (45)
too ot tooot b opsy o y N, MY
+ MN M+ M M= Myg" N MyJi— Mbg™"Ay M} JE]

s . t . t . s .
With this we form K%V, K-~ K49V, K7

K9V, K~ K9V, K9° =\/det(tld — A)\/det(sId — A)
s t .ot
x| =2(M MA) Mig™

t J S tm ab t b i tm ai
+(MA) M7, Mg'g™ + (MA)” M, Mg'g

t _ . s . t t _ s . t .
+(MAY ML, MTg* Il + (MA) ML, MTg*J?
— (s t)

The parentheses —(s <+ ¢) mean that the previous term is to be subtracted with s and
t interchanged. We use the identity

(t —s)(sId — A)"*(tId — A)~'(sId — A)~" — (tId — A)~* (46)

This is true for any matrix A and numbers s, ¢ for which (sId — A) and (tId — A) are
invertible and can be verified by elementary computation. In our notation this is

s t s t
(t—s) M M =M— M (47)

We apply it to each term and its (s <> t)-conjugate to combine them:

KOV, K~ 9V, K% =\/det(tld — A)\/det(sld — A)(s — 1)

t s . S5 . t
+(M MAY ME Mg
t s s . t
+(M MA° ME Mg
t s —_ . s . t
+(M MAY ME Mg
t S % b Si t m ac 775
+(M MAN)® ML Mg !
— (s t)

Now we look at what happens upon symmetrization of the free indices (i, j, b): The first
three terms produce into the same summands, but with different signs and prefactors,
such that they cancel out. The fourth term is antisymmetric in (¢ <> b) and the
fifth term is antisymmetric in (i <> j), so they vanish when symmetrizing. Thus the
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t
Schouten-Nijenhuis bracket of IS( and K vanishes and so does the Poisson bracket
t g
{;, I}. To show that the ; are integrals of the geodesic flow we observe that ¢’ is the
t iy
coefficient of t"~! in K% (2n is the dimension of the manifold). Thus g%/ is in the span
of the canonical Killing tensors and must therefore have a vanishin Schouten-Nijenhuis

bracket with them. This implies { jt' ,9%pip;} = 0. Theorem 5 is proven.

Proof of theorem 6: We use a direct computation, using the formulae that were
proven earlier in this document. We first show that i is an integral of the geodesic
flow. This is equivalent to 1; having a vanishing poisson bracktet with g, as we have
established already. The Schouten-Nijenhuis bracket of X; with g% is simply the Lie

derivative £ of g¥ along the flow of I; If A is c-compatible then (sId — A) is also
c-compatible. Thus it suffices to show that Jgradv/det A is a Killing vector field.
Otherwise we can simply rename (sId — A). We may further restrict ourselves to
sets where A is invertible: on non-empty open sets where det A = 0 there would be
nothing to show. If det A = 0 on a set of volume zero, then we can prove the statement
everywhere else and infer it everywhere by smoothness.

We are ready to compute:

EJgrad \/detAgjk :ngJ Vz + g]zvk ‘/Z
=— JLV;ViVdet A — JIV,V Vdet A

Here we have used that J is parallel and antisymmetric with respect to g. From
equations (24) and (17) we get

ViViVdet A = 2Vdet A[ATYANATY, — grs A7 Nag®® AT
AT TG AT LT+ AT A

(48)

(49)

by similar means as we have obtained (25). We insert this into (48) and use the
antisymmetry of .J with respect to g, the Hermitian nature of A and J? = —Id. Then
all terms except those with second derivatives of A cancel out. We are left with

L} g vasradik = —2Vdet A[TLAT N+ JEATY N ] (50)

But J commutes with A and item 4 of lemma 4 tells us that the Hessian of \ is
Hermitian. Thus both terms cancel each other and Jgradvdet A is Killing. As

explained above this immediately proves that {; is Killing for all values of s € R.
s 1
We now show that for any s, ¢ € R the relation {L, L} = 0 holds. We do so by computing
s t

the Schouten-Nijenhuis bracket of V' and V, which is simply the commutator of the

t

two vector fields (with the same argument that we made when showing that the V/

are Killing vector fields, we may assume without loss of generality that (s/d — A) and
(tId — A) are invertible):

s t_. s t . t E

V.V =ViVa VI= VOV, V!

=J2g"(Vo/det(sId — A) )V o JigiV /det(tId — A) — (s <> t)

(51)
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We use the properties (44) and (17) of A and the general identity VyA~—! = —-A~1.
(VxA) - A~! which is true for any (1,1) tensor A and any vector field X. We sort the
resulting terms and cancel out those that vanish due to the Hermitian nature of A and

the antisymmetry of J w.r.t. g. The result is expressed in the previously introduced
shorthand (43):

[V, V)" =4\/det(sld — A)\/det(i1d — A)
. t t t t
x Jig® (= M T XA M+ MLgra g(A, M A)

t t t
= M T A M TP+ M Aol I g M X — (s 4> 1)

With the way that g, J, A interact with one another the result further refines to

s t_.
[V, V]! = — 4y/det(sId — A) \/det(tId — A)
s t . t t . s t
X [(M MA)'g(MAA) = (MA) g(M MA,A) (52)
. t s
9IS MEXeadig" M Am] — (s ¢ 1)
When pairing each term on the second line with its “—(s <> ¢)” counterpart we can

t t
apply the matrix identity A — ]\S)[ =(s—1) ]\SJ M and the terms cancel out each other.
The last term is symmetric with respect to (s <> t) because of lemma 4, item 2. Thus
it is eliminated by the (s > t)-antisymmetrization. Theorem 6 is proven.

5 t
Proof of proposition 7: Note that both the [, and the [ are polynomials of degree

n—11in s, respectively (where the dimension of the manifold is 2n). Then { z, _; } is also
a polynomial of degree n — 1 in s and ¢. Let (s;]i =1,...,n),(¢;|7 =1,...,n) be two
tuples and let s; # s; and ¢; # ¢; for every i # j. Then by application of the Lagrange
interpolation formula with respect to s and ¢ it is clear that this polynomial in two
variables is uniquely determined by its values at the n? points {(s;,¢;)|i,5 = 1,...n}.
At any arbitrary point p we can find a sufficiently small neighbourhood where we
can choose n pairwise different values for s and n pairwise different values for ¢ such
that (sId — A) and (tId — A) are nondegenerate in that neighbourhood of p, because
the eigenvalues of A are smooth. Thus it is sufficient to consider a sufficiently small
neighbourhood of an arbitrary point and assume that (tId — A) and (sId — A) are
invertible and prove the statement for this case.

s t
We compute the Schouten-Nijenhuis bracket of [V, K]s which is the Lie derivative of

18



t s
K in the direction of V. With the shorthand notation (43) we get:

s t_.. s t .. t . S . t . I
[V,K]g — Vava K”* Kajva VZ* vaa VJ
= —2y/det(sId — A)\/det(tId — A)

X (M A)*[=2 M EA, MIg™ + (M A A%+ (MA) M
+ (MAY MLJE+ (N A N3]
+[= MY [ MIAN RY + Jj AT g(MT A, A)
— (MA)JTE M A + Jf M g™ Aaal] + (i 5 )]

There is no new technique in this, we proceeded exactly as we did in the proof
of theorem 6: we used the properties (44) and (17) of A and the general identity
VxA=t=A-(VxA)- A which is true for any (1,1) tensor A and any vector field X.
We sorted the resulting terms and cancel out those that vanish due to the Hermitian
nature of A and the antisymmetry of J w.r.t. g. Expanding the brackets and using the
way how g, J, A interact with one another this simplifies to

IV, K] = — 2\/det(sId — A)\/det(t1d — A)
S t . t S . S t . t s _ .
x [(M MA)'(M— M))N — (M MA)'(M— M)A
.S t .
+ I M g™ Ana Mig¥] + (i 4 j)

t t
Now we see that after the application of M — M = (s—t) M M to the first two
terms they cancel each other out after the addition of the (i <+ j) terms. Because the

t s
Hessian of A is Hermitian (lemma 4, item 4) and because M and M are self-adjoint
with respect to it (lemma 4, item 2 we see that the last term is antisymmetric in (i <> 7)

st
and consequentially we have [X}, Kls = 0, concluding the proof.

Before we prove theorem 8 we will establish some properties c-compatible structures
that will be used at later times as well.

Definition 8 (Regular point) Let (g,J, A) be c-compatible. A point © € M is called
regular with respect to A if in a neighbourhood of x the number of different eigenvalues of
A is constant and for each eigenvalue g eitherd o # 0 or g is constant in a neighbourhood
of z. The set of reqular points shall be denoted MP.

Lemma 10 (Eigenvectors and eigenvalues of A) See lemma 2.2 of [3], see also
[4]. Let (g, J, A) be c-compatible on M. Then

1. Suppose for a smooth function o on an open subset U C M and for any point
p € U the number o(p) is an eigenvalue of A at p of algebraic multiplicity > 4.
Then this function o is a constant on U. Moreover, for any point of the manifold
the constant o is an eigenvalue of A.
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2. Let o be an eigenvalue of A. Then at all points where o is smooth the vectors
grad o and J grad ¢ are eigenvectors of A with eigenvalue o.

3. At a generic point, the number of linearly independent canonical Killing vector
fields coincides with the number of non-constant eigenvalues of A.

4. At each regular point the number of eigenvalues o with d o # 0 is the same.

Proof of lemma 10: We did not reinvent the wheel, the proofs given here are taken
from [3] and listed here for convenience of the reader. We prove item 1 first: because
A is smooth, so are the coefficients of its characteristic polynomial and its roots and
almost any point has a neighbourhood in which the algebraic multiplicities of the
eigenvalues of A do not change. We will work in such a neighbourhood of a suitable
point p.

We have shown that for a c-compatible tensor A the Hessian of its trace is Hermititan,
cf. lemma 4, item 4. By equation (49) we see that the Hessian of v/det A is Hermitian
as well. This implies that the Hessian of /det(t/d — A) is Hermitian as well because
for any c-compatible tensor A the tensor tId — A is c-compatible as well.

