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Abstract. In this paper path integration in two- and three-dimensional spaces
of constant curvature is discussed: i.e. the flat spaces IR* and IR®, the two-
and three-dimensional sphere and the two- and three dimensional pseudosphere.
The Laplace operator in these spaces admits separation of variables in various
coordinate systems. In all these coordinate systems the path integral formulation
will be stated, however in most of them an explicit solution in terms of the
spectral expansion can be given only on a formal level. What can be stated in
all cases, are the propagator and the corresponding Green function, respectively,
depending on the invariant distance which is a coordinate independent quantity.
This property gives rise to numerous identities connecting the corresponding
path integral representations and propagators in various coordinate systems with
each other.
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1. Introduction

The invention of the path integral by Feynman [31] is one of the major achievements of
theoretical physics. In its now 50 years history it has become an indispensable tool in
field theory, cosmology, molecular physics, condensed matter physics and string theory
as well [42, 96].

Originally developed as a “space-time approach to non-relativistic quantum me-
chanics” [31] with the famous solution of the harmonic oscillator, it became soon of
paramount importance in quantum electrodynamics (QED), especially in the develop-
ment of the nowadays so-called “Feynman rules”. It did not take long and Feynman
succeeded in discussing problems not only in QED but also in the theory of super-
fluidity. ! However, it took a considerably long time before it was generally accepted by
most physicists as a powerful tool to analyse a physical system, giving non-perturbative
global information, instead of only perturbative, respectively local information, as in an
operator approach.

Eventually, a satisfying theory should be based on a field theory formulation, let
it be the second quantization of the Schrodinger, respectively the Dirac equation, let
it be a field theory path integral. However, the path integral is quite a formidable
and difficult functional-analytic object. The very early field theory formulations by
a path integral, first by Feynman and in the following by e.g. Matthews and Salam
[35, 82] remained only on a formal level, however with well-described rules to extract
the relevant information, say, for Feynman diagrams. Indeed, in field theory the path
integral is cursed by several pathologies which cause people now and then to state that
“the path integral does not exist®.

What does exists, however, is the very originally Feynman path integral, i.e.
Feynman’s “space-time approach to non-relativistic quantum mechanics”. Thanks to
the work of many mathematicians and physicists as well, the theory of the Feynman
path integral can be considered as quite comprehensively developed. Actually, the
theory of the “Wiener-integral” [35] existed some twenty years right before Feynman
published his ideas, and was developed in the theory of diffusion processes. The Wiener
integral itself represents an “imaginary time” version of the “real time” Feynman path
integral. This particular feature of the Wiener integral makes it a not too complicated
and convenient tool in functional analysis, mostly because convergence properties are
easily shown. These convergence properties are absent in the Feynman path integral and
the emerging challenge attracted many mathematicians and mathematical physicists,
c.f. the references given in [35]. Let us in addition mention Nelson [88] concerning
the Feynman path integral in cartesian coordinates, DeWitt concerning curvilinear
coordinates [18], Morette-DeWitt et al. [86] and Albeverio et al. (e.g. [2, 3]) who
developed a theory of “pseudomeasures” appropriate to the interference of probability
amplitudes in the path integral. This interference of probabilities, in particular in
the lattice formulation of the path integral (see below in Section 2) leads to the very
interpretation of the Feynman path integral. One encounters for finite lattice spacing,

! For this kind of general overview we do not want to cite all the relevant references in detail, but would
instead invite the interested reader to consult some of the textbooks on the Feynman path integral, in
particular Feynman and Hibbs [32], respectively the collection of Schwinger [101] and the early review
paper of Gel’'fand and Yaglom [35].



i.e. finite N, a complex number ®(qy, ..., qy_;) which is a function of the variables q;
defining a q(t), the path integral can be interpreted as a “sum over all paths” or a “sum
over all histories”

K(q'q:T)= Y @)= Y oSl (1.1)

over all paths over all paths
from q' to q’ from q' to q’

The path integral then gives a prescription how to compute the important quantity
® for each path: “The paths contribute equally in magnitude, but the phase of their
contribution is the classical action (in units of %). ... That is to say, the contribution
®[q(t)] from a given path q(t) is proportional to exp (%S[q(t)]), where the action is the
time integral of the classical Lagrangian taking along the path in question” [31]. All
possible paths enter and interfere which each other in the convolution of the probability
amplitudes. In fact, the nowhere differentiable paths span the continuum in the set of
all paths, the differentiable ones are being a set of measure zero (the quantity qu/Atj
does not exist, whereas (qu)Z/Atj does).

A more comprehensive discussion will be given in a forthcoming publication [58],
including a table of exactly solvable path integrals, in our lecture notes [59], and
alternatively, we refer to the several already existing textbooks on path integrals
Albeverio et at. [2, 3], Dittrich and Reuter [19], Feynman and Hibbs [32], Glimm and
Jaffe [40], Kleinert [73], Roepstorfl [98], Schulman [100], Simon [103], and Wiegel [112].
For a short reference we refer to [57].

The subject of this paper will be the path integral formulations in (spatial) two
and three-dimensional spaces of constant curvature. These are the most important
needed in physics. It is often necessary to consider a given problem from various
points of views, i.e. coordinate system realizations, say, and moreover find the relevant
Fourier expansions needed for the harmonic analysis and for the transition from one
coordinate system to another one, respectively. E.g. in the space A®) (the three-
dimensional pseudosphere) this task was undertaken by Vilenkin and Smorodinsky
[111] for five coordinate systems on A(®). Historically, Lamé started the project of
finding all trirectangular systems in Euclidean space which admit separation of variables
of the corresponding Hamilton-Jacobi and Laplace equations. Further, the works of
Darboux [16], Eisenhart [26] and Stepanov [105] were set out to solve this problem.
The result is that there are four real coordinate systems in two dimensions and eleven
real coordinates systems in three dimensions of the sought type (which e.g. can be found
in Morse and Feshbach [87]). The corresponding problem for spaces of (non-vanishing)
constant curvature, i.e. on spheres and pseudospheres was solved by Olevskii [90], and
a systematic approach for the D-dimensional generalization is due to Kalnins et al. [69,
70] and references therein. I will return to this classification in the next Section.

Some of the coordinate systems - cartesian, polar, parabolic - are very familar,
others much less so. They are all obtained as degenerations of the confocal ellipsoidal
coordinates (c.f. [84, 87] for such discussions in the three-dimensional Euclidean plane).
It turns out that the pseudosphere AP~ for a fixed dimension D has the richest
structure of all of them. This is not too surprising. The uniformization theorem for
Riemann surfaces states that the fundamental domain of A(?) /T, where T is a discrete
fixed-point free subgroups of the automorphisms on A, ie. T' is a Fuchsian group,
tesselates the entire hyperbolic plane. The Riemannian surfaces may have any genus
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g > 2 and may be arbitrarily shaped according to the corresponding Teichmiller space.
This rich structure makes A?) interesting in the Polyakov approach to string theory,
respectively in 1+ 1-dimensional quantum gravity [42]: in the perturbative expansion of
the Polyakov path integral one is left with a summation over all topologies of world sheets
a string can sweep out, and an integral over the moduli space of Riemann surfaces. In
contrast, the sphere S(?) can represent only a genus zero Riemann surface, i.e. a sphere.

The pseudosphere A®) is on the one hand of particular importance, because the
manifolds of constant u?, u being the four-velocity or the four-momentum, represent
the physical domain of the variables for particles with real mass (on the mass shell). On
the other, a similar harmonic analysis as in A®) can be studied, c.f. [27, 107], giving a
tessalation of A®®) in the form of three-manifolds. This structure makes A®®) interesting
in 2 4+ 1-dimensional quantum gravity.

I am now going to study and compute explicitly as far as possible, all the path
integral formulations in spaces of constant curvature in two and three dimensions in
terms of all possible coordinate systems allowing the complete separation of variables.
Not all our path integral representations will be new. However, we put them all, i)
into the context of exactly solvable examples of the path integral in a given space of
constant curvature. ii) We establish in this way numerous identities in terms of a specific
coordinate formulation of a path integral and its corresponding spectral expansion on
the one hand, and its ezplicitly known form of the propagator and the Green function
in terms of the invariant distance (norm) in the space expressed in these coordinates
on the other. Spectral theory of functional analysis guarantees the equivalence of the
identities. In the majority of the cases, especially for A®), where no explicit path
integral evaluations are possible, this equivalence sets out further progress in finding
exactly solvable examples for the Feynman path integral by connecting the various
examples with each other.

Whereas in this paper we focus on coordinate systems and their corresponding path
integral representations, one can also look on the matter from a group theoretical point
of view [10]: For flat space we have the Euclidean group, for the sphere we have $(P~1) =
SO(D)/SO(D —1), in particular S©) 22 SO(4)/ SO(3) and S = SO(3)/SO(2) and for
the pseudosphere AP0 = S0y(D —1,1)/SO(D — 1).

In order to look at such a path integral formulation we consider the Lagrangian
L(x,%) — V(x) (x € RP*Y) as formulated, say, in a not-necessarily positive definite
space with signature

(gap) = diag (+1,...,4+1,-1,...,—1) . (1.2)

p times q times

One introduces polar coordinates

ty =rey (b1, ..., 0prg—1) » v=1,....p+¢q , (1.3)

where the e are unit vectors in some suitable chosen (timelike, spacelike or lightlike) set
[10]. One then expresses the Lagrangian in terms of these polar coordinates and seeks
for an expansion of the quantity e*(®1'®2) expressed in terms of group elements ¢ , 2. If
this is possible one can re-express the path integration of the coordinates x into a path
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integration over group elements ¢ yielding [10]

x(t")=x""

[ st |1

x(t)=x'

1

L’(X,X)dt] — /dEAdAZfénDﬁm(g’_lg”) (1.4)

= [ ST £ Y DA D)kl
mn k
Here f,?‘m is defined via the Fourier transformation
f(g)z/dEAdAZﬁinD;n(g) : /f DX (g Ndg . (1.6)

and dg is the invariant group (Haar) measure. [ dE) stands for a Lebesque-Stieltjes
integral to include discrete (f dE, — ZA) as well as continuous representations. f dE\
is to be taken over the complete set {\} of class one representations. dy denotes (in the
compact case) the dimension of the representation and we take

dA/ D)\ (D)5 (9)dg = SN A VSt 6 (1.7)
G

as a definition for dy. 6(A, \') can denote a Kronecker delta, respectively, a é-function,
depending whether the quantity A is a discrete or continuous parameter. We have
furthermore used the group (composition) law

DA 1 ZDkn ga Dl?:\m(gb) : (18)

Choosing a basis {b} in the relevant Hilbert space fixes the matrix elements D,
through D7, = (D*(¢)bm,bn) of the representation D*(g) of the group. In particular
the D), . are called associated spherical harmonics, and the Dg), are the zonal harmonics.
These spherical functions are eigen-functions of the corresponding Laplace-Beltrami
operator on a, say, homogeneous space, and the entire Hilbert space is spanned by a
complete set of associated spherical functions Dy, [38, 39, 110].

“All what remains” is to look at a convenient representation, i.e. a coordinates
system. One may say, that this is the very subject of this paper.

In our case of the free motion things are not too difficult, and the group path integral
technique can be fruitfully exploited. This kind of approach is always possible in cases
where a model has a known underlying dynamical group structure (e.g. [65]). Here
the most famous example is the hydrogen atom with its O(4) symmetry. Actually,
this property enabled Duru and Kleinert to apply the so-called Kustaanheimo-Stiefel
transformation to the path integral problem of the hydrogen atom [23, 24]. This
dynamical group structure is also important in order to discuss the so-called “super-
integrable” potentials [30] (where the Coulomb potential and the harmonic oscillator in
IR? are but two examples), and of course their path integral representations; we return
shortly to this topic in the discussion in Section 6.
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The further content will be as follows: In the second Section we outline some basic
information concerning the path integral in curved spaces. We sketch the relevant
(transformation) techniques along the lines as presented in our earlier work [43, 49,
55]. Next we sketch the classification of separating variables for Riemannian spaces of
constant curvature. Here some basic information as found in Kalnins [69] is given. This
includes the development of separability of variables in the language of path integrals.

Sections 4 and 5 then deal with the enumeration of the path integral representa-
tions, spectral expansions, and path integral evaluations in two and three dimensions,
respectively. These two Sections represent the principal part of the paper and because
we also list some already known results, some parts will have a review character.

The last Section contains a summary and a discussion of the results. In the three
appendices some additional information is given as needed in Sections 4 and 5: In
Appendix 1 some basic path integrals are cited, in Appendix 2 a particular dispersion
relation is discussed, and in Appendix 3 the path integral solution on AP~ in a
particular coordinate system is given.

2. Formulation of the Path Integral

In order to set up our notation we proceed in the canonical way for path integrals
on curved spaces (DeWitt [18], D’Olivio and Torres [20], Feynman [31], Gervais and
Jevicki [36], [43, 55], McLaughlin and Schulman [80], Mayes and Dowker [83], Mizrahi
[85], and Omote [89]). In the following x denotes a D-dimensional cartesian coordinate,
q a D-dimensional arbitrary coordinate, and z,y, z etc. one-dimensional coordinates.
A quantity o denotes an operator. We start by considering the classical Lagrangian
corresponding to the line element ds? = ¢q.3dq®dq® of the classical motion in some D-
dimensional Riemannian space

catad) =5 (5) Vi@ = o - Via (2.1

The quantum Hamiltonian is constructed by means of the Laplace-Beltrami operator

h? K1 0
H=———A =
= —gntm t Vil =0 a,

ST V(@) (2.2)

as a definition of the quantum theory on a curved space [94]. Here g = det(gqs)
and (¢%®) = (gap)~!. The scalar product for wave-functions on the manifold reads
(f,9) = [da/g f*(a)g(q), and the momentum operators which are hermitean with
respect to this scalar product are given by

h({ O r, dln /g
L= “e) . op, = I2VI 2.
b 1 <8q“ + 2 ) 0q® (23)

In terms of the momentum operators (2.3) we can rewrite H by using the Weyl-ordering

prescription ([55, 85], W=Weyl):

1
H(p,q) = —(g"p,p, +2p, 8"’ p, + 0,0, 8" ) + V(@) + AViw(q) . (2.4)

8m —a=



Here a well-defined quantum correction appears which is given by [55, 85, 89]:
h2 abpd e 1 ab ab ab
AVw = 8—m(g Lo lhq — R) = - {9 Loly +2(9"Ta)p + 9 ,ab} (2.5)
The corresponding Lagrangian path integral reads (M P = Mid-Point):

q(t”):q” 1
. _ i [! :
K(d".d'5T) = [¢9(d)g(q")]/* / V9 Dy pq(t)exp [%/ /:eff(%Q)dt]
t/
q(t)=q

D

o xp (N1 N
ottt g (555) (11 [, T/t

1|{m _ a _ _
X exp {% [Zgab(qj)Aq]‘ Agq?—eV(q,) — GAVW(%)] }

(2.6)

Here we have used the abbreviations ¢ = (¢ —')/N = T/N, Aq; = q; — q;_,
q; = %(qj +q,_y) for q; = q(t' +je) (t; =t' +¢j, j =0,...,N) and we interpret the
limit N — oo as equivalent to e — 0, T fixed. The lattice representation can be obtained
by exploiting the composition law of the time-evolution operator U = exp(—i1HT/h),
respectively its semi-group property. The Weyl-ordering prescription is the most
discussed ordering prescription in the literature.

In an alternative approach the metric tensor is rewritten as a product according to
Gab = hachep [43]. Then we obtain for the Hamiltonian (2.2)

2

h 1
H=—--—Arp+V(q) = —hacEaEthb +AVpr(a)+Vig) (27)

2m 2m

and for the path integral (PF - Product-Form)

K(q",q;T)
q(t”):q” . "
i m a -
= [ vaveanes {3 [ [Fhad@ia@itd - via) - avia) )
t/
q(t)=q
m \NDp2 Nl
= ]\;I_I{loo <27r16h> H /dqj g(q])
j=1
i L [m
X exp {% Z [Zhbc(qj)hac(qj_l)Aq}’Aq? —eV(q;) - eAVpF(qj)] }

(2.8)

AVpp denotes the well-defined quantum potential

hz ab ab ab hz
AVpp = — {9 Loly +2(9°Ts) 0 + g ,ab} + 3

8m Sm

<2hachbc’ab . hac’ahbc’b . hac’bhbc’a>
(2.9)



arising from the specific lattice formulation for the path integral, respectively the order-
ing prescription for position and momentum operators in the quantum Hamiltonian. We
only use the lattice formulation of (2.8) in this paper unless otherwise (and explicitly)
stated.