This also makes sense for complex values of ¢: if by 2n we denote the dimension of
the manifold then y/det(tId — A) is a polynomial of degree n — 1 in ¢. Because the
Hessian of the polynomial /det(tId — A) is Hermitian for all real values of ¢ all its
coefficients must be Hermitian. For complex values of ¢ the real and imaginary parts
of /det(tId — A) are linear combinations of these coefficients and thus for complex

values of ¢ the Hessian of \/det(tId — A) is a complex valued matrix that satisfies

(V2 AHET= A) (-, ) = (VA= A, ) 53

The number of distinct eigenvalues g, of A shall be denoted by r and the algebraic
multiplicity of the eigenvalue g, shall be denoted by m(gy). Then in the neighbourhood
of the point p we have

det(tld — A) = H(t — op)™(er)/2 (54)
k=1
and

s T

avae= A =3 ([T (- o0m 2 ) e o)mer g (6)

i=1 N k=1k#i

Now without loss of generality we may assume that it is the first eigenvalue p; which
has algebraic multiplicity m(g1) > 4. For the value of ¢ we choose the value of p; at p:
t = 01(p). Because we have assumed that m(o1) > 4 we see that d \/det(o1(p)Id — A)
is zero at p. Then from the two formulae above we see that at p the Hessian is

V2y/det(tId — A)

= ( [I¢- Qk)m(gk)/2> (t—01)™@/2 2 d g1 ®d o)

pt=01(p) iy p,t=01(p)
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All other terms except the one proportional to d 93 ® d o1 disappear because they
contain a factor 0 at p.

If o1 is of algebraic multiplicity > 6 then the expression above is zero because the
prefactor of d 91 ® d p; becomes zero at p.

If the algebraic multiplicity of p; is 4 then we have to distinguish two cases: if p; is
real-valued then d 91 ® d g1 has either rank 1 or 0. But it cannot have rank 1 because
V2,/det(tId — A) is Hermitian. Thus d g, is zero at p.

If 01 is complex and we write it as o1 = a + i then

doi®do =da®da—-dfedf+i(da®df+df®da)

If da and d S are linearly dependent then the rank of da ® da — df ® d and
da®df +dp ®da must be either one or zero. But rank one cannot occur because
V2,/det(tId — A) is Hermitian.

The case where d a and d 8 are linearly independent cannot occur: In this case both
the real and imaginary part of d g1 ® d g1 have signature (1, 1, 2n — 2) which contradicts
that they are Hermitian. We have proven that V2,/det(¢1(p)Id — A) = 0 at p.
Remember that for any value of ¢ the vector field J grad y/det(¢Id — A) is a Killing
vector field (even in the case of complex ¢ in the sense that its real and imaginary parts
are Killing vector fields) and that if at one point both the value and the covariant
derivative of a Killing vector field are known, then it is uniquely determined on all the
manifold (provided of course the manifold is connected). But by our endeavours above
we have proven that for ¢ = o1 (p) the Killing vector field J grad y/det(o1(p)Id — A) and
its covariant derivative vanish at p. Thus it vanishes on the whole manifold, implying
that the function \/det(o;1(p)Id — A) is a constant on the whole manifold. But because
the function is zero at p it is zero everywhere. Thus the constant g1 (p) is an eigenvalue
of A on the whole manifold and item 1 is proven.

We now prove item 2: if p is constant then there is nothing to prove. So let X be an
eigenvector of A with non-constant eigenvalue p. Then we covariantly differentiate the
equation (A — pId)X = 0. We use (17) and rearrange terms to obtain

(A= oIld)VyX =do(Y)X — g(Y, X)A — g(A, X)Y — g(JY, X)JA — g(JA, X)JY

We choose Y to be orthogonal to X and JX. Then the right hand side is a linear
combination of X, Y and JY. The left hand side is a vector orthogonal to the kernel
of (A — pId). As a consequence the coefficient of X must vanish. Thus g is constant in
all directions orthogonal to X, JX. But because g is non-constant the algebraic and
geometric mulitplicity of ¢ is 2 by the first statement. The p-eigenspace of A is spanned
by X, JX. The orthogonal complement of the orthogonal complement of span{X, JX}
is span{X, JX} itself and thus grad ¢ and J grad ¢ must be eigenvectors of A with
eigenvalue p. Statement 2 is proven.

For the third statement: We let the non-constant eigenvalues be denoted by (g1, ..., o)

and collect the constant eigenvalues in E Denote the algebraic multiplicity of an
eigenvalue ¢ by m(p). Then at any point where there are no bifurcations and all
non-constant eigenvalues have non-vanishing differentials we can write /det(t/d — A)
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as

VA=) = [ (= o @2 [Tt - o0)
QE]SJ k=1

because all non-constant eigenvalues are of multiplicity 2 (again 7 is the number of

non-constant eigenvalues of A and é is the set of constan eigenvalues). So for all values
of t \/det(tId — A) is proportional by a constant to [[;_, (¢ — gx). This is a polynomial
of degree r in ¢t with leading coefficient 1. So there are at most r independent Killing
vector fields. But in view of equation (55) and the proof of the first statement we know
that at every point p for each non-constant eigenvalue ¢ there is a Killing vector field
that is parallel to J grad o at p. So at all points the canonical Killing vector fields have
the same span as the vector fields J grad ¢ of the non-constant eigenvalues. But because
for non-constant eigenvalues o; the vector fields J grad g; belong to the respective
pi-eigenspaces of A they are linearly independent. Thus at each point the dimesion
of their span is equal to the number of eigenvalues with non-vanishing differential.
Consequentially at generic points the span of the canonical Killing vector fields has
dimension equal to the number of non-constant eigenvalues and our claim is proven.
We prove item 4 by contradiction: Assume that there exist two regular points p1, p2
and the number of non-constant eigenvalues at p; is k; and at py it is ko (w.l.o.g.
k1 > ko). Then by the previous statement in a neighbourhood of p; the number of
independent Killing vector fields is k1. Likewise, in a neighbourhood of ps the number
of independent Killing vector fields is k2. But if a Killing vector field vanishes on an
open set then it vanishes everywhere. This contradicts our assumption k; > ks and
the claim is proven.

Proof of theorem 8: We show that the number of functionally independent integrals
S
in the family [ is at least the number of non-constant eigenvalues of A. With canonical

coordinates (x,p) on T*M their differentials are

S

d L= (0. Vipi, V) (56)

We see that if for a tuple of numbers (sy,...,s;) the tuple (XS/ li=1,...,k) is linearly

independent at almost every point on M, then the differentials (d I li=1,...,k)
are linearly independent almost everywhere on 7* M. The number of independent
Killing vector fields is the same at each regular point and is equal to the number of
non-constant eigenvalues. Thus there are at least as many functionally independent

S C
integrals in [, as there are non-constant eigenvalues. If we denote by E the set of
constant eigenvalues of A, by (g1,..., 0.) the non-constant eigenvalues of A, and by
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m(p) the algebraic multiplicity of the eigenvalue g then we have:

L=p:Jig?* 0/ det sTd— A
=—pilig* [ (s = ™92 > T (s — 0q)0k0p
geé

p=1g=1
q#p

~ L - oo i
QEE‘

where we have introduced

s r
L=p;Jig" o [ (s — 2q)
qg=1
We see that for all values of s the integral z is a constant multiple of L. L is a

polynomial whose degree is » — 1, where r is the number of non-constant eigenvalues
S

of A. For each value of s, the polynomial L is a linear combination of its coefficients.
Thus the number of functionally independent integrals is at most equal to the number
of non-constant eigenvalues and item 1 is proven.

To prove item 2 we show first that the number of functionally independent integrals is
at most equal to the degree of the minimal polynomial of A: for each eigenvalue g of A
denote by m(p) its algebraic multiplicity and by &(p) its index. The index €(p) is the
size of the largest Jordan block corresponding to g or equivalently the multiplicity of
¢ as a root of the minimal polynomial of A. We shall further denote by E the set of
distinct eigenvalues of A. If we look at the explicit formula for the inverse matrix of a
Jordan block, which is given by

o 1 ot —o? o7?
o 1 ot —o0?
= 03 (57)
o 1 —07?
0 o "

t
we see that (because A is Hermitian) the quantity K defined by

t
K E ] (t— o)m@/2=@ t1d — A)~ 6"
0€E

is a polynomial in ¢ of degree equal to the degree of the minimal polynomial of A.
Because eigenvalues of A of algebraic multiplicity > 4 are constants we know that for
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t
any value of ¢ the family K is a family of Killing tensors as well. We also see that
t
for any value t; the Killing tensor K is a linear combination of the coefficients of the
t
polynomial K. This implies that the number of functionally independent integrals in

t
the family [ is at most equal to the degree of the minimal polynomial of A.

Now we will show that the number of functionally independent integrals is at least
equal to the number of linearly independent Killing tensors. The differentials of the

t
quadratic integrals [ are
t t t .

t;
It thus suffices to show that if for some (¢1,...,%x) the Killing tensors (K |i =1,...,k)
are linearly independent, then for almost any cotangent vector p at almost any point x

the covectors (Itf;pl\z =1,...,k) are linearly independent.

Consider a set of one-forms ¥; ; such that A (considered as a map from one-forms to
one-forms) is in Jordan normal form. Here we make an exception to our notation: the
comma is not a covariant derivative, it merely separates two indices. We denote by g;
the eigenvalue of the (*" Jordan block (it is possible that several blocks have the same
eigenvalue), by r; the size of the I'*® Jordan block. The one-forms 9, ; satisfy

(A - led)ﬁk,j = ?9k,j—1

The first index of the ¥; ; identifies the Jordan block to which it belongs and the second
index denotes the rank of the generalized eigenvector, i.e.

(A= 0 ld)0y,; =0,  (A—opld)! ") ; #0

Here the superscript j denotes a power, not a component index. Because A is Hermitian,
the number of Jordan blocks is even and we shall call it 2¢. It also implies that every
Jordan block appears twice and allows that we can choose the ¢ in such a way that

_ 791'+q,j V 1<i<q
ﬁmoj{ —Viq; ¥V qg+1<i<2q
It follows by direct computation that the Killing tensors (as (1,1) tensors) act on thes
one-forms by:

I
-

t J q
Kv;; = H (ts — 0m)"™ (ts — 00)" 710 j
1 1

I
=

m:
m#i modn

We decompose a covector p as

2q9 Ky
p= Z Zpi,ﬂ%,j

i=1 j=1
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For almost any covector p all coefficients p; ; are non-zero. We will show that for such
ti
a covector and linearly independent (K |i =1,...,k) (considered as (1,1)-tensors) the
t;
covectors (K pli = 1,...,k) are linearly independent. Suppose a linear combination of

ty
(K pls =1,...,k) with coefficients (ay) is zero. Then by direct calculation we have

29 ki Ki—J

k
s — 0m)" ™ (ts — 0i)" i1V =
doasd D H (ts = om)"™ (ts — 01)" " 'pijyathi; =0

s=1 i=1 j=1 1=0 m=1
m##i mod q

But the 9; ; are linearly independent, thus for all possible combinations of 7, j we must
have:

Ki—j
Zas Z H (ts - Qm)ﬁm (ts - Qi)m_l_lpi’]qu = 0
s=1 m=1
m;éz mod g
For each ¢ we consider the equations for j = k;, k; — 1, ..., 1 in that order and find that

the equations above are equivalent to

k q
Z Qg H (ts - Qm)ﬁm (ts - Qi)m_l_l =0
s=1 m;ﬁzl;odq

because we assumed all the p’s to be non-zero. This would imply that

ts
But because we assumed the K to be linearly independent it implies that all the o’s
ts
are zero and the covectors K p are linearly independent, as we wanted to prove. Thus

t
there are at least as many functionally independent integrals in the family J as there

are linearly independent Killing tensors in the family [8(
It remains to show that the number of linearly independent Killing tensors in the family

¢
K is equal to the degree of the minimal polynomial of A. The number of linearly

t

independent Killing tensors in the family K is of course the same as the number of
linearly independent (1,1) tensors in the family (¢t/d — A)~!. Consider any regular
point z and consider for appropriate integers [, j the operators

1 .
—_— w— o(x)) (wld — A)~!
/C L e )

Bl’j - 211

where C(g;(x)) is a small circle in the complex plane around g;(z) such that it contains
no other eigenvalues of A. Clearly these tensors lie in the span of the family (¢Id — A).
Considered as (1,1)-tensors in the basis of the ¥ that we have introduced the matrices
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of the By ; can be visualized as follows: choose ty, such that (toId — A) is invertible.
Take the Jordan normal form of (toId — A) and invert it. Remove all entries that do
not belong to blocks corresponding to Jordan blocks with eigenvalue ¢y — g; and make
these entries 0. Further set to zero all entries except those on the j** superdiagonal
(the 0*" superdiagonal means the diagonal). Set all remaining non-zero entries to 1.
From this it follows that the number of linearly independent Killing tensors is equal to

the minimal polynomial of A.

By similar arguments as before it is clear that for (¢1,...,%;) and (s1,..., S;) for which
ti
the Killing tensors (K |i = 1,...,k) are linearly independent and for which the Killing
.
vector fields (VJ |7 =1,...,m) are linearly independent the equation
k ti o i Sj
i K= B; V"
i=1 j=1

t;
has only trivial solutions («, 3;) for almost any covector p. Thus the integrals (I |i =

1,...,k) and ([i |[7=1,...,m) are functionally independent.

1.2 Quantization rules

We adopt the quantization rules introduced by B. Carter [5] and C. Duval and G. Valent
[7, 83], see these and their references for a reasoning and more details. It is sufficient
for our purposes to recall the quantization formulae they give: for a homogeneous
polynomial P,, : T*M — R of degree m we construct its symmetric contravariant
tensor via ¢ and compose with the covariant derivative:
Py By Pird
5 def 1 j j
Py PLS S((PfY oV + V0 (PfY)

P2 — PQ déf 7Vj o (PQﬁ)JkOVk

gF»gigf;vqubmovkom+waovwwﬂy“ovo

For polynomials that are not homogeneous the quantization shall be done by quantizing
the homogeneous parts and adding the results.

In the previous sections we have been considering polynomials of degree two on the
cotangent bundle of degree at most two and covariant tensors of valence at most (2,0).
These correspond to differential operators of degree at most two. But the commutator
of two such second order operators generally is an operator of order three. Later on
we can facilitate the expression for the commutator of the quantum operators of two
polynomials of degree two by using the quantum operator of the Poisson bracket of the
two polynomials of degree two.
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2 Results

Most of the results and proofs that are presented in this work mostly have been
prepublished in [15].

Whenever we are dealing with a c-compatible structure we shall denote the real
dimension of the manifold by 2n.

2.1 Quantum integrals of the geodesic flow

The main result of this work is a quantum version of theorem 5: using the quantization
rules (59) from [5] and [7] we construct differential operators from symmetric covariant
tensors and show that these differential operators commute.

t ot
Let (g, J, A) be c-compatible and K, I denote the associated Killing tensors and integrals
of the geodesic flow. By (59) their associated quantum operators are:

t
" o t
(Y ~Vjo K* oV f

t ¢
(The differing letters I and K must not confuse the reader, for 1% =K.)

v
Theorem 11 Let (g, J, A) be c-compatible. Then for any pair (v,w) the operators I

w vow

and I commute, i.e. [I,1] =0

This is a new result for both the Riemannian as well as the pseudo-Riemmanian case.
We remind the reader that for c-compatible structures there also exist integrals of
the geodesic flow that are linear in momenta. We will see that their corresponding
quantum operators also commute with each other and with the quantum operators of
the integrals that are quadratic in momenta, see theorem 13 and its proof, where the
potential is zero.

Theorem 12 Let (g, A) be projectively compatible. Then for any pair (v,w) the
v w vow
operators I and I commute, i.e. [f, f} =0

Remark 10 Theorem 12 was already proven by V. Matveev [11, 12]. The proof that
we give however only uses C3-smoothness whereas the original proof used C®. The
proof that will be given here runs in parallel with the proof of theorem 11. A series of
remarks to the proof of theorem 11 will thus provide the proof of theorem 12, giving the
intermediate steps for the projective case and pointing out the analogues and differences.

2.2 Addition of potential | Natural Hamiltonian systems

We improve the result of theorem 11 by adding potential terms to these second order
differential operators, finding commuting quantum observables for certain natural
Hamiltonian systems.
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Theorem 13 Let (g, J, A) be c-compatible. Let

t t
dcf ij déf

= -V,o K%V, K det(tld — A) (tId— A)~"g"

be as in theorem 11.
Let

¢ ) t . t . t . S
L= %(vjo Vit VioV,),  VI=Jighiv,\/det(tld — A) (60)

be the differential operators associated with the canonical Killing vector fields of g. Let

E?Cz {01,...,0r} be the set of non-constant eigenvalues of A. Let Lc?z {0r41y--,0r+R}
be the set of constant eigenvalues and E z%,c‘ U l% Denote by m(o;) the algebraic

t
multiplicity of o;. Let the family of potentials U, parametrized by t, be given by

r+R

0= TI e gy, (61)

. — g )m(er)/2
i=1 g eE\{0:} (05 = o)™t
withd fjo A= o, d f; foralll=1,...,r+ R and with d f; proportional to d o; for all
t

l for which o; is non-constant. Let associated operators U act on functions by mere
t

multiplication, i.e. for any point p we have (U (f))(p) :& (p)f(p). Then the operators

t t

QdefHU L (62)

commute within the one-parameter-families as well as crosswise, i.e. for all values of
t,s € R:

S

t t s t s

Q. Q1 =[Q.L]=[L, L] =0 (63)
Remark 11 Since VJ = J] ki, \/m 1s a Killing vector field for any choice
of the real parameter t [4, §5], we have Lf %(V o Vﬂ+ VJ oV;) =1 VJ oV;.
Remark 12

1. We do not discuss whether the (} are smooth at all points of the manifold.
Smoothness is guaranteed at points that have a neighbourhood in which the number
of different eigenvalues is constant (see the definition 8 of regular points below),
provided that the f; are smooth.

t
2. Formula (61) generally allows U to be complex-valued. The conditions under

which (} is real for any choice of t € R are the following: for any real eigenvalue o;
of A the corresponding function f; must be real-valued. For all pairs (0;,0; = 8i)
of complez-conjugate eigenvalues of A the corresponding functions f; and f; must
be complex conjugate to each other: f; = f_J
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3. The potentials that are admissible to be added to the quantum operators are the
same that may be added to the Poisson commuting integrals. In the proof we
show that the quantization imposes no stronger conditions on the potential than
classical integrability and then use the conditions imposed by the Poisson brackets
to find the allowed potentials.

t ot
Theorem 14 Let (g,J, A) be c-compatible and A semi-simple. Let I, L be as in
theorem 13. Then, for the operators

> o

t t
Q L and L (64)

tos A
the commutation relations [Q, Q] = [Q, L] = 0 are satisfied if and only if the potentials
are of the form (61) with the sole exception that a function of t alone may be added to

t
U.

~p o+

t ot ot
Corollary 14.1 Let (g,J, A), f, L, U be as in theorem 13. Let f(l),ﬁ(l),f](l) be the

(9,
Lt
coefficients of t' in I, L,U respectively. Then the commutation relations

t t t t t
[I + U,I(l) + U(l)] = [I + U,L(l)] = [L,I(m) + U(m)]

t t
= [L, L] = [L, L(m) + Umy] =0 (65)
Uy +Uay, Ly + U] = [y, L) = Uy + Uty Lmy] = 0 (66)
hold true for any value of t and any values I,m € {1,...,n — 1}.
Equations (66) are equivalent to
Lootos s tos Lot
IT+U,I+U)l=[LL=[I+U,L=0 (67)

t

Equations (65), (66), (67) remain true if a function of t alone is added to U and
t ot

constants c(;y are added to U(l). If all eigenvalues of A are non-constant and IV
are as in theorem 13 then no other than the described U(l) can be found such that the
commutation relations above hold.

2.3 Simultaneous eigenfunctions | Separation of variables

Lastly, we shall show how the search for simultaneous eigenfunctions of the operators can
be reduced to differential equations in lower dimension in appropriate coordinates around
regular points. In particular if all eigenvalues of A are non-constant we can reduce it
to ordinary differential equations only. Moreover: the case where all eigenvalues of A
are non-constant provide an example of reduced separability of Schrodinger’s equation
as described in [1].
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Definition 9 (Local normal coordinates) Let (g, J, A) be c-compatible on M. A
local normal coordinate system for M is a coordinate system where (g,J, A) assume
the form of example 1 (see below). Existence of such coordinates in the neighbourhood
of regular points is guaranteed by theorem 1.6 in [3].