Indispensable tools in path integral techniques are transformation rules. In order
to avoid cumbersome notation, we restrict ourselves to the one-dimensional case. For
the general case we refer to DeWitt [18], Fischer, Leschke and Miiller [33], Gervais and
Jevicki [36], [50, 53, 55, 57], Junker [67], Kleinert [72, 73], Pak and Sokmen [91], Steiner
[104] and Storchak [106], and references therein. We consider the one-dimensional path

integral
I(t//):Z”

. t//
K(2",2";T) = / Da(t)exp [%/ (Z:pz — V(:L')) dt] (2.10)
t/
z(t)=z'
and perform the coordinate transformation © = F(q). Implementing this transforma-

tion, one has to keep all terms of O(¢) in (2.10). Expanding about midpoints, the result
18

K<F(QH)7F(ql);T>:{Fl(q//)F/(ql)}_l/z lim (2:€h> 2]hl/dq] HF

N—oo

" P ) A ) —eV(F(qn)—;im?;—((qqi))] e

. N
X exp Z

It is obvious that the path integral representation (2.11) is not completely satisfac-
tory. Whereas the transformed potential V(F(¢)) may have a convenient form when

expressed in the new coordinate ¢, the kinetic term %F’Zq'2 is in general nasty. Here
the so-called “time-transformation” comes into play which leads in combination with
the “space-transformation” already carried out to general “space-time transformations”
in path integrals. The time-transformation is implemented [23, 24, 104, 106] by intro-

ducing a new “pseudo-time” s by means of s = ftt,“ dS/F’Z(q(S)). A rigorous lattice
derivation is far from being trivial and has been discussed by many authors. Recent
attempts to put it on a sound footing can be found in Refs. [14, 33, 113]. A convenient
way to derive the corresponding transformation formulae uses the energy dependent

Green’s function G(E) of the kernel K(T') defined by

q'> _ %/ AT M EHOT/h [ o' Ty . (2.12)
0

1
H-F-ie

G($H7$I;E) — <qll

where a small positive imaginary part (¢ > 0) has been added to the energy E. (Usually
we not explicitly write the ie, but will tacitly assume that the various expressions are
regularized according to this rule). For the path integral (2.10) one obtains the following
transformation formulae

dE

K(x“,x';T):/ 5 — e ETIh Gy ¢ E) (2.13)
R 1
(1 _i_ Lo oot 1/2 > nWIFoono ot
Gl a5 BE) =+ |F'(d")F'(¢) ds"K(q",q';s") (2.14)
0
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with the transformed path integral f((s”) given by

1/2 N 1
I/;r(qll ql'SH) — hm / /dq
T N—oo \ 271 eﬁ J

< exp {% > [g@qnz - eF'2<qj>(v<F<qj>> - £)

j=1
2 "2 "y =
_ (5L 2(?]) PEU) . (2.15)
Sm A\ F(g) — F'a)
Further refinements are possible and general formulz of practical interest and impor-
tance can be derived. Let us note that also an explicitly time-dependent “space-time
transformation” @ = F(¢,t) can be formulated similarly to the formulee (2.13-2.15), c.f.
Refs. [53, 58, 59, 73, 93, 106].

Finally we consider a pure time transformation in a path integral. We consider
Ga"a: ) =A@y [ s (a|eso (i VFE-EWE/)|a)
0

(2.16)

which corresponds to the introduction of the “pseudo-time” s = ftt, ds/f(q(s)) and
we assume that the Hamiltonian H is product ordered. Then

1 11— <~
G(q”,q';E) — %(flf”)2(1 D/Z)/ K (q”,q';s”)ds” (2‘17)
0
with the path integral
a(t")=q"
o' = [ ViDerat
q(t)=q

% exp {% /0 [%ﬁachcbqaq” — #(V(a)+ AVpr(a) - E)] ds} . (218)

Here are h,. = hae /Ny VG = det(ﬁac) and (2.18) is of the canonical product form.

The third ingredient in our calculations will be the technique of separation of
variables in path integrals [44]. Let us sketch the most important features of this
technique. We assume that a potential problem V(x) has an exact solution according
to

x(t'")

/ Dx(t)exp [h/ (%XQ—V(x)>dt] :/dEAe‘iE*T/h\I/’j\(x')\I/A(X”) :

x(t)=x'
(2.19)

and x 1s a set of variables of dimension d. Now we consider the path integral

Z(t//) Z x(t//):x//

K(z".2' x",x';T) / F4(2)G(z)Da(t) / Dx(t)

z(t')=z' x(t)=x'



X exp {% /tt [%((g B 4 PR — (JZ((’;)) +V(2) + AV@))] dt}

Here, z denotes a d'-dimensional coordinate with d + d' = D, ¢g; and f the elements
of the D-dimensional metric tensor ¢qp = diaglgi,..., g5, f%, ..., f*], AV the quantum
potential of (2.9), and det(gap) = f2[,9? = f??G(2). As shown in Ref. [44] by
performing a time-transformation (see Duru and Kleinert [24] and Kleinert [73]) forth
and back in the path integral (2.20) we can separate the x from the z variables yielding

(2.20)

K(2" 2 x",x;T) = [f(z)f(z")] %/ / EAT(x' )T (x")

x/@@z(t)exp{%/t/t” [%(g-i)z—V(z)—Af/(z)— ff(;)]dt}. (2.21)

Of course, also x-depended metric terms can be included (with their corresponding
quantum potentials) in the separated x-path integration without changing the general

feature.

3. Separable Coordinate Systems on Spaces of Constant Curvature

3.1. The Coordinates Systems

A systematic approach for the D-dimensional on the problem on the classification of
separable coordinate systems in spaces of constant curvature (positive, zero, negative) is
due to Kalnins et al. [69, 70]. By the notion “separable coordinate system” we man any
coordinate system which separate the classical Hamilton-Jacobi equations, respectively
the Schrodinger equation. The classification goes at follows [69]:

3.1.1. The Sphere S'P=1). We denote the coordinates on the sphere S~ by the
vector s = ($g,...,$p—1). The basic building blocks of separable coordinates systems
on SP=1 are the (D-1)-sphere elliptic coordinates

D-1 D-1
2 _ 11ty (pi —€j) - 2
87 = , (1=0,....D—-1), si=1, (3.1)
! Hj;éi(ei —€;) =0 ’
corresponding to a metric
1 D-1 1 D
ds? = —— [ pi—p‘] dp;)* Pp(p) = p—e€; 3.2
% 22 g | LI~ |0 == 32

(k > 0 curvature). In order to find the possible explicit coordinate systems one must
pay attention to the requirements that, (i) the metric must be positive definite, (ii) the
variables {p iD:_ll should vary in such a way that they correspond to a coordinates patch
which i1s compact. There is a unique solution to these requirements given by

< p1<e <---<ep_1<pp<ep . (3.3)



3.1.2. The Euclidean Space EP). In D-dimensional Euclidean space we have first the
coordinate system corresponding to the D-sphere elliptic (3.2)

D
22 = 2 ITizi(pi —¢;)

’ Hj;éi(ei —ej)

(j=1,....D) (3.4)

(c¢* constant). In addition there is a second class of coordinate systems, namely the
parabolic coordinates

2 C
1 =5lp+ - Fppteat o Fepa) .

D 3.9
2= 2l = e)) (j=2,...,D) . 3

a Hj;éi(ei —ej)

3.1.3. The Pseudo-Sphere AP=1.  On the pseudosphere A(P~1 the complexity
increases considerably. One starts by considering the line element

D-1

2 1 1 2
dsz—@?ﬂpmng@rwﬂ@W) (3.6)

(k < 0 curvature), and one must require that ds? > 0. It turns out that there are four
classes of solutions determined by the character of the solutions of the characteristic
equation Pp(p) = 0.

3.1.3.A. The first class is characterised by e; # ¢; for 7,5 = 0,...,D — 1. If
D—1=n=2p+1 is odd then

s Pime <oz < pimr <oy ey < eipy <Py < egpyp < << egpt2 < €2p41 (37)

(1 =0,...,p) with the convention that e;, p; = 0 for j a non-positive integer which give
p+ 1 distinct possibilities. Using El(]) =eiqjp1 (1=1,...,2p+2,5=1,...,p+1) and
er = e for r = s mod (n + 1), the coordinates on AP=1) are written in the following

way
n ‘ n (4)
2 - i = B = _isilei — Eiy) 53)
o= : S = 4 — . :
Mo (B~ EY) Misrna (B = Ei)
Similarly if D —1=n=2p+2iseven (i =0,...,p)
s Pime <eimg <Pl <oy <ep ey <Py <o <egpyr < €2p - (39)

3.1.3.B. The second class is characterised by the fact that there can be two complex
conjugate zeros of Pp(p) = 0 denoted by e; = o +1f, e = a —if (o, € R),
respectively. Together with the convention e;41 = f;—1 for all other e; there is the one
possibility

pr<fi<pr<fo<-<pn-1<fno1<pn. (310)

10



A suitable choice of coordinates is (7 = 2,. ..
n

_ i [ (pi —a—ip)
SIS (fi—a—ip)

2

(ug -I-iul)2 J

u; =

7n)

Iz (pi — fi-1)
[(a = fj—1)? + B iy s (i = fi=1)

(3.11)

3.1.3.C. In the third class we have the two-fold root e¢1 = e = a, say. Let us denote
G;Z) =gj+1 (J=1,...,n—1,0=0,...,p), where ¢; = g;—2 (j = 3,...,n+ 1) with
gr # g1 if k # 1 and g # a for any k, g, = gs for r = s mod (n+ 1), n = 2p + 1 for
n odd, and n = 2p for n even, respectively. This case divides into two families with

coordinates varying in the ranges (¢ = 0,...,p)
e Pim1 < g1 < pi < g <a< pigr1 < Ggik1 < oo Gn—1 < Pn , (3.12&)
e Pic1 < Gic1 < Pi < Gi < pit1 <A< Gig1 < oo Gn—1 < Pn (3.12b)

and in either case of n there are p + 1 distinguishable cases to consider. A suitable
choice of coordinates is

H?:l(loi‘_ a)
216G —a)
u2) — 2 H?:l(loi‘_ a)

QIS (G —a)
H?:l(loi - GE‘Z_)l)
_ W 2 (Y _ g
(CL ]—1) Hl;é]—l( l ]—1)

(j=2,...,n)and e = +1in (3.12a), e = —1 in (3.12b).

2:6

(Uo —Ul) )

) (3.13)

2 _

Y

3.1.3.D. The forth case is characterised by e¢; = e = e3 = b. We set ¢; = hj_3
(j=4,...,n+1) with hy # k; for k # [ and hy # b for any k. Then

e < pic1 < hicy < pi < pig1 <O < pigo <hizr < < ppe1 < hpea < pn o, (3.14)

(i=0,...

,p) and there are p + 1 distinct cases. A suitable choice of coordinates is

H?:l(loi_b)
LHHD —b)
9 I, (pi— )
Ob Ty (HS —b)
18 TIi(pi—b)

200 T 2(HY —b)

B H?:l(loi - Hji)z)
i o (H? —HY )b —H,)

(uo —u1)® = —

QUQ(UO — ul) =

(3.15)

(J :3,...,n)andH;i) =hjt1(j=1,....,n=2,1=0,...,p), and b, = by mod (n—2).
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For the lowest two case we obtain the following small table of distinct coordinate systems

D=2 D=3
SP=1) 2 6
EW@D) 4 11
AP=1) 9 34

There seems to be no obvious closed recursions for D a natural number [77].

3.2. Separability of Variables in the Path Integral

Separation of variables is always of great importance in many calculations. The
separation formula (2.21) provides us already with a prescription in the case where
we know a separating coordinate system. However, the situation is often somewhat
more complicated and one has to look first for the coordinate systems which separate
the relevant partial differential equations, i.e. the Hamiltonian, and, more important
from our point of view, the path integral. In order to develop such a theory we consider
according to [87] the Lagrangian £ = % EZ‘D:1 h?2% and the Laplacian Ay g, respectively,
in the following way (where only orthogonal coordinate systems are taken into account)

< 1 0 (I, he{€})) @
A= Z 12, hi(fey) 96 (Wa&

D

1 0
_ ; mg <gi(§1,...,gi_l,&“,---,ﬁp)f(&)

85;) " (3.16)

where {£} denotes the set of variables ({1,...,¢p), and the existence of the functions
fi,gi is necessary for the separation [69, 87]. Note that the factorizing in terms of the
h; 1s perfectly adopted to the product form prescription. We introduce the Stéackel-
determinant [69, 87, 90]

D

S({€h) = der() = T 50 Mi(erneo fninn. )

_ 95 S
0®;  hi({¢})
(3.17)

and abbreviate I'; = f!/fi. Then

D

gil€r - Cimtsbigns s €p) = Mil&r, oo &, &y 60) T Fi(6) - (3.18)
j=1
1)

which fixes the functions ¢;. Introducing the (new) momentum operators

h( O 1!
P, = T(a& + 5%) ; (3.19)
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we write the Legendre transformed Hamiltonian [54] as follows

0:H—E:—%AL3—E

__ P (Hkl ) _wt XD:[ ( a>]_E
2m ST, 06\ B 96 Tam S & | fio6 \" g
2 D 2
1 1 2 hz Z 2 '

- %;Mipi _ES+8—m;Mi<Pi+2Pi>] . (3.20)

Therefore we obtain according to the general theory the following identity in the path
integral by means of the space-time transformation technique

&t )=¢]

D i ! m D .
H hiDE;(t) exp {% // [5 thff — AVPF({G)] dt}
=e =g, t =

p &=

T [ foreee{s [

=1 £i(t’)=€§

D

5535 - AVPF<{§}>] dt}

=1

D &i(s")=¢

:(5’5”)%(1—17/2)/ & —IET/h/OOdS"H [ Mo
s 0 .

=g 0)=e

- ZM<P2+2P>]d}

D )

Xexp{%/osn [%25

(3.21)

4. Separation of Variables in Two Dimensions

The subject of the next two Sections will be the path integral formulation in the
three two-dimensional spaces of constant curvature, the flat space E(?), the sphere
S and the pseudosphere A(?)| respectively the path integral formulation in the three
three-dimensional spaces of constant curvature, the flat space E®), the sphere S0,
and the pseudosphere A®). For notation, in the two-dimensional case we denote

by x = (x,y) = (x1,x3) the flat space coordinates, by s = (sg,s1,52) coordinates
on the sphere, and by u = (ug,u1,us) coordinates on the pseudosphere, and in
the three-dimensional case x = (x,y,z) the flat space coordinates and s and u in

obvious generalization from the two-dimensional case. In each case, we first state
the general form of the propagator and the Green function in D = 2 and D = 3,
respectively, in terms of the invariant distance (norm) dgm)(q”,q') = x' - x" in E(P),

costhgm-1(q",q') = s -s"/R?* in SP~V and coshdyw-1(q",q') = u' - u”/R? in

13



AP=D " The sphere S(P=1 is described by the constraint s> = R?, and AP~V by

u? = ul— EiD:_ll u? = R? which fixes the signature of the metric in u-space. The metric

is determined via the classical Lagrangians, say,

8 xX) =T Ly s8) =58 L (i =—T0 L (4

We put R? = 1, since R is just a scaling factor of the systems. Consequently, the
Laplacians are determined by

— Acip_1) = — —_— — . (4.2
8:1;12 ’ sty 83? ’ 8ug — 8u12 (4.2)

AE(D) = AA(D—l) =

i=1 1=0
We would like to point out that the various path integral evaluations are straightforward
by applying the basic path integral solutions of Appendix 1. For completeness we present
in this Section some examples somewhat more comprehensive to help understanding; in
the next Section it is then sufficient just to take reference to the former ones. It is obvious
that in two dimensions, the more easy path integral solutions are already known and the
emphasize of this Section will be more on the collection of the various identities, instead
on the path integral evaluations. On the other, where the theory of special functions is
not well developed, such path integral evaluations cannot be explicitly done, therefore
only an indirect reasoning is possible. Especially in these cases we state the general
form of the propagator, respectively the Green function. We do not discus coordinate
systems which are equivalent with a presented one and which can be obtained by a
simple reparameterization of the variables. Compare e.g. the two different definitions of
the parabolic coordinates [30, 87] in E?), E®®) and of the equidistant coordinates [45,
90, 111] for A®, respectively.