Example 1 (General example for c-compatible structures (g, J,Q, A)) [3, Fx-
ample 5] Let 2n > 4 and consider an open subset W of R*" of the form W =
UxV xS x...x8,x 841 %x...xSpyq for open subsets V,U CR", S, C Rimey
fory=1,...,L and Sy C R?mey fory=L+1,...,L+ Q. Let the coordinates on U
be separated into | complex coordinates z1 ...z, and q real coordinates xy1,...x1q and
introduce the tuple (x1,...Xr) = (21,215 -+, 21, 21, Ti1, - - - Titq)- Suppose the following
data is given on these open subsets

e Kdibhler structures (g, Jy,82y) on Sy fory=1,...,L+Q

e For eachy=1,...,L+ Q, a parallel hermitian endomorphism A, : TS, — TS,
for (g,Jy). For vy =1,...,L the endormorphism A, has a pair of complex
conjugate eigenvalues c, ¢, of equal algebraic multiplicity m(c,) = m(¢,). For
v=L+1...L+Q the endomorphism A, has a single real eigenvalue c, of
algebraic multiplicity m(c,).

e Holomorphic functions oj(z;) for 1 < j <1 and smooth functions o;(z;) for

I+1<5<r.
Moreover, we choose 1-forms aq,...,a, on S =51 X -+ X Sy that satisfy
dog = (=1)" Y Q (A", (68)
y=1

To facilitate the expressions for the c-compatible structure that will be constructed, the
following expressions shall be introduced: the tuple

E:(Ql,...,gn):(()'l,a'h...,01,51,01+1,...,0’l+q,01,0_1,...,CL,EL,CLJrl,...,CLJrQ)

contains the designated eigenvalues for A. Their algebraic multiplicities shall be denoted
by

(m(e)ll=1,....,7+ R)=(2,...,2,m(c1),m(c1),...)
The non-constant eigenvalues shall be collected in order in

nc
E=(o1,...,0r) =(01,01,...,00,80,0041, .- .,004+q)

and the collection of constant eigenvalues shall be referenced as l%z E\ E The quantity

A; fori=1,...,r is given by A; = ngrﬁ\{g.}(g’i — 0). The function p; denotes the

nc
elementary symmetric polynomial of degree i in the variables E and u;(ds) denotes the

elementary symmetric polynomial of degree i in the variables nEC’ \{oi}. We shall further
define the one-forms 94, ...9,. on W via ¢¥; = dt; + «;.
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Suppose that at every point of W the elements oanC are mutually different and different
from the constants c1,¢1,...,cr and their differentials are non-zero. Then (g,w,J)
given by the formulae

L+Q

g=Y alidxi+ > (—1)'ui > g (AT
i=1 =0 y=1

l T ) A ) A 2
£y Zuzfl(fjﬁfl(gs) (8&) ]mﬁj (69)

i,j=1 Ls=1 OX
r r A L+Q ‘
Q= dmAvi+ > (=1)'m > QA7)
i=1 i=0 =1
1 doi A i—1 - —i (09 -
dxioJ =-—1 v, ;#j—1(9i)ﬁj, VioJ =(-1) ;ﬁj@; ' <8Xj dx;
(70)
is Kahler, where (e1,...,€0,9141,.--,6) = (—=1/4,...,—1/4,£1,... 1) determine

the signature of g.

g g
With local coordinates Y on S, we write a; =3 gziq d ¥, and

Ay =3, (A)id ﬁp ®3; . Then the endomorphism A given by
’ q

A= Z Os dXs ® 0XS + Z (,uiélj — 51‘(3‘—1))191' ® Bt].

s=1 i,j=1
L+Q . r N
+ d — i
> Sgai,e (- Ydea) @
v=1 pyq i=1
is c-compatible with (g, J, ).

Theorem 15 (Existence of local normal coordinates) [3, Theorem 1.6 / Exam-
ple 5] Suppose (g,J,A) are c-compatible on M of real dimension 2n.
Assume that in a small neighbourhood W C MO of a regqular point, A has

e 1 = 2l 4+ q non-constant eigenvalues on W which separate into | pairs of complez-
conjugate eigenvalues 91, 01,...,01,0 : W — C and q real eigenvalues gj41,. ..,
Ol+q W — ]R;

e R =2L+Q constant eigenvalues which separate into L pairs of complex conjugated
eigenvalues c1,¢C1,...,cr,cr and Q real eigenvalues cry1,...,c04+Q

then the Kahler structure (g, J,Q) and A are given on W by the formulae of example 1.
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Theorem 16 (Simultaneous eigenfunctions) Let (g,.J, A) be c-compatible on M.
Let A be semi-simple and let all constant eigenvalues be real. Let (g,J,<), A) be given
by the formulae of example 1 and adopt the naming conventions of example 1.

Let 1 be a simultaneous eigenfunction of

t t iy
QY VoK ovit U, KV Jdet(tld— A) (tId— A)~'}g"

and
Lo

¢ t. t -
L= (Ve VI+VIoVy), V! =Jig"Viydet(tld - A)
for all t, where

e~ t — o m(e)/2
U:Z (t—a)

i=11=1,l#i

N g ymled)/2-1 g,
(Qi_Ql)m(Ql)/2(t 0i) fi (72)

with d f; 0 A = 0;d f;. Then there exist constants 5\0, e s Ar L R—1, W1, -« -, Wy, Such that
1 satisfies the following ordinary differential equations:

-1 .
Eng/ an Q;c H (Qk - Q’y) (QW)/anﬁ/}
¥ Q.YEJ%
: Ek(_Qk)%_i_j m(oy)/2 _n_l i
+ Z ( /)2 H (Qk _Q'y) wiij""frw—z)\igkw
ij=1 Ok o =0
ovEE
(73)
for k=1,....r, where the \; are given by
n—1 . r4+R—1 ~
S st = [[ (5— )@ 3 & (74)
=0 0-€E 3=0
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and ¥ also fulfills the partial differential equations:

- 1 ii
Aol =— 1_[(97 — 0c) [W%"gﬂdet gv|1/28ywj1/f

QCEE‘\{Q’Y}

,
. 1 ij 1/2 Y

D o gy O et iy g
q=1 v

—i Z g:iyj g‘qi any‘*jqﬁ (75)

q=1

-
-
_ ij 3 2
E , g7 Qqitpj wawpth
p,q=1
1

+
(0y — 0c)m(ee

I 1Y

fory=r+1,....7+ R.
The converse is also true: if a function ¥ satisfies equations (73) and (75) for some

QCEE\{Q’Y}

t t
constants Ao, ..., A+ R—1,W1,--.,Wr, then it is an eigenfunction of Q and L

A particular application of theorem 16 is in the treatment of the Laplace-Beltrami
operator in the case where the number of integrals is maximal:

Theorem 17 Let M be compact and without boundary. Let (g, J,Q) a Kdahler structure
on M and g be positive definite. Let A be c-compatible with (g, J,Q). Let all eigenvalues
of A be non-constant.

Then there exists a countable basis (Y, m € N) in the space of square integrable
functions L?(M), such that in any local normal coordinates (X1,...,Xn,t1,---,tn) the
elements v, of the basis can be written as

n n
Ym = 11 ¥mir [T exp(—iwmtr) (76)
k=1 1=1
where for k=1,...,n, Ym i (here the comma only separates two indices and is not a

covariant derivative) is a function of the single variable xy, that satisfies the ordinary
differential equation

-1, —~ ck(—ok)* S
7 Ox, 03 Oxy Uk + Z A WiWjPm k= Z Am,i0¥mpk (77)
L0, ig=1 (Qk) e
and (Wm, 15, Wmon, Am,0s -« Amn—1) (here as well the comma only separates indices,

furthermore the \s here is not related to the trace of A) are real constants. Furthermore
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we have that

A'(/)m :)\m,nflwm
t n—1 )
I wm = Z tz)\m,i
=0
wm = Z Sniiwm,i
1=1

Remark 13 (for the projective case) A similar statement to theorem 17 can be
found in [12].

o

3 Proof of the results

3.1 Quantum integrals of the geodesic flow | Proof of theorem 11
and 12

We will be working in the c-projective setting. The differences between the projective
and the c-projective setting will be pointed out in remarks.

t
The family ] is a polynomial in ¢ and therefore continuous. It is therefore sufficient to
show that the commutator vanishes for all v and w that are are not in the spectrum of
A. Otherwise we can consider two sequences (vp,)nen and (wy)pen that converge to v
and w where none of the elements of the sequence are in the spectrum of A. Then for

Un Wm
each of the pairs (v, wy,) from the sequences the commutator [I, I ] will vanish and
consequently it will vanish in the limit (m,n) — oco.
Equations (3.12), (3.13) and (3.14) in [7] give us the general formula for the commutator
of two operators formed from arbitrary homogeneous polynomials Ps, Q2 of degree two
in momenta on 7*M:

[72,0a] =i{PoQa} + 5 (VB 0,9 (79)

Here { P, @2} is the Poisson bracket of the two homogeneous polynomials P, and Q-
(of degree two) on T* M. {P,,Q2} is a polynomial of degree three in momenta. We
recall that the “hat” over {Ps, @2} is explained in (59): This polynomial is mapped to
a differential operator according to

def

Py Py (Vjopgklovkovl—i—vjovkopgklovl)

)
2
where for a given polynomial P; the quantities Pg * are chosen such that they are

symmetric and Pz = nglpjpkpl.
The tensor 31’212 0, Is given by the formula
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By o, =PV, v,,Q"m + PURM Q™ — (P& Q)
~ VPV, QM — PV RL,QM™ (80)

The brackets around the indices mean taking the antisymmetric part. In the first term
on the second line V; only acts on P. The subtraction of (P + @) is meant to act
upon the two leftmost terms. For the two rightmost terms the antisymmetrization
w.r.t. (j <> k) is the same as if one were to antisymmetrize these terms w.r.t. (P <> Q).
For formula (80) it is important that the sign of the Riemann tensor is chosen such that
R = 0T} — 0T}, + T3, T, — T, T;;. But the reader may forget about it at once
because it is not needed for our further investigations, as will be seen in the upcoming
lemmata 18 and 19.

w

We plug the operators I and I into formula (79). Using theorem 5 we get:

vw 2 .
[, 1= g(vaé’if)vk (81)

Remark 14 i{ P, Q2} in formula (79) is a differential operator of order 3 while the
other term on the right hand side is a differential operator of order one. Therefore it is
v w
a necessary condition for the quantities [ and [ to Poisson commute in order for their

associated differential operators to commute. This is of course a long known fact.

t
Remark 15 (for the projective case) The fact that K is a family of Killing tensors
polynomial of degree n — 1 in t and that their corresponding quadratic polynomials on
T*M Poisson commute pairwise can be found in [2]. Employing this instead of theorem

5 brings proof in the projective case to the point where only equation (82) needs to be
verified.

It remains to prove that

VB, =V, ((f(”j ViV KH™ — (0 5 w)) — v, k™0 v, KM

%

+(K'V R

mnl

K™ — (v w))— KW Ry }%k]m> —0 (82)
The proof will be split into three steps: first we show that I%”j Ri]ml Iu()'m”f(v < w)=0.

In the second step we show that Iv{ U Ry, ;% klm — (. This will be done in the lemmata
18 and 19. These will reduce (82) to

(i 7o klm o mlj A
ViKYV, Vi K —(vew) -V, K™V, K =0 (83)
which we will show in the last step.

Lemma 18 iU R" I%m"f(vﬁw):O

mnl
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Proof of lemma 18: It follows from item 2 of lemma 4 that in corollary 4.1 we may
take S = \/det(wld — A)(wld — A)~!, i.e. S¥ =K. Plugging this into equation (22)
and multiplying with /det(vId — A) gives:

2Ul[j k] Uomn _
KVRY K™ =0 (84)

m
Interchanging v and w, subtracting the result from this and dividing by 2 proves lemma
18.

Remark 16 (for the projective case) Lemma 13 is true in the projective and the
c-projective case. The proof for the projective case only requires to take
S =det(wld — A)(wld — A)~! and multiplying with det(vid — A) instead of

Vdet(vid — A).
Lemma 19 ]v(l[j leIu{) km —

Proof of lemma 19 If we let S = Id in corollary 4.1, then in formula (22) the
multiplication with S% = ¢ means contraction of the Riemann tensor to the negative
of the Ricci tensor. Raising and lowering indices yields that (vId — A)~! commutes
with the Ricci tensor when both are considered as endomorphisms on the space of

vector fields:
(vId — A)"TRF — (vId — A)"% Ry =0 (85)

Of course (wld — A)~1 commutes with (vId — A)~! and the Ricci tensor as well, so by
multiplying (85) with (wld — A)_”j and using the commutativity gives

(wld — A)"" R (vId — A)~" — (vId — A)" %R} (wld— A)~" =0 (86)

After multiplication of (86) with y/det(vId — A) det(wId — A) and raising and lowering
indices, lemma 19 is proven.

Remark 17 (for the projective case) Replacing the multiplication of \/det(vId — A)
Vdet(wld — A) with det(vid— A) det(wld— A) is the only difference between the proof
of lemma 19 in the projective and c-projective case.

Having established the lemmata 18 and 19 we now compute the terms Iv( LEAVAA VAN [I% klm

— (v ¢ w) and V,, KWV, g Hm separately and then show that (83) is fulfilled to
prove theorem 11.
Using the shorthand introduced in (43) we have already established that the covariant

t
derivative of the Killing-tensor K equals (see equation (45)):

t . U L
Vi K7' =v/det(tld — A)[~2 M{Xs Mlg" (87)

t . t t t t . - t t - t .
+ MA M+ My, MM — MgP A My Ji— Mg""Aq M3J})
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Contracting the indices k£ and | we get:

=
P
—
0
X

t " t j tl s tj !
Vi K% =y/det(tId — A)[—2 M7 M A+ M tr(

For the derivative of this expression we receive

t t t t t t t t
—2 M7 g(MAMA) =2 M} M] g(MA,A)+ M7 g(MA,A)tr(M)
t t t
— 2X509"" MP M5+ Xs 19" MEtr(0)]
(89)

We shall again denote by ( ]\% A)* the k-th component of ]\12 (A). Now multiplying the

v .
previous equation with K% and antisymmetrizing with respect to (j > k) and (v <> w)
gives

K ViV K Hm (v & w) :%\/det(vfd — A)y/det(wld — A)

(1201 87 AY (M12A)* + 201 MPAY (M A (g
— (M M AY (M A tx(M)]
+Ao A= (e k)] - e w)

Here (A «+ A) indicates that the previous bracket shall be added with A replaced by
A, (j < k) indicates antisymmetrization with respect to j and k, likewise for (v <+ w).
In (90) the terms from (89) involving second derivatives of A have cancelled out as
a consequence of lemma 4, item 2. When forming the right hand side expression
of (90) the terms of the second to last row of (89) cancel each other out after the
antisymmetrization (j <> k) due to (vId — A) and (wld — A) commuting and being

self-adjoint to g.

Remark 18 (for the projective case) To get the formula for [v(l[j ViV Ilé klm _
(v ¢ w) in the projective case we perform the same steps, using (20) instead of the

c-projective formula (17). The next three equations give projective analogues of the
formulae (87), (89) and (90):

t

t . t t . t . t . t
Vi K7 =det(tId — A)[~2 Mj s Mlg"+ MIN Mi+ M5 MLA (91)

37



tkm tr stmtk tqtr Gtk
ViV K™ =det(tld — A)[M A Asg"* M " Mg+ M Mg Asg™ M,

tr s tk t
—AQAAWPA4thJ
t t
—MjﬂMAMA) MY M7 g(MA,A)
+mﬁgm4AAan)

rs t tk s t k ¢
— As1g"* ME My 4 Xeag”® My tr(M )]

KUY,V K™~ (v & w) == det(vld — A) det(wld — A)

1
2

Resuming the proof in the c-projective case we use M- M = (w —v) M M (see
equations (46), (47)), as well as the trace applied to this matrix identity to expand
(90):

K'YV, KH™ — (0 6 w) = ¢det vld — A)/(wld — A) - [[(w — v)~"

w

L o(M MAY (M A
— (MAY (M A tr(M) +
— (v w)] —(

[z(MA)J(z\% A = 2(A A (M2A)F

We strike out terms that cancel after antisymmetrization w.r.t. (j <> k):

- %\/det(vld ~ A Jdet(wld = A) - [[[(w —v)"" (94)

w

20 A (M2AYF + 2(M M AY (M A)F
— (M A (M A te(A1)]
— (e w)]— (G e k)] + (A A)
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We expand (v <> w) and (j <> k). The sign of the antisymmetrization is caught in the
prefactor (w —v)~L:

= %\/det(vld ~ A Jdet(wld = A)(w—v)"t  (95)

20V A (MT2A)* + 2(M A (M12A)*
(M M AY (M A +2(A M AY (A A)F
— 2(M AR (AN — 2(M A)F(A2A)

(01

w

M AYF(MA)Y —2(M M A)F(MAY

— (M AY (M A tr(A) — (M A (M A)* tr(M )
(M AR A te (M) + (M AR (M AY tr(M)]
+ (A< A)

We can now apply M— M = (w—v) M M and tr(]\vi) - tr(]\wf) = (w—v)tr(M M
in the opposite direction as before, pairing terms (1,8), (2,7), (3,6), (4,5), (9,12
in the bracket:

~—

—~
[—
=}
—_
—_

—

KU, KR (0 w) = %\/det(vld ~A)\/det(wld — A) (96)
=202 M AY (M AY* — 20 AV (M A2A)F
4 (MAY (M A tx(M - M )] (97)
— (= k)] + (A= A)

Remark 19 (for the projective case) Performing the same steps on (93) gives

KUV, V., K™ — (v o w) :% det(vId — A) det(wld — A)

for the projective scenario.

We have now worked KU ViV K Hm (v > w) into a suitable form. From (87) we

P-1[j o klm.
now compute V,, K'VV; K "™

Vo K'Y, K Hm :%\/det(vId ~—A)\/det(wld — A)
=2(M2 MAY (M A —2(M A (M M) (g9

+ (MAY (M A te(M - M)
— (e k)] —(AeA)
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In this equation (j <> k) yields the same result as (v <> w).

Remark 20 (for the projective case) By means of (91) the projective analogue of
(99) evaluates to

Vo KW, g Hm :% det(vId — A) det(wld — A)
(=202 MAY (M A — 2 AY (a1 ar2a) (100)
(M A (M A te(M - M) — (G ¢ k)]

We see that the right hand side expression is equal to the right hand side expression
of (98). Thus if we plug (98) and (100) into (83) then both terms cancel each other
and (83) is satisfied without even having to carry out the differentiation, concluding the
proof of theorem 12. The fact that in the projective case Bik, vanishes, whereas in the
1,1
c-projective case VjBﬁkw vanishes but B2*, does not is the most significant difference
I, 1,1
between the projective and the c-projective case.

We now compare (94) and (99): they are the same except the first is symmetric with
respect to (A <+ A) while the latter is antisymmetric. Subtracting both consequently
yields:

KUv, v, K™ (v e w) =V, TV v, THm
=\/det(vid — A)\/det(wld — A)
V(M A" = 2(01 A (01 A%A)*
+ (M A (M A te(M - M )] — (v w)

[~2(07 M A 1oy

It remains to show that (83) is fulfilled, that is to apply V; to this expression and show
that this vanishes. In the computation we use

e the compatibility condition (17)
e Jacobi’s formula for the derivative of the determinant
e d(A )y =-A4"1.d(A) - A1

to expand the left hand side expression of (83). We then immediately strike out terms
that vanish individually due to the self-adjointness of A with respect to g and the
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antisymmetry of J with respect to g:

ViKYV, K™ —(0 6 w) =V, KUV, K H™)
= — 2/det(vIid — A)\/det(wld — A

~—

[2g(M M A, M M A)(M A~ M A
—2g(M MA,MA— MA)(M MA)*
+2g(A, M MA)(M M (M A~ M A
—29(A, M A= M A)(M2 2PN
+ Xeg! M ML, MiN, g7 M (102)

)\ ls w m v t w VY pq v k
—Asg" M Mth)‘P»jg Mq
— ps v j7 tr U}l v m w k:
+)\sg Mp/\t,jg M, M My,
— ps ’LUjf tr v l ’U}m v k
- )\59 MpAt,jg MT' ! Mm
v w — v w w k
+tr(M M) - [g(A, M MA)(MA— MA)

— g(A, MA— MA)YDM MAF
AP A" ATE — Rg? ATIRg" ATY

As a consequence of item 2 of lemma 4 the terms involving second derivatives of A
cancel each other out in this expression. The other terms cancel each other out after

applying M— M = (w—v) M M. Thus theorem 11 is proven.