4.1. The Flat Space E®)

4.1.1. General Form of the Propagator and the Green Function. First of all we discuss
the general form of the propagator and the Green function in the two-dimensional flat
space E?) which are easiest calculated in cartesian coordinates (see below). One finds
that in E?) they are four different coordinate systems [87]. In terms of the norm
dp(q",q') (where q denotes any coordinate system) they are given by

~(2) m 1m

K" <dE(2)(q”7ql)§T> = 57 &P [ﬁd%@)(q”,q')] ; (4.3)
(2) m . (dgo(q",q

e <dE<2>(q”,q');E> - FTLQI&(J( B >(;L‘ q)\/—sz> . (4.4)

The norm in E(?) is given by (for the definition of the coordinates see below)

Cartesian Coordinates:
Ay (a",q') = X" = x|, (4.52)

14



Cylindrical Coordinates:

R, M cos(¢'" — '), (4.5b)
Parabolic Coordinates:
_ i (77//2 + 5//2)2 + (77/2 + 5/2)2 . 2(77/2 . 5/2)(77//2 . 5//2) . 877’77”5’5” 7
(4.5¢)

Elliptic Coordinates:
= d?(cosh ' cosh pi"’ cos v/’ cos v"" + sinh y’ sinh " sin v sin ") . (4.5d)

4.1.2. Cartesian Coordinates. We consider the usual cartesian coordinates (z,y) =
x € IR%. The metric is given by (gap) = 15 and for the momentum operators we have

Pz = —1h0,, py = —1h3d,. Therefore:

h? B [ 02 o? 1

The path integral formulation is well-known and given by [31, 32]

x(t//):x//

1im ¢ m 1im
Dx(t — 2dt | = " x'? 4.7
/ x( )eXp<zh /t * ) omifhl T <2hT|X X') (47)

x(t)=x'
d 1RT
:/ —pzexp [—l—pz—l—ip-(x”—x
R 47 m

Note the formulation via a path integration over the Euclidean group [11].

4.1.3. Cylindrical Coordinates. We consider two-dimensional polar coordinates

r=rcoso , r>0,

4.9
y=rsing¢ , 0<¢p<2r . (4.9)

The metric is given by (g45) = diag(1,r?), and the momentum operators have the form

h/ O 1 h O
r==l=+=—1, = —— . 4.1
p 1 <8r + 2r> Po i0¢ (4.10)
This gives for the Hamiltonian
h* R0 19 1 02 1 1 h*
Ay = —— [ — + - )= — [P+ =) - —— . 4.11
om EF® 2m (87“2 + r or + r2 8452) 2m (pr + r2 p¢> 8mr? ( )

We therefore obtain the path integral identity [4, 25, 54, 92, 104]

T(t//):T” ¢(t//):¢//

/ rDr(t) / ng(t)exp{% /tt [%(ﬂ +r267) + Szzrz]dt}

r(t)=r' p(t')=¢'
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T(t//):T”

B ( / ”)_1/2 Z el (" —o") / 5 (t) ; /t// m ., hz 12 — i o
Y ez 2T (t)=r" R L 2T 2mr?
r(t

//):
ii(¢"—¢)
=12 €
=(r'r") Z 5 /

1

r . t//
Dr(t)u[r?] exp (% / fzdt>
t/

ez Mty

= QWTET exp Bg‘T(r'? +r//2)] léei 1(¢"—¢") Il(”;‘;’;”) (4.12)

= QWTET exp [217:; <r’2 " 2 cos(¢" — qﬁ’))] (4.13)

= #/Oopdle(pr’)Jz(pr”)e‘i’”’2”2’” . (4.14)
0

lez

4.1.4. Elliptic Coordinates. We consider the coordinate system

x = dcosh pcosv >0,
e : (4.15)
y=dsinhpusiny —rT<v<7m.

The metricis (gqp) = dz(simh2 (14 sin? v) 15 and we obtain for the momentum operators

_h(@ . sinh p cosh p ) _h(@ sin v cos v ) (4.16)
Pu= i\ dy  sinh® A+ sinv /)’ bv = i\ dv  sinh? w4+ sinfv /) '
Consequently we have for the Hamiltonian

h? h? * 0

—5 - Ape = - — — ( 7+ 2)
2m 2md?(sinh® 1 + sin® v) \ u ov
1
=5 (sinh2 o+ sin? V)_l/z(pi + pi)(simh2 o+ sin? 1/)_1/2 ) 1)

The path integral construction is straightforward, however no explicit path integration
is possible. Actually, an expansion into the corresponding wave-functions in the
coordinates p and v yields the Mathieu functions me, (5, k?) and Me(yl)(.f,hz) (h* =
mEdz/ZTLZ), respectively, as eigen-function of the Hamiltonian, a specific class of higher
transcendental functions [84]. However, because we know on the one side the eigen-
functions of the Hamiltonian in terms of these functions [84], and on the other the
kernel in E® in terms of the invariant distance dg) we can state the following path
integral identity (note the implemented time-transformation)

N(t//):N” I/(t//):V” .

- t

Du(t) / Du(t)d*(sinh?® j1 + sin® v) exp [%dz/ (sinh® i + sin? v)(p? 4 %)dt
t/

p(t)=p' v(t)=v’
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dF : &
— / —1ET/h/ d 1" DM(S) DI/(S)
R 27T7:L 0
p(0)=p' v(0)=v’
X exp {% / [%(/,LZ + %) + Ed*(sinh? i + sin? 1/)] ds} (4.18)
0
1 > —ihp? m
:52/0 pdp e~ 1P T/2
vEA
x e (', T2y me, (0", T2 Me(V (¢!, L2 ) MelD (", £2-) (4.19)
m 1m
_ 2 (q".q 4.90
e | )] (420)

and dg) (q”,q') must be taken in elliptic coordinates. The functions me,(n, h?) and
Me(yl)(.f, h?), are mutually determined through the separation parameter A = \,(h?)
yielding a countable set of numbers v € A. In particular, the functions Me(yl)(z,hz)
yield in the limit h? — 0 the Bessel functions J,, i.e. Me(yl)(z/h, R*) ~ J,(z) (R — 0),
and the functions me, (2, h?) o e!?* (h? — 0), therefore obeying the correct boundary-
conditions of our problem [84].

4.1.5. Parabolic Coordinates. We consider the coordinate system

v=ECn, y=in*-€&), ¢(e€Rp>0 (4.21)

(alternatively ¢ > 0, n € R [84]). We have (gq5) = (€% + 1?) 12, and consequently for
the momentum operators

h({ o £ h( o n
_ 2 = | — , 4.22
e i<3§+§2+n2> B i<377+§2+772> (422
This gives for the Hamiltonian
h? h? s 1
A = — _ L g2 IN=1/27 2 | 2\ ¢2 2y-1/2
5 AEe TICEYE) (agz + 8772) 5 (& 07 ) (0 + 0y (€ + )

(4.23)
Note AVpp = 0 which is a peculiarity of two dimensions with metric oc 1. These
coordinates have been used in literature to discuss the two-dimensional “Coulomb-
problem”, c.f. [24, 52, 64]. The transformation (x,y) — (&,n) actually is the two-
dimensional realization of the Kustaanheimo-Stiefel transformation. The arising path
integral in these coordinates must be treated by a time-transformation due to the
metric terms in the Lagrangian. The transformation in its continuous and lattice
implementation, respectively, has the form

B ! do
Ju o) +nP(o)

and decouples the ¢- and np-path integration giving two harmonic oscillator path integrals
in ¢ and n with frequency w = /—2FE/m, respectively. Because £ > 0 in our case,

(1) = (& +n2)As; (4.24)
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w 1s purely imaginary and we obtain two repelling oscillators. With the help of the
harmonic oscillator path integral and the relations in Appendix 2 we obtain the path
integral identity

£(t')=¢" n(t")=n" _ o
im . .
DE(t) / Dn(t)(€* +n*)exp [ﬁ/ (& + ") + nz)dt]
t/
g(t)=¢' n(t)=n’
5(8// — // n(S//):n//

:/]R;T—Ehe—iET/h/ ds"" / DE(s / Di(t)

£(0)=¢’ n(0)=7’'

X exp {% /0 [%(52 +i?) + E(&* + 772)] ds}

:/ d_Ee—iET/h/ ds" — m@
R 27h 0 mihsinws”

. Lt ]
xexp[ 1mw (512_|_§//2_|_ + ”Z)COS(,US”} cosh (mw(.{.{ +nn ))

2h sin ws' 1hsinws"

(4.25)
—Z / d¢ / dp =TT Gl (¢ Ee (e ) (4.26)

and ) denotes the summation over even and odd states respectively; the functions

\I/](;z&o)(f, n) are given by

(eo) 7r/2ap
(0) —im (0) —im
x(‘”i—%nEW/A )
i (1) —ir (1) —iw
NG =5 E e VR, )

which are é-normalized according to [79]

/ an / dEE? + ) (€ MU (6 ) = 60— p)o(C —C) . (4.28)

Note that in the evaluation of the path integral one has to take into account that by
using the harmonic oscillator solution for the ¢- and n-variable, respectively, one actually
uses a double covering of the original (z,y) = (z1,x2) € R*-plane, i.e. u = (£,7) € R%
Furthermore we have taken into account that our mapping is of the “square-root” type
which gives rise to a sign ambiguity. “Thus, if one considers all paths in the complex
z = x +iy-plane from z' to 2", they will be mapped into two different classes of paths in
the u-plane: Those which go from u’ to u'" and those going from u’ to —u”. In the cut
complex z-plane for the function |u| = \/m these are the paths passing an even or odd
number of times through the square root from |z| = 0 and |z| = —oo. We may choose
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the u’ corresponding to the initial z' to lie on the first sheet (i.e. in the right half u-

plane). The final u”’ can be in the right as well as the left half-plane and all paths on the

z-plane go over into paths from u’ to u” and those from u’ to —u" 7 [24]. Thus the two

contributions arise in (4.25). The last line of (4.26) is then best obtained by considering

the Coulomb problem —gy¢2 /7 in IR?, applying (A.2.2), respectively (A.2.4), performing
1,1

a momentum variable transformation (pg, p,) — (%(% + (), 5:(5 — C)) (a = h*/maqiqa

is the Bohr radius) with the new variables (p, () and finally setting ¢1¢2 = 0, i.e. a = oo.

4.2. The Sphere S?)

4.2.1. General Form of the Propagator and the Green Function. The sphere S is
the first non-trivial space of constant positive curvature. There exist two coordinate
systems which admit separation of variables on S(?): polar coordinates and sphero-

1

conical coordinates. The invariant distance cost gy = s’ -8 in these coordinates is

given by (for the definition of the coordinates see below)

Spherical Coordinates:
cos g2 (q",q") = cos 8" cos 0" + sin ' sin @' cos(d" — 4') | (4.29a)
Sphero-Conical Coordinates:

=snu'snp'dnv"dnv' +enp enp'env’ env' +dnp dnp' snv' snv’ .

(4.29b)

The propagator and the Green function on S?) are best calculated in terms of polar
coordinates. One obtains

> 20 +1 ihT
K57 (sO(q" a5 T) =Y L Pi(cos g ("o d)) exp | — 511 +1)] .
— drx 2m (4.30)
P, — cos g (q” q’))
(2) m T —i4 2mE/h2+1/4< 5 ’
GS <¢S(2)(qu,q’);E> = h — (4.31)
sin {F(g—q/QmE/h —I—Zﬂ
4.2.2. Spherical Coordinates. We consider the polar coordinates
sg = sinfcos ¢ 0<fd<m,
s1 = cosf , 0< o< 21, (4.32)

Sy =sinfsin ¢ .

These are the usual two-dimensional polar coordinates on the sphere. The metric tensor
is (gap) = diag(1,sin? #), and the momentum operators have the form

o 1 h 0
p= (D dan) . nt ass
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For the Hamiltonian we obtain

9m 5P T T\ 062 T "0 T sin? g 902
1/, 1, h? ( 1 >
_ 2 -1y —— . 4.34
2m (pe + sin? 9p¢> 8m + sin” @ ( )

The corresponding path integral is well-known [10, 55, 92] and we have the identity

o(t")=0" p(t")=¢"
/ sin DO(t) / Do(t)
o(t)=9' Pt )=¢'
Xexp{i—/t [@<92+r28in29q§2>—|—h—2<1—|— '1 >]dt}
hiJy |2 8m sin” @

(21 + )P cos g (g, q')) e 1 ATIUFD /2m (4.35)

[
Mz &|~
™3

o~

MNQ

V(O O Y6, o e TR 2 (4:36)

o~

0 m=—1

The Y;"(0, pht) are the usual spherical harmonics on the S(2)_gphere.

4.2.3. Sphero-Conical Coordinates. We consider the general elliptic coordinate system

sp st sy =1,
32 32 32 (437)
0 _I_ 1 _I_ 2 :07
pi—a pi—b pi—c

where ¢ < ps < b < p; < a. The connection to the variables s on the sphere S(2) g
given by

2 _(p—apr—a) 5 _ (p1=bp2=b) » (p1—c)p2—¢)
N e ae— T Gmat-0 " 2T cmae-n

One now can make the identification p; = k* en?(u, k), p2 = — k" en?(v, k'), b= — k",
a = k? and ¢ = 0. This yields

)su(v, k'), (4.39)

The functions sn(u, k), en(u, k) and do(p, k) denote Jacobi elliptic functions, where e.g.
en(p, k) has the periods 41 K, 2K 421 K', 4K, respectively (K, K' the elliptic integrals)
[1]. Note the relations cn? pu +sn? g = 1 and dn® g = 1 — k? sn? u. The metric tensor
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gap in these coordinates is therefore given by (gqp) = (k% en? p + E'? en? v)1y. The
momentum operators are

L0 k%snpenpdn p h( O ?snvenvdny
pu=~|5 — > py= | = — . , (4.40)
o k2cen? @+ k" en? v i\0v k2cn? @+ k" en? v

and the Hamiltonian has the form
h* h? 1 02 02
2m 2m k2 en? @+ k7 en? v\ Op ov
1 1 1
(% +p2)

 2m \/k2 en? p+ k' en? v \/k2 en? p+ k% en? v | (4.41)

The path integral can therefore be written down yielding [50]

N(t//):N” I/(t//):V”
/ Dy(t)(k2 cn? o+ L% en? v)
p(t)=p' v(t')=v'
t//
X exp 127;: / (k2 cn? w+ k2 en? 1/)(/§L2 + Dz)dt
=D Z AL (i) BY (V) A1 (") B (") o~ TRTHIF D 2 (4.42)
= _7r Z(?Z + 1)P1<cos s (q”, q')) e~ PRTI(I+1)/2m (4.43)
=0

The eigen-functions Wy(p,v) = A.(p)Bikx(v), are Lamé polynomials so that the
functions A; . and By, are solutions of the Lamé differential equations [28§]

dzAl,n(M) K i1 (1 2sn? ul A =

T‘I‘ _Z‘|‘(‘|‘1)_(+1) Sn l,'i(/“L)_()?

o (4.44)
L,e\V K 2 2 .

—3a + [Z — (14 1)k"" sn I/:| B x(v)=0 .

These functions are highly transcendental ones and cannot be expressed in terms of
standard power series expansions like (confluent) hypergeometric functions.
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4.3. The Pseudosphere A®2)

4.3.1. General Form of the Propagator and the Green Function. The evaluation of the
Green function on the Pseudosphere A(?) was subject of a couple of papers. It was first
evaluated by means of path integration in [54], followed by [45, 56] (compare also [60,
76]). The propagator and the Green function have the form

1 >0
/&,A(2) <dA<2>(q”, q/); T> — %/ pdp tanh 7p
0

xpip_%<cosh dye(q", q/)> exp [ — I;—mT <P2 + %)} , (4.45)

A ) "o, _m "ot
G <dA(2)(q 7q)7E> - WQ—I/Z—i ZmE/h2_%<COShdA(2)(q 7q)> : (4 46)

The invariant hyperbolic distance in A?) is given by (for the definition of the coordinates
see below)

Pseudo-Polar Coordinates:
coshd,2(q",q') = cosh7" cosh 7' — sinh 7" sinh 7' cos(¢" — ¢') , (4.47a)

Horicyclic Coordinates:

(l‘” _ x/)z + y//2 + y/2

_ - 7 (4.47D)
Equidistant Coordinates:
= cosh(ry — 75) cosh 7' cosh 7| — sinh 7' sinh 7| | (4.47c)

Pseudo-Ellipsoidal Coordinates:

1 ! 1 ! 1 ! 1 ! 1" ! 1" !
=ncy nep ner ner —dep dep scv scv —scp sep dev dev' .

(4.47d)

Because the discussion of the path integral solutions on the pseudosphere A(?) has been
done in some extend in Refs. [45, 54], we just cite the results, with the exception of the
case of the ellipsoidal coordinates. In the nomenclature we follow [69].