3.2 Addition of potential | Proof of theorem 13 and 14

Throughout this section we will be working on a c-compatible structure (g, J, A).

3.2.1 Four equivalent problems

Lemma 20 Let K = gijpipp

todef t

. t .. ; .
1K ppe, K9 Y Jdet(tld — A) (tId— A)~ ' g
and
t t j t j J ki
L=Vip;,  VI=Jlg"v,\/det(tld — A)

as well as the corresponding differential operators according to the quantization rules
stated earlier.

t
Then the following four problems are equivalent: describe all functions U, U, such that
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s s s s
1.{I+U,K+U}=0and{I+U,L} =0 Vt,seR

s s s s t
2. I+U,K+U)=0and[I +U,L]=0 VtseR

s s t t s s t
3{I+U,I+U}=0and{I+U,L} =0 Vt,seR

s st t s s t

4 I+U,01+U=0and[I +U,L]=0 VtscR

Proof of lemma 20: To do so, we show that

t ot Lot
L{I+UK+U}=0 VieR & [[+U,K+U]=0 VteR
t

t
i 0U _ OU
= Kjé)a:"'_w VteR

t t t t s s
i {I+U,K+U}=0 VieR < {I+U,I+U}=0 Vs,teR

i t s s ESA b
ii. {I+U,I+U}=0 Vs;teR & [+U,I+U]=0 Vs, teR
5 s

t ot s Lootos
iv. {I+U,L}=0 Vt,seR & [I4+U,L|=0 Vt,seR

t s
< dU(V)=0 Vs, teR

It is implied that all equations are to hold for all choices of their parameters, we shall
not specify it each and every time again.
To iii: We use the linearity of the commutator:

e

1+ 10,

~p

1+ [0,

Q>H~

111,

M~y =

=1,

M~y
T~

+U,

~>®

[

+ ] (103)

s t s t
The term [I, I] vanishes due to theorem 11 and [U,U] vanishes trivially since the
operators corresponding to the potentials act merely by multiplication. In [7] or by direct

st s o5t t :
computation we have [I,U] = {;, U}. Consequently [I + U,I + U] = {;, Ul + {[},I}.
Since quantization is a linear map and only the zero polynomial is mapped to a vanishing

s tA s t s t
differential operator, we have that [, Q] = 0 if and only if {7, U}+{U, I} = 0. This in
s t s 1 t t s s
turn is true if and only if {7, U} + {U, I}* = 0. Expressing this in terms of K, U, K,U
t . a8 s .ot
and lowering an index and rearranging terms yields K ggi =K ggi . Likewise using

s t t t s s t s i
the fact that {7, T} = 0, we have {I+U,I+§}={I,U}+{U,I}.

t
Statement i can be seen analogously to iii since K lies in the span of K.
To ii: It suffices to show the equivalence of the rightmost equations of items i and

t . 55 s o5t
iii: Fix an arbitrary value for ¢ in K zgg =K ;gg and choose pairwise different
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values (s1,...,s,) for s. Add the resulting equations, weighting the i*" equation with
(71)”*1un_1(§i)/ni¢j(si —s;). Here p1,,_1(8;) is the elementary symmetric polynomial
of degree n — 1 in the Variables (S1,--+,8i—1, Sit+1,---Sn). On the right hand side this

gives the coefficient of s"~! of [S{ which is the identity operator (when considered as a
t

(1,1)-tensor) acting on the differential of U On the left hand side we identify the sum

Do (1) 1 (80) /(T ey (50 — ))gTU with the differential of U and thus arrive at

frioU _ o

Jjoxt T dxi-
For the other direction, consider two arbitrary values s and ¢ and the equations

t S
LU 0U 20U _0U (104)
Kj@xi - Oxd’ K; oxrt  Oxd

N

s i s
We multiply the first equation with K 7, and use the commutativity of K with K
(again considered as mapping one-forms to one-forms):

t
tj slaU —Sjal
K Kjaxz' 7Kk8xj (105)

Now we can use the second equation of (104) to replace K j gUi with ag

= arriving back

t
at Kj gg K; gfjl , as we desired.

S
To iv: Whenever one applies the quantization rules (59) to a linear polynomial [, and

t
a polynomial J of second degree in the momentum variables on 7% M and takes the
commutator of the operators, then combining equations (3.8) and (3.9) from [7] gives
us the formula

—

| =i, 1}~ SV, (K V) (106)

~ =
oo

[

It can be obtained via explicit calculation. The first term on the right hand side

)

t s
vanishes because {I, L} = 0 (theorem 6). The second term on the right hand side of

t
(106) acts on functions by mere multiplication. It vanishes in our case because V is a
t s

Killing vector field and thus divergence free. Ublng [I,L]=0 and { I L} =0, a direct

calculation immediately reveals that both { I + U L} =0 and [I + U L] = 0 reduce to
the same expression, namely d U (V) =0 Vs,t € R, concluding the proof of lemma 20.

t
Lemma 21 Let (g,J, A) be c-compatible and K be defined as in (36). Consider a
simply connected domain where the number of different eigenvalues of A is constant.

Let A be semi-simple. Let E: {01,...,0r} be the set of non-constant eigenvalues of A.
Let E: {0r41,---,0r+Rr} be the set of constant eigenvalues and E :E U LC? Denote by
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t
m(g;) the algebraic multiplicity of o;. Let U be a function such that K gg is exact

t
for all values of t and let U be such that

U0
T9xt ~ Oxd

(107)

is satisfied for all values of t. Then up to addition of a function of the single variable t

t
the family of functions U (t,x) may be written as

t
t <
U= ] t—e)me>t 0 (108)
QI,GE

t
12 t
where U is a polynomial of degree r — 1 in t. Equally U can be written as

r+R

Gy

U Z H W(t—gi) (e0/2-1F, (109)
i=1 g eE\{o;} ‘="

where f; are functions on M. The functions f; may however not be chosen arbitrarily.

t
Proof of lemma 21: Because We assumed that A is semi-simple, we can factorize K
¢

into K Hl (t — gy)m(e)/2=1 K with K being a polynomial of degree r + R — 1.

t
ou _oU
t— g)men/2=1 KZ — VteR 110
H (t=a) T9xt Ot (110)
QZEE
We used that the non-constant eigenvalues g1, ..., 0, all have multiplicity 2(lemma

10, item 1). Thus in the product on the left hand side all factors corresponding to
non-constant eigenvalues are equal to 1. We observe that upon addition of a function of

t
the single variable ¢ to U the equation above is still satisfied. This allows us to choose

¢
an arbitrary point z¢ and an arbitrary function Uy(t) and assume that U (zo,t) = Up(?).
Since the left hand side of (110) is a polynomial in ¢ and is exact for all ¢, each of the
coefficients must be exact. This allows us to integrate the terms of (110) individually:

t
U (t,x) / KdU Uo(t +Ht—gl m(e)/2- lztz/ I((z (dU)
.QLGE
(111)
The last step of this calculation makes use of the fact that if g; is of multiplicity

m(g;) > 4 then g is constant (lemma 10, item 1). The integral is meant to be taken
¢

along any path connecting z¢ and z and the K, (i) is the coefficient of t'in K. Again
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t
K and K (i are considered as (1,1) tensors mapping 1-forms to 1-forms. So for any

t
value of ¢ the value of U at z is uniquely defined by its value at xg and the function U.

¢
Formula (111) proves the claim that U7 can be written in the form (108) where on the

right hand side Uy(t) takes the role of the possible addition of a function of ¢ alone.
¢ ¢

Evidently, we have U (z) = Z::éa ¢t f;o K(;(dU). Since U is a polynomial of degree
r 4+ R — 1 it is uniquely defined by its values at the r + R different eigenvalues of A.
Via the Lagrange interpolation formula we have

t r+R

o=y I =g (112)

i=1 g€E\{o:} (0: = a1)

for some funcions f;. Introducing f; = [L,em (o (0i — 01)"™(@)/2=1 f the potential U
can be written as

r+R ,
7= E (t — o)™t/ o
’ W(t 0i) f; (113)
i=1 geE\{o:}

concluding the proof of lemma 21.

t
Lemma 22 Let (g,J, A) be c-compatible and K as in (36). Let A be semi-simple. Let
%:: {01,...,0r} be the set of non-constant eigenvalues of A. Let Lc?z {0r41y-+,0r+R}

be the set of constant eigenvalues and E :% U 137 The multiplicity of o; is denoted by
m(o;). Let

r+R 2
t_ (t — o)™/ moi)/2-1
U= Z H W(t - 0i) fi (114)
i=1 g€ E\{oi}
and let ,
t ., 0U  O0U
Joxt  Oxd (115)

be satisfied for all values of t. Then for all values of i the relation d f; 0o A = p;d f;
must be satisfied. In other words: the differentials of the functions f; are eigenvectors
of A with eigenvalues g;, where A is considered as to map one-forms to one-forms.

t
Proof of lemma 22: We consider K as a (1, 1) tensor field. Using our assumption
t t

that A is semi-simple we rewrite equation (115) in terms of the quantities U, f; and K
defined by

t r+R

ﬁzz H (t—Ql)ﬁ

=1 peB\{on (0T
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fi= I (ei—e)™*7'f;

a€B\{o:}

t

t =

K= [[ t-e)me* 'K
a€B\{o:}

Then we use the fact that eigenvalues of multiplicity m(g;) > 4 are constant (lemma
10, item 1) and equation (115) transforms into