4.3.2. Horicyclic Coordinates (Poincaré Upper Half-Plane). We consider the coordinate

system
1., x
wp=—W +1—a), uwu =—, y >0,
2y y
1 (4.48)
uzzﬁ(yz—l—x), relR

The metric has the form (g.5) = 12/y*, and the momentum operators are

B hio 1
=22 mzf<___>, (4.49)



For the Hamiltonian we have
h* h2 0? 0? 1
—5, B = 5— (ax e ) 5 —(v*p2 +ypyy) - (4.50)

We therefore obtain the path 1ntegral identity [45, 54, 60]

I(t”):x ! y(t 1
/ D im /t i + g2 i
exp 2h 2

z(t)=z' y(t' )=y’

\/ ! " ©0 . 2 1 . 1 !
= 7yr3y / dk/ pdp sinhﬁpe_lhT(p t3)/2m ik(z _x)Kip(|k|y')Kip(|k|y”) )
R 0 (4.51)

4.3.3. Equidistant Coordinates (Hyperbolic Strip). We consider the coordinate system
ug = cosh 71 cosh 7 uy = sinhr 1,72 € IR
0 1 2, 1 1 1,72 ) (4.52)

uy = cosh 7y sinh 7o .

The metric has the form (gqp) = diag(1, cosh® 71), and the momentum operators are

h 0 1 ﬁ 0
o= = —t h , - ) 4.53
p ! (87’1 —I_ an Tl) p 1 87’2 ( )

For the Hamiltonian we have
K2 0? 0 1 0?
——Aj ¢ = — | =— + tanh S
2m A (aTl b g or + cosh? 1 87’2)
1/, 1 2) h? ( 1 >

= —|p; + )+ —l1+— . 4.54
2m (p ' cosh? T1p : 8m cosh’ 7 ( :

Therefore we obtain the path integral identity [45]

Tl(t//):T{/ T2(t//):7—é/

/ cosh r Dry(#) / Dry(t)

T (t)=T7] T2 () =T,

it Tm 5 9 .o K2 1
xexp{%/ﬂ |:§<T1 + cosh 7'17'2> _8—m<1+cosh27'1>]dt

-2 dk i
= <cosh7’1' coshr{') e_lhT/Sm/ O k() —1y)
]R27T

(=7

P (m, B2 R+
Dry(t - —7 - dt
X / 71 (1) exp [h/t/ (27'1 G 7'1>

T (t)=T7]

_1/2 dk 1" 1]
= <cosh 7'1' cosh 7'1”> / ol k(T —73)

27
1 / psinh 7p dp
R

e 1 RT(P 1) /2m P ip (tanh Tl)ljiilf_%(tanh ') .
(4.55)
In the path integral evaluation one successively uses the path integral solution of the

special case of the modified Poschl-Teller potential (the simple Rosen-Morse potential
[46]).

><_

2 cosh? 7k + sinh? P
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4.3.4. Pseudospherical Coordinates (Upper Sheet of the Two-Sheeted Hyperboloid,
Poincaré Disc). We consider the coordinate system

ug = coshr | >0,
u; = sinh7sing 0< o< 21, (4.56)
Uy = sinhtcos ¢ .

These are the well-known two-dimensional (pseudo-) spherical coordinates on A®) The
metric has the form (gq5) = diag(1,sinh? 71), and the momentum operators are

h 0 1 h O
;=—| =— + =coth , 4.
b=t (gergeomn) L pe=tor (4.57)
For the Hamiltonian we have
1,2 0? 0 1 0?
——Ajo) = —| — th 7— —
2 A) (87 —I_ 0 TaT —I— cosh2 T 8(/5)
1/, 1 2) h? ( 1 >
= —|p;+ —— + —(1 - —] . 4.58
2m (p sk ¢ gm sinh® 7y (458)

Therefore we obtain the path integral identity [45, 56]
T(t//):T” ¢(t//):¢//
/ sinh 7D (1) / Do(t)

r(#)=r" o(1)=¢'

1 " m, ., . K2 1
2R pant? ety - (1 — | at
Xexp{h/t/ [2(7' + sinh” 7¢7) 8m< sinh27'>]

R R KT, 1 1 ?
:ﬁ/o dp Z ps1nh7rpexp[—%<p —|—Z>HT<§—I—1p—I—Z>

[=—
x et 197 =) Pi;l_l (cosh 7")771_191_l (cosht') (4.59)
(Pseudospherical polar coordinate system on the disc, 0 <r < 1, ¢ € [0,27):)
‘ T(t//):T 4 D ( d)(t// //
I ~ rDr(t)
_ 1 JT ot TE/ / / D
h /0 ¢ (1 —r2)? vt
r(t)=r ()=’

i '’ 2 _I_r2¢2 ,(1— 2)2
xexp{%/ﬂ [Qm(l—r2)2 +h? Cy— }dt

1 > = ) in T, 1 1 .
:ﬁ/o dp Z ps1nh7rpexp[—%<p —|—Z>HT<§—I—1p—I—Z>

l=—0c0

2 2
w o=y pt [ LET N o LA (4.60)
ip—1 1—7“/2 ip—3 1—7“”2

Here we have also stated the (equivalent) representation in terms of the Poincaré disc via
z=x1+ize =re¥ =tanh Z(sin ¢ 4+ icos ¢) which is important is various discussions
in the theory of quantum chaos [5-8, 61].

2
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4.3.5. General Pseudo-Ellipsoidal Coordinates. We consider the general elliptic
coordinate system

Y ui g (i=1,2) . o
pi—a pi—b pi—c

Explicitly in terms of the variables u on the pseudosphere A?) they are given by

2o pi=dlpp—c) 5 (=D =b) 5 (p—a)lpz—a)
o la=o)(b—c) T (a=b)c—b) = (b—a)(c—a)
(4.62)

One now can make the identification p; = —k'” ne?(u, k), p2 = *nc(v, k'), a = — k",
b=k? and ¢ = 0. This yields

up = ne(p, k)yne(v, k'), k* + =1

uy = de(p, k)se(v, k') | (4.63)

Uz = (M?k) dC(]/, kl) )
together with 0 < %2 < k?nc?a < —k'> < —k”*nc? @, say. The functions se(p, k),
de(p, k) and ne(p, k) denote Jacobi elliptic functions which correspond to the functions
sn, dn and cn by taking the argument imaginary, where e.g. nc(y, k) has the periods
41K, 2K +2i1K', 4K (K, K' the elliptic integrals) [1]. Note the relations nc? g+sc? u =
1 and de? g = 1 + k% sc? . The metric tensor ¢qp in these coordinates is given by

(gab) = (klz ne g4k nctv)l, (4.64)

and the momentum operators are

h( O 2 scpuncpudep h({O , scvncvdev
pu=—-|=—F 5 s Pv=| R )
o k' nc? p+ k2nc?v i\ ov E“nc? p+ k*nc?v
(4.65)
The Hamiltonian has the form

h? h* 1 02 02
oA = oo 2 T 5,2

2m 2m k' ne? p+ k2 ne2 v \ Op ov

1 1 1
= (ps +13)

2m \/k ne? p+ k2 nc v VI ne? k2 nc v (4 66)

The path integral can therefore be formulated yielding

N(t ) 1 I/(t// //

%/ dE & FT/h / Du(t) / Du(t k% ne? j+ k2 ne? v)
0

p(t)=p' v(t)=v'

1

X exp [% / (k'2 nc? w+ k% nc? 1/)(/§L2 + Dz)dt
t/
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o {% / [%W + %)+ E(K"nc* g+ K ne? ”)] d‘s}
0

X | B B A Bt (460

= =30 i a1 (coshdye (@ q)) (4.68)

where dy(>)(q",q') must be expressed in ellipsoidal coordinates. The eigen-functions
Uy, (g, v) = Ap x(p)By (v), are generalized hyperbolic Lamé polynomials in g and v

and are the normalized solution of the Hamiltonian —%AA@):

d* Ay,

ﬁ(ﬂ) + [— T+ (0" + D ne’ M] Arw(p) =0,

dZBu " (4.69)
e\ K 2 2 2

Tl S 4 b B =0

Depending on the domain, the values 1 and v can take on, one can discriminate six
different coordinate system which are encoded in (4.62, 4.63). For this purpose one
writes the kinetic energy-term in terms of p; 2 [69, 90]

ua—u%—uzzlm—pz)[ L N (4.70)
4 Py(p1)  Ps(p2)

where the polynomial Ps(p) is defined by Ps(p) = (p — a)(p — b)(p — ¢). Therefore we

obtain the alternative path integral formulation

pr(t")=p p2(t")=p}

i e (—1)(p1 — p)
. / / Dor(#) / Dt L

p1(t')=p} p2(t')=p},

x P {% / S e (R p) ] dt}

pr(s")=0! oo )=}
Z/ ds" / vV =Ps(p1) Dpa(s) / V Ps(p2) Dpa(s)
0

p1(0)=p} p2(0)=p}

X exp {%/08 5 <P3(,02) — Pg(,ol),o2> +ES — —ZZM <I‘2 + 2 >] ds }
= Z/ P /2m A (P1)B; (92) Apn(P)Bo.n( ) (4.71)

= 7T7L2 Q_l/z_“ /2mE [h2— <COSh dA(2)(q »q )) ) (4.72)

1
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with the functions A, . and B, , rewritten in p; 2 and coshdye) expressed in pj .
Furthermore denote My = 1/Ps(p2), My = Ps(p1), S = (p1 — p2)/4P3(p1)Ps(p2) and
Ty = Pi(pi)/2Ps(pi) (i = 1,2). The six different coordinate systems are now defined by
by the roots of the polynomial Ps(p) (simple real, complex, double or triple real) with
the requirement of the positive definiteness of the two quantities

P1 — P2 P1 — P2
>0, —
Ps(p1) P3(p2)

They are given by [69, 90]

>0 . (4.73)

4.3.5.1. Elliptic Coordinates.

c<b<pr<a<pr
2 2 2 4.74
oy B W o, (=1,2). (4.74)
pi—b pi—a pi—c

4.3.5.2. Hyperbolic Coordinates.

pr<c<b<a<p,
2 2 2 4.75
Ao Do, (i=12). (+75)
pi—c pi—a pi—b

4.3.5.3. Semi-Hyperbolic Coordinates.

p2 < a<p, b=~vy+16, c=7v—106
it oy, @0
pi—a [(pi =~)* +67]

4.3.5.4. Elliptic-Parabolic Coordinates.

c:b<,02<a<,01 R
B u3 _I_ug—u% B (uo—ulzz o, (=19) . (4.77)
pi—a  pi—b (pi =)

4.3.5.5. Hyperbolic-Parabolic Coordinates.

p2<c=b<a<p,
B u? _I_ug—u% B (uo—ulzz o (=12 . (4.78)
pi—a  pi—b (pi =)

4.3.5.6. Semi-Circular-Parabolic Coordinates.

,02<c:b:a<,01,

2
u —u 3 (4-79)
(poi_al‘l‘u2> :ug_u% ) (Z:172)

This concludes the discussion of the separable coordinate systems on two-dimensional
spaces of constant curvature.
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5. Separation of Variables in Three Dimensions

In this Section we give the path integral representations in the three-dimensional spaces
of constant curvature E®), §3) and A®). The notation and presentation will be as in
te previous Section, with the only difference that the stating of the invariant distances
will be given separately in each case.

Some new path integral evaluations will be presented, however, our emphasize again
is more concerned with the connection of the various path integral identities with each
other. The wave-function expansions then represent again the various possible group
matrix element representations yielding identities connecting the coordinate realizations.
We also note the general form a potential must have to be separable in a coordinate
system. The two-dimensional analogue then follows from omitting the z-coordinate.

5.1. The Flat Space E®)

5.1.1. General Form of the Propagator and the Green Function. Similarly as in the
two-dimensional case, the propagator and the Green function on E®) are well-known,
and are given by

3/2
- B 3) nooN. Y m o m 2 "ot
K <dE(3)(q 7(1),> = <2th> eXP[ s dE@(d 7(1)] : (5.1)
3 dge(d",q')
GEY (4 »(q".q ) E) = m ex (— B2 2/ —9mE ) .

q denotes any of the eleven coordinate systems which allows a separation of variables
of the Laplacian in three dimensions. Due to the rather many coordinate systems, the
explicit expression for dgs)(q”,q') will be given together with the definition of the
coordinates. In the nomenclature we follow [69, 87].

5.1.2.  Cartesian Coordinates. Again, we start with the simplest case, cartesian
coordinates (z,y,2) = x € IR®. Then (gq5) = 13,

Byo(a’ ) = K" — X (5.3)
and p = —1RV. This gives for the Hamiltonian
h? h? 1
“ontem = 5 V=gt 54

and for the path integral we have [31, 32]

. t// 3/2 .
1m -2 . m 1m mn_ 12
Dx(t)exp (—2h /t/ X dt) = (27rihT> exp <27LT|X X | ) (5.5)

dp inT .,

2m

x(t//):x//

x(t)=x'

(5.6)

Note the formulation via a path integration over the Euclidean group [11]. The most
general potential separable in cartesian coordinates has the form

V=ulz)+o(y) +w(z) . (5.7)
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5.1.3. Circular Cylinder Coordinates. Next we consider circular cylinder coordinates
which are very similar to the two-dimensional polar coordinates

T =rcoso , r>0,
y=rsing , 0< ¢ <2m (5.8)
=z, ze€R .

Here we have for dp:)(q”,q')
d%(g)(q”,q') — |Z” _ Z/|2 + 7“/2 + T”2 . 27“’7“” Cos(qb” _ ¢/) ) (5‘9)

The metric reads (¢q5) = diag(1,r%,1), and the momentum operators are given by (4.10)
and p, = —i1h0d,. This gives for the Hamiltonian

R o2 10 19 0 1/, 1., n’
——Ape = — +-—+ t 53 ) = 5o\ Pt gpe P

2m 2m\or2 | ror | r20¢% 922 2m C 8mr?
(5.10)
We therefore obtain the path integral identity [4, 10, 55, 92, 104]
T(t//):T” ¢(t//):¢// Z(t//):Z//
/ rDr(t) / Do(t) / Dz(t)
r(t)=r’ Pt )=¢' #(t)=z'

X exp i—/t“ @<f2+r2¢2+22>+ " dt
hfo |2 8mr?

3/2 . 1
_ m im w2 /2 ”2> il(¢//—¢/) I mrr
<2th> eXP[th<|Z S ] 2 e ) (59

leZz
dp. . 0N g2 eil(¢//_¢/) & g2
_ / L e e / pdp Ji(pr' ) J(pr'") e~ #*T/2m
R ez 0 (5.12)
A separable potential has te form
1
V=u(r)+ r—zv(qﬁ) +w(z) . (5.13)
5.1.4. Elliptic Cylinder Coordinates. We consider the coordinate system
x =dcoshpcosv , w>0,
y =dsinhusinv | —r<v<mw (5.14)
z=z , z€eR .

(alternatively p € IR, 0 < v < 7 [84]). Here the invariant distance is

drio (9", q') = |2 = 2'|? 4+ d*(cosh pi' cosh pi"' cos ' cos v’ + sinh ¢ sinh p” sin v’ sinv"') .
(5.15)
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The metric is (gqp) = diag[d?(sinh® g + sin® v), d?(sinh® p 4 sin? v), 1], and we obtain for
the momentum operators (4.16), and p, = —ih0,. Consequently for the Hamiltonian
th R 1 a2+a2+a2

1 (1 . ‘ ~ ‘ | i
= % [d—z(smhz o+ Sln2 1/) 1/2(pi + pi)(SIHhZ o+ SlIl2 I/) 1/2 i pz:|

(5.16)

The path integral construction is straightforward, however, again no explicit path
integration is possible for the coordinates p and v. The corresponding wave-functions
yield again as eigen-functions Mathieu functions. Because we know the kernel in E(3)
in terms of the invariant distance dgs) we can state the following path integral identity

N(t//):N” I/(t//):I/” Z(t//):Z“

Du(t) / Du(t)d*(sinh® i + sin® v/) / Dz(t)

p(t)=p' v(t)=v' =(t)=z

. t//
X exp {% / {dz(simh2 w+ sin? 1/)(/§L2 + 1)2) + 2'2} dt}
t/

= / %eipZ(Z”_Z/)_ihPiTﬂm i Z /OO pdp e~ 1 hp°T/2m
R 27 27 o

<amel (', £ e, (", S Mel (€', L2 Mel (€, )
(5.17)
m 372 im
) aag e (44 5.18
<2th> eXp[th e (4 ,q)] : (5.18)

and dps) must be taken in elliptic cylinder coordinates, and we have used the same
notation as for the two-dimensional elliptic coordinates. A potential separable in these

coordinates reads

v u(cosh p) + v(cosv) N

v(z) . (5.19)

. 42 R
sinh” o + sin? v

5.1.5. Parabolic Cylinder Coordinates. The last example for cylinder coordinates in
three dimensions are the parabolic cylinder coordinates

v=&n,  y=50°-¢&), EeRn>0, (5.20)
z2=z, zeR ,
which is the obvious generalization of the two-dimensional case. Therefore
dpo (4" ') = " ==
b0 € € 2 - € - ) —syee] L (521)

4

We have (gq5) = diag(£2 +n2,£2 + 1%, 1), hence for the momentum operators (4.23) and
p. = —1h0,. This gives for the Hamiltonian

_h_zA __h_z 1 82+82 +a2
2m PP T Tom £2 402\ 0%  On? 0z?
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1 - _
=5 (E+ )2 PE + P + ) 2 4 pl (5.22)

The arising path integral in these coordinates must be treated similarly as in the two-
dimensional case, the only difference being the z-path integration which is trivial. We
obtain

e =¢" n(t)=n" “(1)=2"
De(t) / Dn(H)(€ + 1) / Dat
E(t)=¢ n(t")=n' z2(t)=z

X exp { i;;f /t” [(52 + ) 40+ ﬂdt}

_ @eipz(z”—z')—i Rp2T/2m
R 27

XZ/ dC/ dp e—lhp T/2m \I/(e 0)*(5 77)\1}(6 0)(511777 ) 7

(5.23)
in the notation of 4.1.5. A separable potential has the form
u(€) + v(n)
V=" "2 1u0:z). 5.24
{52 + 772 ( ) ( )
5.1.6. Sphero-Conical Coordinates. We consider the coordinate system
p y
x=rsn(p, k)dn(v, k') , r>0,
y =ren(p, k)en(v, k'), k% + =1, (5.25)
z =rdn(p, k)sn(v, k') |
in the notation of 4.2.3. The invariant distance is given by
d%(g)(q”, q)= P 2r'r"<sn p'snp dnv' dnv'
+enp enpenv” env' +dnp' dnp'snv' sn 1/'> .
(5.26)
The metric tensor ¢,p in these coordinates has the form
(gap) = diag [1, r?(k* en® p + k' en? v),r*(k* en® p + k' en? v, (5.27)

and the momentum operators are p, = —ih(9/0r + 1/r), and p,, p, as in (4.40). The
path integral can now be formulated yielding

T(t//): 1 N(t ) N I/(t// //

/ r2Dr(t) / Du(t) / Du(t)(k* en® p + k' en® v)

r(t)=r' p(t)=p' v(t)=v'
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7
X Z Z A Bl K )Al,ﬁ(MII)BI,E(VII)II+1/2 ( ihT ) (5'28)

Kk =0
< pdp oo
:ZZA pOBE (V) ALk (1) Brw(v") \/—JH L(pr!) Ty (pr!fy e Hhe T /2m
. 0 (5.29)
m 3/2 m
— _ d2 5 1 ! .

with dpe)(q”,q') in sphero-conical coordinates. Here a separable potential must have
the form

i v(ena) 4+ w(en 3)

(r) 2 k2en?a+ k% en? B ( )
5.1.7. Spherical Coordinates. We consider the spherical coordinates
x =rsinfcos¢ , r>0,
y=rsinfsing , 0<f<m, (5.32)
z=rcosh , 0<¢<2r .

These are the usual three-dimensional polar coordinates. Here
d%(g)(q”, q) = P24t 2r'r"<cos 6’ cos 8" — sin @' sin 0" cos(¢" — qb')) . (5.33)

The metric tensor is (gq5) = diag(1,7%,r%sin® §), and the momentum operators have
the form p, = —ih(9/0r + 1/r) together with (4.33). For the Hamiltonian we obtain

_h_ZA n a_2_|_gg_|__ ﬁ—k tGQ ‘|‘#a—2
5 Ape = a2 T oo 202 " 06 ) T 12 in 0 04

_1<2+12+ 1 2) h <1+ 1)
= 5 \Pr T 5P r2sin29p¢ 8mr? sin®8 /) (5.34)

The corresponding path integral is well-known [22, 37, 92] and we have the identity

T(t//):T” e(t//)zell ¢(t”) ¢//

/ r2Dr(t) / sin #D4(t / Do(t)

r(t)=r' o(t")=9' p(t')=¢'
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242 2 h? 1
X exp 24y i +r?sin qu) y— 1+sin29 dt

= o — (" "
4ri hT\/ 2iKT
mr/r//
X Z (20 + 1)Pi(costhse(a”,d') i (W) (5.35)

=0

:Z Z Y ey (0", 0 1/ /// pdp']l—i— L (pr! )JH— (pr')e it 2m

=0 m=-—1 (536)
A potential which is separable in spherical coordinates reads
1 1
5.1.8. Parabolic Coordinates. We consider the coordinate system
v=_&ncosg ,  y=~Esing , §n >0,
1 5.38
:5(52—772)7 0<¢<2m . ( )
This gives for the metric tensor (g.5) = diag(£2 + 1%, &2 + 1%, *n?), and
1
d%(g)(q”,q') _ Z ( "2 + 5//2) ( 12 + 5/2)2
— 2(77/2 _ 5/2)(77//2 o 5//2) / //5 5// Cos(gb . Qﬁ/)} ‘ (5‘39)
For the momentum operators we get
h(o £ 1 h( 0 n 1
Y — = =—-4+ 14 = 5.40
w=i(GreretE) noilatetty) o 00
together with pg = —1h04. For the Hamiltonian we obtain
th R a2+a+a2+a 1 9
2m P T am 52 02 \0g " 9 TR os
1 1 h?
" om \/527 p” \/527 £2n?2 ¢ 8mé2n? (5.41)

We obtain the path integral identity [15, 50]

e('y=¢" n(t'")y=n" o(t'")=9"
DE(r) / Dr()(E +n?)en / Do(t)

£(e)=¢' n(t)=n’' p(t") =0’
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R . : h?
< exp {% / [5(@2 HPNE + ) + €00 + 8m£2n2]dt}

noron 1/2 e_il(¢/’_¢/) f(t”)zf” n(t”):n” 2 |
—@eyyy Y S [y [ oy )

lez g(t)=¢' n(t)=n’

xexp{%/t”[ (& + ") +97) - - Zgz_z}dt}

e il " 1+|l| IC w/ap
_ Z (¢"—¢) / / p IT( + ‘ ¢ o— i hp’T/2m
p 4r%¢ 5” ”P4(1 +11)

lez

. 2 . 2
X M_; ¢ japj/2(—1pg" ) M; ¢ o121 pg” ) —iepep )2 (=1 )M ¢ oy 2(ion"T)
(5.42)

where the last line was obtained in a similar way as the corresponding result in 4.1.5,
and use has been made of (A.2.2). In parabolic coordinates a potential is separable if

1t has the form
L O ) w(o)

T 5.43
/x2_|_y2_|_22 x2_|_y2 ( )
5.1.9. Prolate Spheroidal Coordinates. We consider the coordinate system
r =dsinhpusinvcosg , u>0,
y =dsinhusinvsing , 0<v<n, (5.44)

z=dcoshpcosv , 0<¢p<2r .

This yields (gq3) = d? diag(sinh? u + sin® v, sinh® u 4 sin? v, sinh® g sin® v), and for the
momentum operators we obtain

h{ 0 . sinh p cosh p -|-1 L h{ 0 . sin v cos v -|-1 ;
=—| — = co y Pv = | 5= T = : 5 oty
Pu i\ Ou sinh? w4+ sinfy 2 a P i\ dv sinh® w4+ sinfy 2

(5.45)

and py = —1hJd,. The invariant distance is given by

d3(q".q") = & {cosh p' cosh " cos v’ cos v +sinh ' sinh ' sin v/’ sin "' cos(qﬁ”—qﬁ')} .

(5.46)
The Hamiltonian has the form
52
- %AE@’)
hz[ 1 <82—|—tha—|—82—|—ta>—|— 1 82]
= — co — 4+ — + cotv—
2md? | sinh® w4+ sin? v \ Op? Ma ov? ov sinh? L sin’ v 0%¢

1 [ 1 (P2 +p2) 1 . 1 2]
= p Py - - p
2md? \/sinh2 (4 sin® v : \/sinh2 (4 sin® v sinh? 1 + sin® v ?
7;L2
2

 8md? sinh? psin® v

(5.47)
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The path integral construction is straightforward, however no explicit path integration
is possible. Actually, an expansion into the corresponding wave-functions in the
coordinates p and v yields the spheroidal functions ps’(cosv,v) and S,T(l)(cosh )

(72 = 2mEd?* /1 = p*d?), respectively, as the eigen-function of the Hamiltonian, a
specific class of higher transcendental functions [84], similar to the Mathieu functions.
However, because we know on the one side the eigen-functions of the Hamiltonian in
terms of these functions [84], and on the other the kernel in E®) in terms of the invariant
distance dge) we can state the following path integral identity (note the implemented
time-transformation)

N(t//):N” I/(t//):I/” ¢(t//):¢//
Du(t) / Du(t)d®(sinh® i + sin® v) sinh g sin v / Do(t)
p(t)=p' v(t)=v’ P(t)=¢'

. t//
X exp {% / [%dz <(sinh2 i+ sin? v)(p? 4 %) + sinh® p sin® 1/¢2>
t/

7;L2
+ ————— | dt
8md? sinh” p sin” v

1l(¢"—¢")
= (sinh ¢’ sinh " sin ' sin ") ~1/? Z 627
lez T
u(s")=n v(s")=v
X dE e_iET/h ds” Duls Dv(s
n(0)=pn' v(0)=v'
. ps! 2 2 _ 1 2 _ 1
! mo.o 2 2 N e S
— — Ed h - — d
xexp{h/o |:2(/,L + ) + (sinh? p + sin? v/) 2m<sinh2/,L+sin21/ s
(5.48)
el (67 =¢1) S o / 2n —I- Lin =0 _inp2riom
e
(n41)!
lez neA
X psfl(cos V', pd) ps! (cos I/”,pd)Si(l) *(cosh /,L',pd)S,ll(l) *(cosh "', pd) (5.49)
3/2
m im
- mop , 5.50

and dge)(q”,q) must be taken in prolate spheroidal coordinates. The functions

ps! (cos v,7) and S,{L(l)(cosh (,v) are mutually determined by the separation parameter
A = M () giving an infinite countable set {\,}, (n € A). The functions ps,(cos v, )
yield in the limit v — 0 the associated Legendre—polynomials Pl(cos v), and the func—

" (z/7,7) o \/mf220 1 (

(v — 0), therefore obeying the correct boundary-conditions. A separable potential must
have the form

tions 5111(1 (cosh g, v) the spherical Bessel functions, i.e. Sy

u(cosh pt) + v(cosv) n w(o)

. 12 R . 12 R .
sinh? i + sin® v sinh® psin® v

V= (5.51)
Note that by the replacement z — d(coshpcosv 4+ 1) we obtain the spheroidal
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coordinate system in which the Coulomb-problem in IR? is separable [78], e.g. c.f. [50]
and references therein.

5.1.10. Oblate Spheroidal Coordinates. We consider the coordinate system

x =dcoshésinvcose , £>0,
y=dcoshfsinvsing , 0<v<m, (5.52)
z =dsinh{cosv |, 0< o< 2

alternatively e R, 0< v < 7w/2 |84). 1s yields (gqp) = 1ag(cos —
1 ively 1 € IR This yield d? diag(cosh? ¢

2 v, cosh?® € sin® v), and for the momentum operators we obtain

h{ O sinh € cosh ¢ 1 h{ 0O sinv cos v 1
prT Ao T . 9 —I__tanh‘f 7pV:i_ ~+ +scotrv |,

sin? v, cosh? £ — sin

O cosh? € —sin?v 2 Ov  cosh?€¢ —sin’?v 2

(5.53)
and py = —1hJd,. The invariant distance is given by

d%(g) (q",q') = d* { sinh ¢’ sinh ¢" cos v’ cos "' 4 cosh €' cosh £ sin v/’ sin v"' cos(¢" — qﬁ')} :

(5.54)
The Hamiltonian has the form
7;L2
- %AE@’)
h? [ 1 (82 4t h§a+a2+ ; 8>+ 1 82]
= — an — +cotv—
2md? | cosh® & — sin? v \ 0&2 o¢ ov cosh? fsinz v 0%¢
1 1 2 1 1 2]
= Pe + ; P
2md? [\/cosh2 ¢ — sin? 1/( \/cosh ¢ —sin’v cosh? ¢ —sin® v i
7;L2

- . (5.55)

8md? cosh? € sin® v

The path integral construction is straightforward, however again no explicit path
integration is possible. An expansion into the corresponding wave-functions in the
coordinates ¢ and v yields eigen-function of the Hamiltonian in terms of spheroidal

functions ps*(cosv,ivy) = psiy (cosv,v) and S,T(l)(—icoshf,i’y) = Sinm(l)(coshf,’y)
(72 = 2mEd?/h* = pd), respectively. Because we know on the one side the eigen-
functions of the Hamiltonian in terms of these functions [84], and on the other the

kernel in E®) in terms of the invariant distance d ) we can state the following path
integral identity

5(t”)=€” I/(t//):V” ¢(t//):¢//
DE(t) / Du(t)d*(cosh® € — sin® v) cosh € sin v / Do(t)
&t)=¢ v(t')=v' o(t')=¢'

. t//
X exp {% / [%dz <(cosh2 ¢ —sin? v)(€% 4 ) 4 cosh® € sin® l/q'52>
t/

52
+ dt
8md? cosh? ¢ sin’ 1/] }
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1(¢"—9")
= (cosh ¢ cosh " sin v’ sin 1/”)_1/2 Z £

27
lez
5(8// // V(SII)ZV//
></ d—Ee_iET/h/ ds" / DE(s / Du(s)
R 27T7:L
£(0)=¢’ v(0)=v'
: s" 2 2 _ 1 2 _ 1
! moia o, .2 2 2 . 2 h -1 -1
— — Ed h* ¢ — - — — d
X exp { - /0 [ 5 (& +v7)+ (cosh” £ —sin” v) 5 <cosh2§ =7, s
(5.56)
_ Z el (=0 Z / 2” ‘|' 1(n—=10! o= 1 hp?T/2m
lezz nEA (n +1)!
! " SI(1) * ! (1) * "
x psil (cos ', pd) psi,(cos v, pd) Sit *(cosh €, pd) Sit ™M *(cosh £, pd) (5.57)
3/2
m im

and dge (q',q") must be taken in oblate spheroidal coordinates. Due to the con-

struction of the spectral expansion the functions psil (cosv, ) and Sifl(l)(cosh [, ) are
obeying the correct boundary-conditions. Here a separable potential must have the
form ‘

u(sinh i) 4+ v(cosv) N w(¢)

2 : 2 :
cosh® i — sin® v cosh? psin® v

V=

(5.59)

5.1.11. Ellipsoidal Coordinates. The last two coordinate system are the most compli-
cated ones and are similar in some of their features, c.f. Section 3.1. First we consider
the coordinate system

:\/<£f—a2><§§—a2><s§—a2> :\/@%— (& — )& — 1)
a(a? — b%) Y R0 — a?) ’

_ 666

. Gz G2 ZG>E=0.
a

(5.60)

The metric tensor is given by

e (GGG - &) (G -GG -8 (6 -GG - &)
(gap) = d g( (e , G : o) ) . (5.61)

with Pp(£?) = (€2 — a?)(€? — b*). With the identification & = adn(), k)/en(\, k),
£y = adn(u, k') and & = bsn(v, k) (b = ka, vVa? — b?> = k'a = d) this can be rewritten

mto

. :dsn(/\,k)sn(p,k')dn(l/,k) :dCIl(/,L,kl)CIl(l/,k)
en( A, k) ’ en( A, k) ’ (5.62)
L ad (A, k) dn(u, B ) sn(v, k) '
N en( A, k)

37



Due to the very complicated structure it is of now use to write down all subsequent
necessary quantities for the path integral. Instead we exploit the results of Section 3.2,
in particular the separation formula (3.21). We identify (g.p) = diag(h?, h3,h3),
furthermore

- LPE) :
T; = ) (i=1,2,3) (5.63)
1 1/(& —d®) 1/(& —0°)a® = 07)
S=|1 1/(& —d*) 1/(& -0 )a® =0°)| , (5.64)
1 1/(¢3 —a?) 1/(5;»,—52)(2 b%)

7 (@=me-

@)
a?) (5% - az)(.fg —-0%)) (5.65)
1 1

1
M; = _
’ aﬂ—W<< — )& — 1) @%—wxg—a%>
and obtain the following path integral identity

1 1
M1 — - 9
a? —b? ((52 _a2)(§3 =) (6 - )& —a2)>
¢ 2

5 &i)=¢
11 / hiD&i(t )GXP{ / [ th — AVpr {~5})] }
=)=
&i(t")=¢; .
3 i . " 3 9
S i m £:
= DE(t — — L — A dt
I [ i uwm@%ZQSZM; wmaﬁ}
=g =
- o, a=e
_ ol oiy—1/4 Yo S ET/R 1" —1/2 ¢
=(S5'S") /]R 57 ¢ / ds 1:[ / M, ""DE(s)
=ao)=¢
7 3
xexp{%/ [%Z ZM<P2+2T>]d}
0 = (5.66)
:/ de‘I’ﬁ ap(€1 €6, )W n (€1, €5, gy e I T/ (5.67)
- 3/2 mo
_ _ 2o o )
and dpe)(q”,q') must be expressed in ellipsoidal coordinates via dge) = |[x({£"} —

x({{'})]. The functions Wy x p(&1,82.63) = Axap(&1)Brp(€2)Ck a p(€3) are solutions
of a three-fold Lamé equation with separation parameters A, r,p, respectively [87,
p.1305]. A potential separable in ellipsoidal coordinates must have the form

_ (@ -8+ (§ — (&) + (& — Ghu(&)
e G -E- G- - (569
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5.1.12. Paraboloidal Coordinates. As the last coordinate system in E®) we now consider

xZV@&wW@—&X@—&) yZV@%WW@—VM$wﬂ
(a2 _ bZ) ’ (62 _ a2) ’

= @ +8+8-a-¥), G2a28202825=0.