IE((dU) Y (116)

by dividing out the common factors.
t

The right hand side can be rewritten: consider U where, rather than choosing a constant
Q1

value for the parameter ¢ we fill in the I*® eigenvalue of A. Then we have U= f;. Taking
the differential and rearranging the terms gives

t t
. 8U @ 9U ¢
dff— —|dog=dU — —|dg =d _ 11
fi o |4 U 5 | 4@ U lt=a (117)
t=p1 t=0;

We evaluate (116) at t = g; and plug in (117):

t
o : 0U
K(dU):dfl—W d o (118)

t=0

Because we assumed A to be semi-simple we can decompose d U into one-forms v; such
t t

that v;0A = g;u;. From the definition of K we have that K (v)) = HQmeE\{L)L} (t—om )1,
again because we assumed A to be semi-simple. Evaluating at ¢t = o, yields

o
K (v) = H (0 — om) | w1 (119)
om€BE\{a1}

Ok

In particular this means that if & # [ then K (d g;) is zero. Plugging this into (118) we
Q1

o
get that on the left hand side K (dU) =K (v;) holds, which we express via (119):
¢

: o0U
I (e—om) u=dfi— 5-dea (120)

om€E\{ar}
t=01

Since d gjoA = g;d g; (lemma 10, item 2) and v;0A = g;v;, we have that d floA = o d fy.
The way in which f; was constructed then implies d f; 0 A = g;d fi, concluding the
proof of lemma 22.
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t t n
Lemma 23 Let (g,J, A) be c-compatible, K as in (36) and V as in (38). [52 {01,-..,0r}
denotes the set of non-constant eigenvalues of A. EC]: {0r+1,...,0r+Rr} denotes the set

of constant eigenvalues and E :E U [CC The multiplicity of o; is denoted by m(g;). Let

r+R
7= (t — g)mie)/? o
R CEREEE I (121)

i=1 g;€E\{e:}
t s
Let furthermore d fi o A = g, d f; for all values of l=1,...,r+ R. Let dU (V) =0
t s
be satisfied for all values of s,t € R. Then d U (V) = 0 is satisfied for all values of
s,t € R if and only if for each eigenvalue o of A the differential d fy, is proportional
to d gx at all points where d gy, # 0.

Corollary 23.1 If g; is a non-constant real eigenvalue and d oy # 0 in the neigh-
bourhood of a given point then locally f; can be expressed as a smooth function of o;.
Likewise, if o1 is a non-constant complex eigenvalue and d oy # 0 in the neighbourhood
of a given point, then locally f; can be expressed as a holomorphic function of o;.

t s
Proof of lemma 23: The condition d U (V) =0 Vs, t € R is equivalent to
t
dU (span{Jgrad g;|i = 1,...,r}) = 0, because

t
span{V,t € R} = span{Jgradg;|i =1,...,1}

¢
From (121) we see that d U involves (with some coefficients) only the differentials of the

eigenvalues of A and the differentials of the functions f;. Thus d [j‘ (J grad ;) is a linear
combination of d g; and d f; applied to J grad ¢;. But d g;(J grad g;) is zero for all values
of 4, 5. Firstly if i = j, then d ;(J grad ¢;) = 0 due to the fact that J is antisymmetric
with respect to g. Secondly if ¢ # j then dg;(Jgradg;) = 0, because A is g-self-
adjoint and grad p; and grad g; are eigenvectors of A with different eigenvalues. Thus

t
d U (J grad g;) is a linear combination of {d f;(J grad ¢;)|j =1, ...,r+R}. But because
we assumed that d f; o A = g;d f; for all I and because A grad g; = g; grad o; (lemma

t
10, item 2) and A commutes with J and is g-self-adjoint, we get that d U (J grad ;) is
some coefficient times d f;(J grad g;).

From (121) we see that this coefficient is

(t — gr)m(e0/2 .
H —( — )m(gz)/Q (t — Qz) n(e;)/2—1 (122)
oeB\{oi} (9T

But for a given value of ¢ this can only vanish at points on M where ¢ is equal to an
eigenvalue of A. So at each point on the manifold we can choose a value for ¢ such
that expression (122) is non-zero. Thus d f;(J grad p;) must vanish for all values of i.
If we consider a value i such that g; is constant, then d f;(J grad ;) = 0 is trivially
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satisfied. From lemma 10 we know that if g; is non-constant, then its multiplicity is 2
and at all points where d g; # 0 the set {grad g;, J grad p;} is an orthogonal basis of
the g;-eigenspace of A. It follows that at such points d f; may be written as a linear
combination of d g; and d g; o J. Plugging this decomposition into d f;(J grad ;) =0
we conclude that d f; is proportional to d g; at all points where d g; # 0 and lemma 23
is proven.

Lemma 24 Let (g,J, A) be c-compatible. E: {01,...,0r} denotes the set of non-
constant eigenvalues of A. E: {0r41,-.-,0r+Rr} denotes the set of constant eigenvalues

and E :E U LC? The multiplicity of o; is denoted by m(o;). Let
1t 14 L def i ki
det(tld — A) (tId — A)~",9", V7= Jg"'Vi/det(tld — A)

o

and
r+R

— o )m(e)/
o=y I S aymery, (123)

e/
=1 aemien (@)™

withd fjoA= o d f; foralll=1,...,r and d f; proportional to d go; for alll for which
01 1S non-constant.

Then .
£ 00 9
K}ag Ka—UvsteR and dU(V)zOVs,teR (124)

t s
Proof of lemma 24: d U (V) =0 Vs,t € R is fulfilled because d f; and d g; evaluate
to zero When applied to Jgrado; foralli,j=1,...,r+ R.

t
To see K i ay = K i ag; , we compute d U using the fact that non-constant eigenvalues

of A are of multlphclty (lemma 10, item 1):

' r+R t— o m(o01)/2
=% JI (F2%) -arerr a3 MRy,

Qi — 01

i=1 g E\{o:} opeb\ {0y~ 0P
r+R t_ o ) de
- Z H (0i — Ql)m(az)/2 Z H (t - Ql)m(m)/ f — 0i
=1 g€ E\{ok} oneB\{0:} o €E\{op}

(125)

Considering ]2’ as a (1, 1)-tensor mapping one-forms to one-forms and using that for all
i=1,...,7: dgjo A=p;dp; and d f; 0o A = p;d f; we have

K (do;) = < H (s — Ql)m(gz)/2>(s _ Qi)m(gi)/zngi

a€E\{oi}

kan=( I G-amer)e-amertay

a€B\{ei}

(126)
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t
Again we consider K asa (1,1)-tensor acting on the differential of 7. By combining
(125) and (126) and using that the non-constant eigenvalues have multiplicity 2 we get:

s t ey 5 — _ m(o1)/2 o
K@= ] ((gl)(tm)> (£ = 0) (s — 02)) "™
}

i=1 geE\{0: oo

X dfi_zwfid&‘

ba O (127)
PRI | (e —
N . g )m(e)/2
=1 g€ E\{ox} (0: = @)™t
_ _ m(e)/2 5 9d0p
x Y I G-awt-a) fzg s
D i

.QPEE\{Qi} a€E\{op}

The right hand side is apparently symmetric when exchanging s and ¢ and as a
t . oas N

consequence K’ ‘g;{ —K ; ngi is fulfilled, concluding the proof of lemma 24.

Proof of theorem 13: The theorem results as a combination of the proofs of lemmata

20 and 24.

Proof of theorem 14: combining the proofs of lemmata 20, 21, 22, 23 and 24.

3.3 Simultaneous eigenfunctions | Proof of theorem 16 and 17
Proof of theorem 16: We first show that v is an eigenfunction of L for all values of
s, if and only if it is an eigenfunction of J;, for all values of .

A direct computation from (69), (70), (71) shows:

Lg=i IT s —gpmey s 90,9 (128)

S

Now suppose that 1 is an eigenfunction of L for all values of s and denote the eigenvalue
S

by ¢&. Then & must be a polynomial in s of degree r+ R — 1, because Lisa polynomial

in s of degree r + R — 1. From the equation above we see that & must have a
zero of order m(g,) at s = g, for all constant eigenvalues g,. Thus we can write
o= I GE(S — gp)m(gp) 22:1 s""%w,. But because polynomials are equal if and only
Op
S
if all their coefficients are equal, we get that L ¢ =0 Vs € R if and only if 10y, = wy¥
forg=1,...,r.
To obtain the other separated equations we work with the family of second order

S
differential operators K. Since the metric is not given in terms of the coordinate basis
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and the one-forms v and ¥ are not unique it poses an obstruction to using the standard
t

formula for the Laplacian and K. The workaround is quick and simple though.

Let {X;|i =1,...,n} be a set of n linearly independent differentiable vector fields on a
manifold M™ and denote by {5’[i =1,...,n} its dual basis, i.e. 3*(X;) = 65. We shall
denote by T the matrix relating the coordinate vector fields 9; and the vector fields
Xi: TjX; = ;. Then for an arbitrary symmetric (2,0)-tensor the following formula is
easily obtained via the product rule for partial derivatives:

1 s det T \/|det s
L ooty iiig; —— Ty VIdetgl KITEX,
Vdet g| Vdet g| det T (129)
s Xp(detT) s

- X, (TP) KT} Xi + i KTy Xy,

where on the right hand side the X’s are to be interpreted as the directional derivative
in the sense X; = (T71)L9; and in the last two terms X,(-) is meant as to only act on

the expression in the parentheses.
det g

The quantity j5+% is simply the determinant of the matrix with (i, j )" component
S .. S
9(Xi, X;) and Tf K 7T} are the components of K in the basis {Xili=1,...,n}. If
il =1,...,n; are the coordinate vector fields belonging to some coordinate system
Xili=1 h di fields belonging t di yst

then the last two terms cancel out and one arrives at the well known fact that the left
hand side expression is independent of the choice of coordinates.

In our case we choose (X;) = (0y,, Gti,%i D gzm- 0t,). The dual basis consists

of the one-forms (d x;,dt; + «;,d 3}1) Taking 7 as the column index and j as the row
index we have the components T given by

Id| 0| 0
0|Id| 0
0| = | Id

The *-block contains the components of o; as the [*" column and the Id-blocks are of

dimensions equal to the number of x-, t- and y-coordinates.

From this we can conclude that X(77) = (T1)19;T¢ = 0 because the one-forms « do
not depend on the t-variables. Furthermore det T =1 and thus X;(detT) = 0 for all
values of s.