(5.70)
The metric tensor is given by
e (-8 LG -G-8 LG -G-8
o) =i (=0 S =)
(5.71)

Similarly as before we can make the identification & = adn(A k)/cen(\ k), & =

adn(v, k') and & = a\/l —k?/en2(p, k) (b = ka, Va2 —b2 = k'a = v/d) and (5.70)

can be rewritten into

_ dsn(/\,k)sn(y, k) y = dsn(u,k)cn(y, k")
en(A, k)en(p, k) en( A, k)en(p, k)
2 2 2 ' (5.72)
40D mied) | il
en?(A k) en?(u, k) L2

We proceed similarly as before and use (3.21) for the path integral formulation. We
identify (gqp) = diag(h?, k2, 12), furthermore

§ly(&) 1

SR 6o UEhEY o
PG/ —a?) /€ B (aP — )

g f% f%/(f% N a2) 5%/( bz)( 2 _ 62) , (5.74)
§GIE —a) §/(E - )
g8 ! - :

Aﬂ_w—w<( - G -¥) (G- a%>’
g ! _ .

A@—aawzQ &) - ><@—wxg—wo | (5.75)
a8 ! - :

Ms =22 (@a—&X@—w% (@—wxg—a%>

and obtain the following path integral identity

&t )=¢]

3 ; t" m 3 .
1:[1 / hiDE;(t) exp {% /t/ [5 Z;hf&z - AVPF({G)] dt}
“lew)=¢ -
5 &it)=¢! — S
_ ~1/275¢ i m :
— 1:[1 M; " DEi(s) exp { ; /t/ 5 52 Y7 ({5})] dt}
=le)=¢, -
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&i(s")=¢!
dE . o 2 _
:(S/S//)—1/4/ 5 he_lET/h/ dSIIH / M, I/ZD{:Z‘(S)
R =7 0 i=1 ,
51’(0):&

X ex 1_/3” @23:&2 —I-ES—h—ziM‘(FZ—I-ZI’() ds
"\ode |2 &M Sm 4= T T

:/ dp > s (€168, €T x (&), €8 e TP T2 (5.77)
0 KyA

(5.76)

3/2
m m
- <2th> o [_ md%<3>(q"’q')] ’ (578)
and dge)(q”,q') must be expressed in paraboloidal coordinates via dges) = [x({£"} —

x({¢'})|. The functions Uy x ,(&1,62,&3) = Ak ap(&1)Brap(€2)Ck ap(€3) are solutions
of a three-fold Lamé equation with separation parameters A, x,p [87, p.1305]. A
potential separable in ellipsoidal coordinates has the form of (5.69).

5.2. The Sphere S

5.2.1. General Form of the Propagator and the Green Function. We consider the sphere
S(3) as the other space of constant positive curvature. There exist six coordinate systems
which admit separation of variables on S) which will be discussed in the following.
The propagator and the Green function on S?) are best calculated in terms of polar
coordinates. One obtains [12, 59, 99]

M 4, <¢s<s>(q”,q’)‘ KT

IX’S(S) <¢ © q//7q/ ,T> — - ) )
S ( ) 472 d cos ¢S(3) 2 2mm (579)

m sin [(7 — dge (q”. q))(a+ 1)]

Gs" ( o(q".q ;E> - 5.80
Vs (4’ q') 272 sin[m(a + %)] sin s (q", q') ( )
where a = —1 + 1/2mE/h* + 1, and 65(z|7) is a Jacobi theta-function [41, p.931]
Os(u,q) =03(u|r)=1+2 Z q”2 cos(2mnu) (q=¢e") . (5.81)
n=1
5.2.2. Spherical Cylinder Coordinates. We first consider the coordinate system
sg = cosfcos @y 0<f<m/2,
81 = cosfsin ¢y
! e (5.82)

89 = sinf cos ¢ 0<¢1<2m ,

83 = sinfsin ¢y .

40



The metric reads (g.5) = diag(1, cos? 8, sin? 8), and the invariant distance is given by
cos g (q',q") = cos 8 cos 8" cos(d) — &) + sin b sin 6" cos(dy — ¢5) . (5.83)

The momentum operators are

Py = h (889 + cot § — tan 9) , (5.84)

and py, , = —1hdy, ,. Therefore for the Hamiltonian

——Asz——2t9t9—
2m 06? + 2eo an )89 —I_coszeaqﬁ% —I_sinzéaqﬁ%

_12+pil+pi2 h24+1+1
- 2m Ps cos?f  <in?é m cos?2@  gin?9/) (5.85)

We obtain for the path integral

K2 B [82 d 1 9 1 82]

e(t//)zell (z)l(t//):(z)a/ ¢2(t//):¢/2/
/ sin 0 cos 6D6(t) / Do (1) / Dy (t)
o(t")=0' ¢1 (¥)=0 b2 (t) =0

i ) B 1 1
X exp 7 . <9 + cos 9(;51 + sin 9q§2> + - 4 + p—r + g dt

Wl =60 HR (8 —))]

= (sin &' sin 0" cos &' cos 9”)_1/2 Z

47?2
LkEZ
6(¢")=6" , " o h2 12 1 k2 1 CHET
% / ()exp{h/t/ [2 2m<cos29+sin29>] +2m}
o(¢") =0’
lll($Y —81)+k(65 —05)] 2 (|1 + |k 1
— Z Z (1 [E]!+ 20 + 1) — (Nt Iktntl)
e —~ Ll +n+ DTk +n+1)
X (sin @' sin 9")|k|(cos 8" cos 0 PURLID (1 — 26in? 0" PRI (1 — 25in% 9')
LT
x exp{ 12 20+ 1]+ K[+ 1) - 1}} . (5.86)

5.2.3. Sphero-Conical Coordinates. We consider the coordinate system

s9 = cosf —7n/2<0<7/2,
s1 = sinfsn(yw, k) dn(v, k') | B2k =1 \

s9 = sinf cen(p,

(5.87)
E)en(v, k') |
s3 = sin@dn(p, k)sn(v, k') |
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in the notation of 4.2.3. The metric has the form (g.;) = diag[l,sin® 8(k? cn? u +
k"% en? v), sin? 9(k2 en? 4 k"% en? v)] and

cos g (q',q') = cos 0 cos 0" — sin 6 sin 6"
X |snp snp'dnv" dnv' +enp” enp'env” env' +dnp" doy'snv" snv'| L (5.88)

For the momentum operators we have

h
Py = (889 + cot 9) , (5.89)
together with p, and p, as in (4.40). We have for the Hamiltonian
h? o? 0 1 o? 02
— —Age) = ——— 2cot 0—
om S T [892 T * sin® O(k2 en? p + k'* en? v) (8/12 + ov? )]
B P T T R .
2m VE2en? 4 k% en? v sin” 6 VE2en? 4 k% en? v 2m (5.90)
The path integral can therefore be written down yielding
e(t//)zell N(t N I/(t//):I/”
/ sin” 9DY(t / Du(t) / Du(t)(k* en® p + k" en? v)
o(t)=0' p(t)=p' v(t)=v’
y i /t// <92+ e(k _I_klz 5 )(2—|— 2)> n hz gt
exp y E sin en? p en” v)(p” + v -
(s1n9' Slrl9//) 1/2 —1hT/2m ZZA Bl B )Al,,@(/l”)Bl,n(V”)
£ =0
6(¢")=6" ] " hz (Z n 1 )2 1
i m ) — 13
Dot — —? - — 22 A gt
8 / () exp [ﬁ/t/ (2 2m  cos? 6 ) ]
(¢ )=p"

_ZZA p) B (V) ALk (1) B (V")
Kk =0

DN +142) —i—i/2, . i p—i=1/2, . 1°T
X NZO(N + 1)WPN—H/2 (sin 6 )PN—|—1/2 (sinf')exp | — %N(N +2)| ,

(5.91)
in the notation of 4.2.3, and we have set N =n + [, n € INy.

5.2.4. Spherical Coordinates. We consider the usual three-dimensional polar coordinates

sg = cosby | 0<bip<m,
$1 =sinf sinfysing 0< <2,
1 1 2 5in ¢ <¢ (5.92)

89 = sin#y sinfy cos ¢

s3 =sinfq cos by .
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Here we have (gq5) = diag(1, sin? 6, sin? 0y sin® 6, ) and

cos g (q'',q") = cos 8] cos 6 + sin 6] sin 67 < cos 0 cos B + sin 05 sin 6 cos(¢' — qb')) :
(5.93)

For the momentum operators we have (5.89) for pg,, and for pg, and py as in (4.33).
For the Hamiltonian we obtain

_h_zA —h—z[a——l-QcotG 0 + ! (32+C0t9i+#f>]
2m 3 06, 106, ' sin® 6, \ 96, “06;  sin” 6, 09

1/, p P} > 72 ( 1 1 >
2m <P91 " sin® 6, * sin® 6y sin® 6, 8m i sin” 6, " sin® 6 sin” 6 (5.94)

This gives the path integral formulation

6, (1) =6/ 92(t")=064 s(t")=0¢"
sin” 6, DO, (t) / sin 0 Dy () / Do(t)
61(t")=6; b2(") =0, P(t)=9'
i T/ . .
X exp 7 / [5 (9% + sin? 64 9% + sin? 6, sin? 6, 452)
t/
+ I (4 + L + L >] dt
8m sin? 6  sin? 64 sin 6,
1 i AT
ﬁ; (I14+1) C’l <COS77Z)S(3)((1 q)) exp [— %Z(Z—I—Q)] (5.95)
> (2) , (3) 1hT
= Z fml ma 9l179l27¢l)q}ﬁm1,m2(9l1l79l2l7¢ll)exp |:_ —Z(Z‘|‘2):| 9
my,ms (=0 (5.96)

where the wave-functions are given by [28, p.240]

\Ilff;)l - (61,65,0) = N;é)/z el m2¢(sin 1) (sin 62)™? Cﬁﬁf(cos 91)0251—,%2 (cos ),
(5.97a)
Ny = 232 —1-2mi—2m; Tl +my 4+ 2)I'(my +may 4+ 1)
(I4+1)(mq1 + %(Z —mq)l(my — mg)! I2(my + 1)I%(mg + %)
(5.97h)

5.2.5. Twofold Confocal Ellipsoidal Coordinates 1). We consider the two-fold confocal
ellipsoidal coordinates defined by

2 2 2 3
S1 1 3 53 S0

pi—b  pi—a  pi—c

=0, (i=12), (5.98)



where ¢ < py < b < p1 < a. The corresponding metric reads

ds? 1 P% P% -2
a2 _1(’01 - '02)<P3(,o1) - P3(,02)> —(p1 = b)(p2 = b)p3 (5.99)

where Ps(p) = (p—a)(p—>b)(p—c). Using the notations of the sphero-conical coordinates

we can identify

: k=1,

k)
v,k Ycosg , 0< ¢ <27 , (5.100)
k

We omit details in the following. Obviously, these coordinates correspond to sphero-
conical coordinates with an additional circular coordinate. This gives the path integral

formulation
N(t//):N” I/(t//):I/” ¢(t//):¢//
Du(t) / Du(t)(k* en® p + k' en? V)V —k"? dn psn g / Do(t)
p(t)=p' v(t)y=v' p(t") =0’
: £ m , , ‘
xexp{%/ [§<(k2 en? p+ k' en® v)(i? 4 ) — k' dn® psn® 1/¢2> —AVPF]dt}
t/

ihT/2m d 5 "ot LT

47?2 dcosthge) 2 "~ 21m

and ¢ (q",q") has to be taken in these coordinates. Note that the ¢-path integration
can be explicitly done, leading to a path integral in p, v with similar to the sphero-conical
one with additional 1/ dn® i and 1/ sn? v-terms, respectively.

5.2.6. Twofold Confocal Ellipsoidal Coordinates 2). We consider the two-fold confocal
ellipsoidal coordinates defined by

=0, (i=1,2), (5.102)

where ¢ < py < b < p1 < a. The corresponding metric reads

ds* 1 pi p3 ;2
P Rl G e R PRV SRR L)

There is only little difference to the previous case. Proceeding similarly as before we
have

so = sn(p, k)dn(v, k' )cos é , k* + =1 \
= " s <
s1 =sn(p, k)dn(v, k")sing , 0<¢ <27 (5.104)
sy = dn(u, k)sn(v, k') |
s3 = cen(p, k) en(v, k') .
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We omit details in the following. This gives the path integral formulation

N(t//):N” I/(t//):I/” ¢(t//):¢//
Du(t) Du(t)(k* en® p + k' en? v)VE? snpdnp / Do(t)
p(t)=p' v(t)=v' ¢(t)=¢'
. t//
X exp {% / [% <(k2 en? g+ B en? 0)(i + %) + k2 s jdn? y¢2> _ AVPF] dt}
t/

i hT/2m d 5(q".q' LT
e 6, <¢s< (g ,q)‘ B ) 7 (5.105)

47?2 dcosthge) 2 21m

and g (q”,q') has to be taken in these coordinates. The difference of the last two
coordinate system lies in the orientation with respect to an axis.

5.2.7. Confocal Ellipsoidal Coordinates. Let us consider the coordinate system defined
by

50 s 53 53
_I_

=0  =1,2,3 5.106
Sty =0. =12, G

where d < p3 < ¢ < pa3 < b < p; <a(ct. Section 3.1). Explicitly

o2 — (p1 —d)(p2 —d)(p3 — d) 2 (p1— c)(p2 — ¢)(p3 — )
0 (a—d)(b—djc—d) = (a—c)b—c)(d—c)

$2 — (p1 —a)(p2 —a)(ps —a) 2 (p1 — b)(p2 — b)(ps — b) (5.107)
2T T d—a)e—a)b—a) T T(d=b)c—b)a—b)

The corresponding line element is given by

ds* 1 [(p1—p2)pr—ps) .o (p2—p3)p2—p1) ., (p3—p1)(ps —p2) .,
o T Ty Pl + Pz + P3|
dt 4 Py(p1) Py(p2) Py(p3)
(5.108)
where Py(p) = (p—a)(p—b)(p—c)(p—d). We apply the separation formula (3.21). We
identify (gqp) = diag(h?, k2, 12), furthermore

B
Li="Fq &~ =123 (5.109)
_ (p1 — p2)(p1 — p3)(p2 — p3)
o= 4Py(p1)Pa(p2)Pa(p2) (5.110)
__rm Y St S VA et 2
M,y = Py(p2)Pu(ps) M Py(p1)Ps(ps) M Pi(p1)Pi(pz) (5.111)

and obtain the following path integral identity

pi(t")=py

I/ w,oiu)exp{% / [%;h?p‘?—avpmp})]dt}
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pi(s")=p}

~ dE _, © T _
_ (S/S//)—1/4/ ﬁe—lET/h/ ds" H / M, I/ZD,OZ‘(S)
v 0 -

— 0

L pi(0)=p,
Xexp{i—/SH [@Z i —I_ES_E—ZZM(PZ—I—QP >] ds }
hl |2 &M (5.112)
iRT/2m o(a’.q
e 4 g (Psoldbd)| AT (5.113)
47?2 dcosthge) 2 27m

and g (q'', q') must be expressed in confocal ellipsoidal coordinates. Actually, “The
linear element of 5. 2.7.5 and 5.2.7.6 can be considered as degenerations of 5.2.7.7 when
b= c and a = b, respectively ... 7 [90].