For our specific case (129) simplifies to

1 S . d tT d t, 5 .. X
9iy/]det g| K78, =———— X m:ﬂs KYTEX), (130)

Vdetg] Vdetg] " detT 7

Here Jie;g‘ is the determinant of the matrix of g in the basis (d x;,d¢;,d sz) and

TSK" Tf is the matrix of IS{ in the basis (X;). These quantities can be obtained from
the formulae (69), (70) and (71). We can then express the vector fields (X;) in terms

50



of the coordinate basis to get the following result (we use that A, = p,Id, because we
assumed that A is semi-simple and that all constant eigenvalues are real.):

Vi K”V ma i/ |det g K”a =
2
Z HQIGE\{Qk}( s—o)" mien/ o H 0 _Qk)m(gw)/Z@
‘. €k kH ( _Qk) (97)/2’ Xk k
0kEE .Q»VEE
€ 27" i—J
+ Z Z . VNVAE I -ame?,0,
6=l a€E\{ox}
+ Z \/\detgﬂ, ( (s — o)™/ 2(sId — A,)~*
. «/|detg oCE
Y:04EE
i
11 (Aw—gkfd)lgf) 9y (131)
. J
QkEHEL
Z \/detgw< — o)™/ 2(s1d — A)7?
\/|det oeE
’YQWEE
H (Ay — opld)™ > Za'ﬂ O,
A)kGE
ig T
S (H (s — o)™ @2 (s1d — A,)~ T] (A, — ould)” ) LIRS
vioel  AEF ow€E
ijor
— Z (H s— o) m(er /2(sId A) -1 H (A.ngld)lg,yl) Zgzqigzm- 04,04,
yign cp QEE el p,q=1

If now we suppose that v simultaneously satisfies the family of eigenvalue equations
Vi K9Vp+ U =\ ¢ (132)

then the left hand side is a polynomial in s and for the equations to hold )g\ must be

a polynomial of degree n — 1 in s as well and we shall write j\: 272—01 A\;st. Because
of our assumption that all constant eigenvalues are real and that A is semi-simple we
have Ay = ¢yId = g,y Id for v =1,..., R. Thus for all values of v where m(gy) > 2

the left hand side of —V; [S(jkvkib-i- o P =) 1 has a zero Of multiplicity m(oy)/2 -1

at s = g,. We can thus write A= H (s — g,)m™en)/2=1 )\ where )\ is a polynomial

of degree r + R — 1 in s. /\ can be written as /\ ZHR ! sjj\j. Because we assumed
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that the eigenvalue equation (132) is satisfied for all values of s we can split (132) into

nc
n equations, one for each coefficient. We choose a non-constant eigenvalue g € F and
multiply the equation for the coefficient of s' with Qﬁc. We do this for all n equations

and add them up. If we use V; [S(ijvj = \/ﬁ@ |det g [S(ijﬁj in (132), then the
etg

result of these steps is equal to replacing V; f( 9V ;4 via (131) and substituting s with
ok- We end up with

E_; w0 [ (k= 0y)™ @20, ¥
Q’YGE
2r i—j n—1
~ Z 2 9’“ I (or — 0)™@%0,00,0 + fr =Y Niokd (133)
i,j=1 QWEE =0
Because 0;,1 = —iw,1, 1 satisfies the ordinary differential equations that have been
claimed.

To obtain the beparated partial differential equations that we have claimed, we divide
v Kﬂkvw+ U P - P by H (5 — 0,)™@)/2=1 Then we choose a constant

C
eigenvalue o, and evaluate the result at s = p, €F in the same way as before:

r+R—1
Aol 1 ij 1/2
Z )\jgiy?ﬂ = — H(Qv - Qc) |:|detgw|1/28371‘g"73|detg“f| / 8;]1# (134)
- oc€i\{en}
Z | det g, |1/2(9ng [ det g, ['/* dy O, — ZQA, Qqi O, 37¢
g=1
1

ii Y
+ Z g’ZYJ aqiapj 8tq8tp1r/)

p,q=1

fy
c — m(@c)/2_1 v
poci o,y (07 €0)

_|_
I1
Again: using 0y, % = —iw;1) gives us the desired result.

The last thing to do is to show that if ¢ fulfills (73) and (75) for some constants

5\0, cee 5\r+R71; w1, .- .,w, then it is also an eigenfunction of K for all real values s. To
do so, we use 0,1 = —iw;1 to obtain (133) and (134) from (73) and (75). Then for
all non-constant eigenvalues g we multiply the corresponding equation of (73) by

o(s)
Ok — 0Oi

0i€E\{or}

and for each constant eigenvalue g, we multiply the corresponding equation of (134)

by
S — 0 m _
H (Qk - Q») H (s —ey) o)z
0:€E\{e+} ek
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and add up the results. Then we use the product rule for differentiation and the
S S

Lagrange interpolation formula for polynomials and arrive at K P+ U P = Zz;ll AisFa.
Theorem 16 is proven.

Proof of theorem 17: Because we assumed M to be compact (without boundary)
and g to be positive definite, there exist a countable basis (1,,,|m € N) in L?(M), such
that each element of the basis is an eigenfunction of the Laplace-Beltrami operator:

Awm = Smwm

see e.g. [9]. In this reference it is also proven that the eigenfunctions of A are C'°°-
smooth. Furthermore each eigenvalue of the Laplace-Beltrami operator is of finite
multiplicity, that is for each m € N the set {m/|¢/, = &,,} is finite. Consider the
operators {f(j)|j =0,...n—1} and {i(j)|j =1,...,n — 1}, as explained in corollary
14.1. In particular we have f(n,l) = —A. They all commute, and so we can consider
them on an eigenspace of A which is a finite-dimensional vector space of smooth
functions, so we can reduce our problem to finite dimensional linear algebra and skip
all trouble with functional analysis: Consider the Hermitian product

(o) = /M GV (135)

on an eigenspace of A. Here the bar means complex conjugation. This is clearly a
positive definite and we can choose an orthonormal basis. By partial integration it can
be verified that for any ¢, in this eigenspace of A

(o, 1) =(I e,y §=0,...,n—2
(o, L) =Ly, ) j=0,...,n—1

(remember that each eigenspace of A consists of smooth functions and that we as-
sumed that our manifold was without boundary). On such an eigenspace of A, in an
orthonormal basis we the operators {I(;)|L;),j = 1,...,n — 1} are given by Hermitian

matrices (I,—1 is given by a real multiple of the identity matrix). But Hermitian
matrices are diagonalizable by means of unitary transformations. So we choose a
unitary transformation such that j(n_g) is diagonal (unitary transformations retain
the property of the basis to be orthonormal). Because the operators we consider all
commute, we can then consider them on the eigenspaces of I (n—2) and choose a unitary

transformation such that I, (n—3) is diagonal as well. Iteration of this procedure tells
us: There is a countable orthonormal basis in L? (M) such that all basis vectors are
simultaneous eigenfunctions of all the operators {I(;), L(;)|j =0,...,n —1}.

By corollary 14.1 a function that is a simultaneous eigenfunction of {f(j),f/(j)\
¢

j=0,...,n—1} if and only if it is a simultaneous eigenfunction of {I |t € R} and

{2 |s € R}.
This means that we can apply theorem 16 with U = 0. Furthermore because we
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assumed that all eigenvalues of A are non-constant a local normal coordinate system
only has x— and t— coordinates. This means that for any element (,, of our basis
there exist constants {\, |t =0,...,n — 1} and {wm,4|i = 1,...,n}(here the comma
only separates indices), such that ¢,, satisfies the ordinary differential equations

n—1

Wi hm = Ami0ktm (136
=0

2r—i—j

-1 ~ en(—on)
—— O 0105, U + —_—
EkgﬁC X SR Uz::l (92)2

and
Z.atk ¢m :wm,kwm (137)

fork=1,...,n.
This implies that 1, is a product:

Um = H Vreym (X) H Omi(th) (138)
k=1 I=1

where 9,  satisfies the k'™ equation of (136) and ¢,y satisfies the I*" equation of
(137). But equations (137) can easily be solved, and we have that ¢, ; = exp(—wpm,it;).
We still have to show that the constants A, ;. and w,, i are real: firstly the eigenvalues
of I,_1 = —A are real (even more, nonnegative). Secondly because on the eigenspaces
of A the operators {f(j)|j =0,...,n—2} and {ﬁ(j)\j =1,...,n — 1} are represented
by hermitian matrices, they must have real eigenvalues. An inspection of the proof of
theorem 16 reveals that A, ; is the eigenvalue of 1, with respect to I (i) (in particular

Ay, = Apyn—1¥m) and that wy,,; is the eigenvalue of 1, with respect to ﬁ(n,i).

t s
Finally this implies that we have I ¢, = S0 #' A, ; and L b, = S0 8" i, .
Theorem 17 is proven.
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4 Conclusion

We have shown that the integrals of the geodesic flow, quadratic in momenta, that were
found by Topalov [17] for the geodesic flow of c-compatible structures also commute as
quantum operators. They also commute with the quantum operators of the integrals
of the geodesic flow that are linear in momenta.

We have then generalized the result to a class of natural Hamiltonian systems: in
the case where the tensor A is semi-simple we have described all potentials that may
be added to the kinetic energy term such that the resulting functions on 7*M still
Poisson commute pairwise and their quantum operators commute pairwise as well. The
potentials that are admissible in the quantum problem are the same as for the question
of classical integrability on the level of Poisson brackets.

In the case that A is not semi-simple, we could present some potentials that may be
added to the kinetic energy such that the modified integrals still commute in both the
classical and the quantum sense; it is however not clear whether there exist more and
this shall be subject to further investigation.

We have tackled the question of the separation of variables for simultaneous eigenfunc-
tions of the constructed differential operators in the case where A is semi-simple and all
constant eigenvalues are real. If all eigenvalues of A are non-constant, we get complete
reduction to ordinary differential equations. The case where A has constant non-real
eigenvalues or Jordan blocks still needs investigation.

In the case of maximal integrability we also have described a way in which the construc-
tion of an orthonormal basis of L? of eigenfunctions of the Laplace-Beltrami operator
can be reduced to solving ordinary differential equations.
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