5.3. The Pseudosphere A

5.3.1. General Form of the Propagator and the Green Function. The propagator,
respectively the Green function, on three-dimensional hyperbolic space, i.e. the three-
dimensional pseudosphere A®) are given by [51, 56, 60]

s : dys(q",q BT
I&’A( )<dA<3>(q”,q');T> _ ( m ) ‘ Al )(q ,Q) exp im dA<3>(q”,q') 1

2rihT ) sinhdys(q",q') 2RT 2m
(5.114)
¢ (dyer(d”,d' ) E) = —m
el ) = e (4 )
1/2 "ot
x Q" AT (coshdy=(q".q")) - (5.115)
where q can denote any of the 34 coordinate systems which separate on A®).
5.3.2. Spherical Coordinates. We consider the coordinate system
ug = coshrycoshrs , 7,7 €R |
uy = cosh 7y sinhy |
! ! ’ (5.116)

Uy = sinh 7y sing 0< o< 21,

ug = sinh 7y cos ¢ .

The metric tensor is (gqp) = diag(1, cosh® 71, sinh® 71). For the momentum operators we
have

h({ 0 1 1 h 9 h o
Pr = _<a—7-1 + —COtth + §tanh7'1> 5 Pry = ; 87_2 s Py = T_ : (5117)

The hyperbolic distance is given by
coshdys)q",q') = cosh 7| cosh ] cosh(ry’ — 75) — sinh 7| sinh 7 cos(¢" — ¢') . (5.118)
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For the Hamiltonian we have

K2 K2
—— A - _
2m A®) 2m

0 0 1 0? 1 0?
[87’1 + <tanh 71 + coth 7'1> ]

_I_
or cosh2 07 sinh? 7 0¢?

_1(2+ 1 - 1 2>+h2<4+ 1 1 >
- 2m Pn cosh? 7 P, sinh? 7, Ps 8m cosh’7;  sinh®r /)
(5.119)

We obtain the path integral formulation

n(t)=r] ra(t")=rf b1 ="
/ cosh 71 sinh 7 D7y () / Dry(t) / Do(t)

i (#)=1] (1) =14 S(11)=¢'

. t//
X exp { % / [% <7'12 + cosh? 777 + sinh® 7y ¢2>
t/

h? 1 1
—— 4+ 5 — % dt
8m cosh® 7T  sinh® 7

-1/2 . el 10" —¢") dor -
= <sinh7’1' sinh 7, cosh 7| cosh 7'1”> e IRT/2m Z 7/ L ipa(ry =)

= 27 R 27T
Tl(t”):T{/ i ' m h? p% + 1 12 o l
X Dri(t)ex — — 72— 4 4 )] dt
/ 1) exp h /t/ [2 Yoom (cosh2 m sinh®7
Tl(t/):T{

ll((b” ¢) d . 1" ’

- <sinh 7'1' sinh 7'1” cosh 7'1' cosh 7'1' > Z / 2p1 el P1(75'—73)
T

(/4

></ dp TP (TP (7)) exp[ (p +1)] : (5.120)
0

In the path integration, the cylindrical ¢- and free particle mo-path integration have
been separated straightforwardly. In the last path integral the path integral solutions
for modified Péschl-Teller potential with v = py, n = |l| have been used. The wave-

functions \I/}j’l”)(rl) are given by
\I/](fl’l)(rl) = Njgpl’l)(cosh Tl)ipl_l/z(sinh 7'1)”'_1/2

1 : : 1 : : :
X o Fy [§(|Z| +ip; —ip+ 1),§(|l| +ip +ip+ 1))l + 1; —sinh? 7'1] \

(5.121a)

Ny L Psinhﬂpr<1+ | +ips -I-ip>r<1—|— 1] +ipy _1p> |

P - ! 2
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5.3.3. Horicyclic Coordinates. We consider the coordinate system

1/1 o + 23
U0:—<—‘|‘y‘|‘ ! 2)7 y>07
2 \y y
x x
wp = 22wy = 22 (1,22) =x € R? | (5.122)
) )
1/1 2% + a3
Ug =5\ - —Yy— )
2 \y y
The metric tensor is (gqp) = 1/y*. For the momentum operators we have Doy, =
—1hd,, , and

h( o 3
py = i_<8_y - %> : (5.123)

The hyperbolic distance is given by

12 "2

o2 0o N2
cosh dy s (q", q') = LY +(‘”12y,§},) fles—a)] (5.124)
For the Hamiltonian we have

th Y s 1a+a2+a2

om A T TonY dy? ydy Ox% Ol

1 2 2 2 2 2 > 3n°
= — —_— . 5.125
5 <ypyy+y Pey H 7P, ) + o ( )

The path integral discussion for this coordinate system and its D-dimensional general-
ization has been discussed in [51]. The path integral is solved by exploiting the path
integral solution of the radial harmonic oscillator; we cite the result. We obtain the
identity [51]

y(t'")=y" w1 (t") =z wa(t") =Y

Dy(#) i m x4 3R
D (t Dy (t — — — dt
[ pan | x2<>exp|}L/£ -

y(t')=y’ 21 (¥) =) za(t') =2}

dk S 1. x//_x/
_ y/y// / S ol k-( )
R?2 (27T)

2 (. @)
X ﬁ/o dppsinhﬁpexp[

T@”HﬂMAMwMAMM% (5.126)

 2m

5.3.4. Pseudospherical-Conical Coordinates. We consider the coordinate system

ug = coshr | >0,

up = sinh7sn(y, k)dn(v, k"), k% + =1 \

uy = sinh 7 en(p, k) en(v, k') |

(5.127)

!

us = sinh 7 dn(u, k)sn(v, k') ,
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in the notation of 4.2.3. The hyperbolic distance reads

coshdy @ (q",q') = cosh 7" cosh 7' — sinh 7" sinh 7' < snp' snp dnv' dnv'!

+enp enpenv” env' +dnp dnp'snv' sn 1/'> .
(5.128)

The metric tensor g4p 1s given by
(gas) = diag [1,sinh® 7(k* en® p + k' en 2v),sinh?® 7(k* en”® p + k' en ), (5.129)

and the momentum operators are

Pr = E (ag + coth T) , (5.130)
-

and with p,, p, as in (4.40). The Hamiltonian has the form

th h2 a?+2tha+ 1 1 a2+a2
— — A\ — | == coth 7 —
oM ' or? Ot sinh® 7 k2 cn? o+ E?en2p \0pu? = Ov?
10[, 1 1 s 9 1 } h?
= [pi+ +p? +o
2m [p sinhZT\/k2cn2/,L—|—k’2cn2y(pu g )\/kzcnz/,L—l—k’zcnzz/ 2m
(5.131)
The path integral can be written down yielding
(t//) N(t//):N I/(t// //
/ sinh? 7D7(t) / / Du(t k% en? o+ L% en? v)
T(t)=r p(t)=p' v(t)=v'
im (e D P
xexp{Qh/t/ {7’ + sinh T(k en? /,L—I—k cn V)(/,L —I—V)dt Qm}
= (sinh 7' sinh 7'”)_1 e 1RT/2m Z Z AT Bl VDAL (B (V)
=0 kK
T(t”/):T”D t i /t” O U Yt AW
X T(t)exp i, 5 T o R
r(t)=7'
= (sinh 7' sinh 7") —1/2 Z ZA Bl VDAL (B (V)
=0 kK
1 [ . . rT
X ;/ dpps1nh7rp‘T(1p—|— [4 1)) exp [— 12—(p + 1)]
0
i S
X Pip_l/z(cosh T')Pip_l/z(cosh ') (5.132)
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5.3.5. Hyperbolic-Pseudo-Conical Coordinates.

ug = cosh 7 ne(p, k)ne(v, k') , k*+ =1,
uy =sinhrt | TeR ,

uy = cosh 7 de(p, k)sc(v, k') |

uz = cosh 7 se(p, k)de(v, k') .

(5.133)

Actually, these coordinates encode six different coordinate systems in a similar way as
discussed in 4.3.5. We omit the details and write down the corresponding path integral
formulation which reads as follows

T(t//):T” N(t I/(t//) //
/ cosh? 7Dr(t / Du(t) / Du(t )(k ne? 4+ k?ne v)
T(t)=r' w(t)=p' v(t=v'
im [ 2 2 1hT
X exp e / {7"2 + cosh? 7(k""ne? p+ k?nc? v)(i® + v )} di — ——
t/

2m

= (cosh " costy ) eI Y / AR AR (1) B (1) A (1) B ()
0

r(t'")=r

! K2 k2
/ Dr(t)exp / (@7-_2 i )dt
h 2 2m cosh? 7

r(t)=7'

= (cosh 7' cosh 7'")~ Z/ dk.A Bk DAL (1B (V")

1

y %/ pSlIlhﬂ'pdp e—ihT(p +1)/2m Pi_ki_pl(taIlth)P.ip (tanh 7_ll)
R 3

cosh? 7k + sinh? P ik—3
(5.134)
m : dye (9", q') 1m "o 10T
= ——d q)——=— . 5.135
(27rihT> sinhd, e (q",q') P o SRRV 2m ( )
where d,s)(q",q') must be expressed in hyperbolic pseudo-conical coordinates.
5.3.6. Pseudospherical Coordinates. We consider the coordinate system
ug = coshr | >0
up =sinh7sinfsing , 0<6 <7,
! ¢ (5.136)

up = sinhrsinfcosg , 0< ¢ <27 ,

u3z = sinh 7 cos @ .

This is the usual three-dimensional (pseudo-) spherical polar coordinates system on
AB). We have (gqp) = diag(1,sinh® 7, sinh® 7 sin? §) and the invariant distance is given
by

coshd, = (q",q")
= cosh 7' cosh7' — sinh 7" sinh T'[sin 8" sin ' cos(¢" — ¢') + cos 8" cos 9'] . (5.137)
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For the momentum operators we have the operators (4.33,5.130). This gives for the
Hamiltonian

hZA 82_+2 a0 N 1 82_% 00 L 1 &
—— =—— | = cothT— + ——— cot —
2m M T or? Ot sinh® 7 \ 062 90 sin%é6 8¢2
1/, P »; > h? ( 1 1 >
= —\|pi+ + + — 14— — .
2m (p sinh?7  sinh? 7sin’ 6 8m sinh? 7 sinh? 7 sin? 6

(5.138)

In the path integral evaluation one successively uses the path integral solution related
special case of the modified Poschl-Teller potential. Therefore we obtain the path
integral formulation (and c.f. [10, 56] for its D-dimensional generalization)

T(t//):T” e(t//)zell ¢(t”

/ sinh® 7D7(t) / sin 0Do(t / Do(t)

T(t)=r' o(t)=9' ot )=¢’
i t// m ] ]
X exp {— / [— <7‘-2 + sinh? 76% + sinh? 7 sin? 9¢2>
t/

R 2
2
_h_<4_ ‘12 — — 21 — >]dt
8m sinh“7T  sinh” 7sin” @

[e) l
_ (Sinth SinhT”)_l e—ihT/ZmZ Z mm*(917¢l)y—lm(ell7¢ll)

=0 m=—1

T(t”):T” 1"
i ["m R (143 -1
Dr(t -~ LS I B VAR N "
X / T(t)exp [h/t/ (27' S anl? o )

r(t)=1'

= (sinh 7' sinh 7"") 1/22 Z YR8, Y8 ")

=0 m=-—1
X l/ dppsinhﬁp‘T(ip—l—l—l— 1)|? exp [— lh—T( 2+ 1)]
s 0 2m
X Plp2 1/2(cosh Tl)’P_% I;Z(COShT ). (5.139)

5.3.7. Hyperbolic-Spherical Coordinates. We consider the coordinate system

ug = cosh 7y coshmy | nmeR,
uy = sinhry T >0,

. . (5.140)
Uy = coshrysinhmsing , 0< ¢ <27,

ug = cosh 7y sinh 75 cos ¢ .
The hyperbolic distance is given by
coshdy @ (q",q') = cosh 7' cosh 7{ cosh 73’ cosh 75

— sinh 7' sinh 71 — cosh 7’ cosh 7| sinh 73’ sinh 75 cos(¢" — ¢') . (5.141)
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Here (gq5) = diag(1,cosh® 71, cosh® 7 sinh® 73), and for the momentum operators we
have

h
Pr, = = (i + tanh 7'1> , (5.142)

N 1 87’1

and pr,,ps as in (4.57). For the Hamiltonian we have

h? K2 2 1 2 1 2
_—AA(S):—[a—+2tanhrli—|—7<a__|_coth7-2i_|_ 9 )}

2m 2m | Oy 011 cosh? 7 \ 074 Oty sinh?® 7y %

_1<2Jr L iz >+7LZ<4+ L L >
 929m Pry cosh® 7, cosh? 7 sinh® 7 8m cosh’ 7y cosh? 7ysinh’ 7 )
(5.143)

Therefore we obtain the path integral formulation

r(t)=r{ rao(t") =1y p(t")=¢"

/ cosh? 7,Dry (1) / sinh 7 D72 (1) / Do(t)
()=, (6 =1} b(t) ="

1

t//
X exp {% / [% <7'12 + cosh? 74 7"22 + cosh? 7 sinh? 7—2¢2)>
t/

h? 1 1
SN S -
8m cosh® 7 cosh” 7y sinh”

(8" 6")
— h ! h =1 67
<cos 7y coshry') Z 5
lez
1 2
X —/ dpy p1 sinh 7py T(% +ipy — Z)‘ P‘pl , (cosh Té)P‘pl , (cosh 7))
T JR Py Py
1 inh7pd 1hT p ~
X —/ fsm 7rp‘ p2 exp [— 1—(p2 + 1)]]3. P (tanh m3)P'P | (tanhTy) .
2 Jr cosh® wpy + sinh” 7p 2m Py Py

(5.144)

In the path integral evaluation first the path integral solution of the simple Manning-
Rosen potential, and second of the simple Rosen-Morse potential was used.

5.3.8. Equidistant Coordinates. We consider the coordinate system

g = cosh 71 cosh 75 cosh 7z 71,72, 73 € IR,
uy =sinh7 , 1wy = coshrysinhm | (5.145)

u3 = cosh 7y cosh 75 sinh 73 .

The hyperbolic distance is given by
coshd,s(q",q') = cosh 7| cosh 7" | cosh 7, cosh 7/
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. o ! " ! . 1 "
+ sinh 7 sinh 75 cos(73’ — 73)| — sinh | sinh 7

(5.146)

This coordinate system was called in [111] the hyperbolic, respectively the Lobachevskian
one. Here (g,) = diag(1, cosh® 71, cosh® 71 cosh? 73), and for the momentum operators

we have for p,, as in (5.142), and for p,,, pr, as in (4.53). For the Hamiltonian we get
h? ? ? 0 1 ?
— —Api) = — ——|—2tanh7'——|— — +tanhmp—+ ——— —
2 A [87'1 187'1 cosh? 7'1< T2 287'2 cosh? 87'3>]
2 pTQ pTg 1 >
= —(p2 + 4+ .
2m (p ' cosh’7  cosh? 7 cosh? 7'2> ( cosh? 7 cosh2 71 cosh? 1y
(5.147)

Therefore we obtain the path integral formulation

(=7 (') =1} s (¢)=14

/ cosh? 71 D7 (1) / cosh Ty D7y (1) / Drs(t)

T (t)=T7] T2 () =T, T3(t') =T,

. t//
1 m /. . .
X exp {— / [5 <7'12 + cosh® 7y 7y + cosh? 71 cosh? 7-27'32>
t/

h
" (4 T ! )] dt
- 8m cosh? 1y cosh? 71 cosh? 7

_1/2 dk . 1" 1]
= <cosh2 7'1' cosh? 7'1” cosh 7'2' cosh 7'2”> / 7 i k(rg —73)
R

27

1 inh d
% —/ p12 S 7rp‘1 22)1 P klpl(tanh T2)P P (tanh 5
2 Jmr cosh” 7wk + sinh” wp; ‘%72

X l/ poinh 7 dp e~ AT 1) /2m p=ip (tanhT )Plp (tanh 73')
2 . 2 ipp— 3 ipr— 1 3 .
2 Jr cosh® wp; + sinh” 7p 2 (5.148)

In the path integral evaluation one successively uses the path integral solution related
special case of the modified Poschl-Teller potential. In Appendix 3 we give the path
integral solution of the D-dimensional generalization of this coordinate system.

5.3.9. Hyperbolic-Horicyclic Coordinates. We consider the coordinate system

h 1 2
uOZCOST<_-|-y-|-x—>, TelR ,
2 \y y
uy =sinh7 , wug = Ecoshr , v€IR , (5.149)
)
cosh 7 (1 :1;2>
Uz = - Yy - — 5 Y > 0 .
2 \y y
The hyperbolic distance is given by
12 "2 "o N2
coshdy(q",q') = y_ty 2;7 (/:f; ) cosh 7’ cosh 7" —sinh 7' sinh 7" . (5.150)
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Here (gq3) = diag(1,cosh? 7/y?, cosh? 7 /y?) and for the momentum operators we have

the operators (4.49,5.142), therefore for the Hamiltonian

h? 92 ] y? B,
—5 A = =5~ |5 + 2tanh T o
2m A®) [8 2 —I— an 7—87'—|_coshz7'<

2

11, 1 9 22] h
=—|Prt —— + .
2m [p cosh2T<ypyy vp )

2m
We therefore obtain the path integral formulation
(t//): y(t/):y// I(t/):Z”

/ cosh? 7Dr(t) / Da(t)

y(t')=y’ z(t)=z'

t// ‘2 ‘2 hT
X exp [127;/ (fz—l-coshzrx ;;y >dt—12—m

-1 VYy'y" /Oo dpo ol Po(a” —2")
3
™ 0

= (cosh 7' cosh 7'")

(1)

I

x>
X / dpy py sinh wpy K, (Ipo |y’ ) K p, (Ipoly”)
0

T(t//):T” .
. t 2 2 1 :
h T hT
X / exp i/ (@7-_2__191 +24>dt—1—
h # 2 2m COSh T 2m

r(t)=7'
-1 Vy'y" /Oo dpo ol Po(a” —2")
3
™ 0

= (cosh 7' cosh 7'")

x>
X / dpy py sinh wpy K, (Ipo |y’ ) K p, (Ipoly”)
0

2 cosh® mpy + sinh® 7p iy

Ox?

" ai)]

(5.151)

1 inh 7pd . >
y _/ psmh7rTpap P ip (tanhT3)Pl]f l(tanhTél)e_lhT(p +1)/2m )
R R

(5.152)

In this path integral solution the path integral identities from the two-dimensional
Poincaré upper half-plane, and the simple Rosen-Morse potential have been used.

5.3.10. Horicyclic-Spherical Coordinates. We consider the coordinate system

1/1 r?
Up = 5 _—I_y—l__ ) y>07
2 \y y
u1:rs1nqb 7 uz:rcosqﬁ >0,
) )
1/1 r?
us=—=|-—y——| , 0< o< 2r .
2 \y y

The hyperbolic distance is given by

y' ‘4 y" S Y cos(¢" —

(5.153)

¢ (5.154)

cosh dA(S) (q »d ) 2y/y//
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Here (gap) = diag(1,1,7%)/y? and the momentum operators are given by (4.10,5.123).
For the Hamiltonian we obtain

K2 K2 0? 10 0? 10 1 o2
——Ap3) = —— 2[—————|—y2<——|-———|-——>]
r or

2m 2m Y dy?  y Oy or? r? 0¢?
1 2 20 Y o n’y* | 3m
= — = -4+ — . 5.155
5 (ypyy LA TRy ) el i ( )

This coordinate system is, of course very similar to the horicyclic system and has been
considered in its D-dimensional generalization in [51] as well. We just cite the result:
We obtain the path integral identity

y(t//) T(t//):T” ¢(t//):¢//

/ / rDr(t) / Do(t)

y(t)=y’' r(t)=r' p(t')=¢'

<ot (2 2 2 12 5202 CHT
X exp i/ mys 77+ Ly dt—gl
h Ju 2 y? 8mir? 8m

yy Z 1" — ¢)/ dk kJy(kr") Jy(kr'")

lez

></ dppsinh 7pk; ,(ky" ) K p(ky" ) exp [—
0

AN
il nl .
2m(p + )}

(5.156)

In the path integral evaluation after the trivial ¢-path integration the path integral
solution of the free radial two-dimensional motion has been used.

5.3.11. Horicyclic-Spheroidal Coordinates. We consider the coordinate system

1/1 cosh? ;1 — sin? v
Uo = 5 _—I_y—l_ ) y>07
2 \y y
cosh pcosv sinh g sinv
Uy =——, Ug=—"7"——, pu>0, (5.157)
Y Y
1 (1 cosh” y — sin? 1/)
Uug=—-|(——y— , —rm<v7m.
2 \y y

The hyperbolic distance is given by

coshd,(q",q") = {y'z + y”2 + (cosh? " — sin® v"") + (cosh? i’ — sin® /)

1
2 ! //
— 2cosh p' cosh pi' cos v’ cos v’ — 2sinh p" sinh ¢/ sinv'’ sin v/’
(5.158)

Here we have (gq) = diag(1,sinh® u + sin? v,sinh® 4 sin® ) together with the
momentum operator p, (5.123), and for p, and p, as in (5.45). The Hamiltonian
has the form
h’ h2 # 19 1 (a? a?)}

2

— — A\ - -+ +
2m A 3y y Jdy  sinh? /,L—I—sm v\ Ou? ov
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s

= — ypzy + y?(sinh? p + sin® V)_l/z(pi + p?)(sinh? y + sin® 1/)_1/2 .
2m 8m(5.159)

Using the result form the two-dimensional elliptic coordinate system in E(?) we obtain
the path integral identity

Du(t) / Du(t)(sinh? p + sin® v/)
y(t' )=y’ v(t)=v' n(t)=p'

im /t” § + (sink® j 4 sin® v)(i* +07)  3ihT
t! y?

8m

LS [ kb e, e, (1 ) MeD (€1 B M€, £
vEA

></ dppsmhﬁplep(ky')Kip(ky”)e_ihT(p2+1)/2m (5.160)
0

3/2 "ot .

m dr(q”,q") im ihT

= d 5 s :
<2th> Snhdyo(qhq) P 9T RCICRLCY.

where d,s)(q"” q') must be expressed in hyperbolic-spheroidal coordinates.

5.3.12. Horicyclic-Parabolic Coordinates. We consider the coordinate system

2
ulzg—n, Uy = S , EelRyp>0, (5.162)

The hyperbolic distance is given by
1
2y/y//

1, 2 2 1, 2 2., .12
_I_ 1(5/ _I_ 77/ )2 _ 5(5// _ 77// )(5/ ) 25//5/ 1 /:| . (5163)

1
1(5”2 + 77//2)2

coshdy ) (q",q") = {y’z +y"? 4

Here we have (gq5) = diag(1,£? + n?, €% + n?) together with the momentum operators
(4.22,5.123). The Hamiltonian has the form

_h_ZA _h—228—2_l2+ 1 82_|_a2
om A T 9, Y oy? yOy 24 n2\0&  0On?

o

1 . _
=5 [yp§y+y2(§2 +07) 7 2 (pf + 2R 40 1/2] — o
(5.164)
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Using the path integral solution corresponding to the two-dimensional parabolic coor-
dinates in E(®) we obtain the identity

y(t//):y”D ( ) n(t//):n” 5(7?”):5”
y(t
z [ pun [ D+
y(t)=y" n(t)=n' E(t')=¢'
. t' .o 2 2N/ £2 -2 2
« exp @/ GCAE A )E S+, 3k
2h y? 8m
y'y" (e, > (¢,0)
Z/ dg/ dk T} T ")
! e " hT
X dppsmhﬂpfhp(lkly VK p([k|y") exp —2—(19 + 1),
0

(5.165)
in the notation of 4.1.5.

5.3.13. Confocal Ellipsoidal Coordinates. Let us consider the coordinate system defined
by

2 2 2 2
Uy . uy . Uy . Ug -0 7 (Z — 17273) , (5.166)
pi—d pi—c pi—a pi—b

where d < ¢ < ps < b < py < a < py (cf. Section 3.1). Explicitly
2 = dpz—d)ps —d) 5 (pr=c)(pz—)(ps —¢)
" (a=d)b—d)c—d) T (a=c)(b—c)d—c)

2o pimapz—a)lps—a) 5, (pr—=b)p2—b)(ps — )
: (d—a)c—a)b—a) = 7 (d=b)(c—=b)(a—b)

The corresponding line element is given by

(5.167)

ds*> 1 [(p1i—=p2)lp1=p3) o (p2=p3)p2—p1) .o | (p3—p1)(p3 —p2) .y
T p1 + Pz + P3| >
ez 4 Py(p1) Py(p2) Py(ps)

(5.168)
where Py(p) = (p—a)(p —b)(p — ¢)(p — d). Note the similarities as well the differences
in comparison to the confocal ellipsoidal coordinates on the sphere S(3). We apply the
separation formula (3.21). We identify (g.5) = diag(h?, k3, h3), furthermore

T, — 0 : ( 1,2,3) (5.169)
~(p1 = p2)(p1 — p3)(p2 — p3)
5= 4Py(p1)Pa(p2)Pul(p2) AT
M, = _P2— P N & Bl e R & Sl e B
Pi(p2)Pi(ps) Pi(p1)Pa(ps) Py(p1)Pa(p2) (5.171)

and obtain the following path integral identity

Pz(t ) pz

H / hiDpi(t) exp{ / [ ZhZ AVpF({p})]dt}

Lpi(th)= P
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~ dE _, © T _
_ (S/S//)—1/4/ ﬁe—lET/h/ ds" H / M, I/ZD,OZ‘(S)
™ 0 .

— 0

. 5" 3 -9 2
i m o~ _h (12 '
Xexp{h/o LZM*ES 8m;M’<P’+QP’>]d8} (5.172)

(5.173)

m 2 dye(q",q') im v
= d . : o nd
<2th> sinhdy o (a"q) P | 28T ao(aha) - 5~

and dy)(q",q') must be expressed in confocal ellipsoidal coordinates. Actually, the
relation d < ¢ < ... is only one possibility to obtain a coordinate system on A®).
We can distinguish eighteen further cases, which fall into two classes with eleven and
seven coordinate systems, respectively. In the first class emerges when ever two of the
{e;} = {a,b,c,d} are equal. They represent the negative curvature cases in comparison
to the positive curvature ones as noted in 5.2.6. The second class is obtained by a similar
consideration as for the pseudo-conical coordinate systems in the two-dimensional case.
C.f. Section 3.1 for the classification into the four general classes A,B,C,D and [90] for
the explicit construction. Therefore we obtain a total of 34 different coordinate systems.
This concludes the discussion of the separable coordinate systems on three-dimensional
spaces of constant curvature.

6. Discussion and Summary

In this paper I have discussed path integrals in two- and three-dimensional spaces of
constant curvature, i.e. the flat Euclidean spaces E?) and E®), the spheres S and
S and the pseudospheres A? and A®). In many cases I could perform the path
integration explicitly, thanks to some basic path integral solutions. In the majority of
the cases, in particular on the pseudospheres A?) and A®), only an indirect reasoning
was possible. However, in any case, the ezplicit expressions of the propagators and
the Green functions are known in terms of the invariant distance in this space. This
is possible for any dimension, c.f. [31, 32] for the Euclidean space, c.f. [10, 55] for
the spheres, and c.f. [10, 56, 107] for the pseudospheres, thus providing coordinate-
independent expressions. Knowing them gives rise to numerous identities connecting
the path integral formulations, explicit solutions in terms of the spectral expansions,
and the coordinate-independent general formulze.

There are several generalizations possible one can think of. First, one can study
complex Riemannian manifolds [69, 71] and try to study corresponding path integral
formulations. At least, the complex Riemannian manifold of constant negative curvature
AT hag already attracted some attention in the theory of automorphic forms, in order
to construct a Selberg trace formula [108] similar to the usual one [62, 102, 109]. Here
also a path integral evaluation is possible [51]. However, it is obvious that complexity
increases in these more elaborated cases.

Second, one can introduce potential problems and ask for the separable ones. There
exist some studies of this kind in the literature, e.g. [49], where the most important one
is the Kepler-Coulomb problem in spaces of constant (positive and negative) curvature
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[9, 47]. However, no systematic study has been done until now. In the case of the
Coulomb-problem, one is on the one hand interested in the symmetry properties and
transformations between the bases of the system [17, 79, 95, 97|, where the O(4)-
symmetry of the hydrogen atom is the best known one and lies at the origin of the
separability of this problem in four coordinate systems. On the other one is interested
in the relation [63, 95] of the Kepler-problem and the harmonic oscillator in spaces of
constant curvature. Whereas in flat space the transformation which relates the Coulomb
problem in IR* and the isotropic harmonic oscillator in IR* is the Kustaanheimo-Stiefel
transformation [23, 24], such a transformation is not known for constant (positive
and negative) curvature. On S®) and A® the Coulomb problem and the harmonic
oscillator are only separable in two coordinate system, the spherical and the sphero-
conical, respectively. the explict form on E(®) S3) and A®) is given in the following
table:

Kepler problem Harmonic Oscillator
E®) _ m o2
r 2
S3) —% cot 8 %szz tan? 6,
AB) —% coth 7 _%szz tanh?® 7

(where we have reintroduced R, and the coordinate notation is as in Section 5). And as
a third, one can introduce constant magnetic fields on spheres and pseudospheres [44,
48]. The corresponding cases in flat space are well-known, e.g. [31, 32, 58, 74].

A systematic study for the search of separable potentials in IR? and IR*® does
exist [26, 30], a project which has been started by Smorodinsky, Winternitz et al.
[81]. These potentials can be put into two classes, which are called maximally and
minimally superintegrable, respectively. A Hamiltonian system in three degrees of
freedom is called maximally superintegrable if it admits five globally defined and single-
valued integrals of motion (the Coulomb-problem and the harmonic oscillator belong
to this class). A Hamiltonian system in three degrees of freedom is called minimally
superintegrable if it admits four globally defined and single-valued integrals of motion
(with the ring-potential as an example [51]). The maximally superintegrable potentials
can be stated explicitly, whereas the (eight) minimally superintegrable potentials allow
in addition to an explicit expression an arbitrary function of the coordinates according
to either o< F(r), x F(z) or < F(y/x), respectively. The corresponding super-integrable
potentials in IR? can be obtained in a similar way, and there are a total number of four
independent potentials [34]. The five maximally superintegrable potentials in IR® are:

R (ke ke K
vl(x,y,z)z%wz(x2+y2+zz)+—<—§+—§+—§> : (6.1)

2m \ x Y z

this potential is separable in (with the coordinates systems which admit explicit path
integral evaluation in italic) cartesian, spherical, circular cylindrical, elliptic cylindrical,
oblate spheroidal, prolate spheroidal, conical, and ellipsoidal coordinates.

a R TR
Velon?) = — e (o 37) (62)
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this potential is separable in spherical, parabolic, and conical coordinates.

V( )_ﬁ 76171}_'_]{?_2_'_]{:_3 . (63)
3L, Y, 2) = 2m /71’2—|-y2 yz 52 ) .

this potential is separable in spherical and parabolic cylindrical coordinates.

B2 kix k
V4($,y,Z) - %(\/ﬁ ‘|‘ y_§> ‘|‘ kSZ ; (64)

this potential is separable in parabolic cylindrical and parabolic coordinates.

W (ke k
Vile,s) = Bttt 4t b o (4 B2, (6.5)

this potential is separable in cartesian, parabolic (one obtains an intractable quadratic
plus sextic oscillator), and elliptic cylindrical coordinates.

In each case it is easy to construct the various path integral formulations, based
on the coordinate systems as listed in Section 5.1, and obtain therefore the various
identities connecting them. The corresponding path integral evaluations then can be
performed by using the basic path integrals as given in Appendix 1, which is left as an
exercise to the interested reader. Note that in comparison to the free motion in spaces
of constant curvature the statement of the propagator in a coordinate independent way
is not possible. This concludes the discussion.
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Appendix 1. Some Important Path Integral Solutions

In this Appendix we cite some important path integral solutions, in particular for the
radial harmonic oscillator and for the (modified) Péschl-Teller potential, including some
special cases. These three path integral solutions are the most important building blocks
for almost all other path integrals.

A.1.1. The path integral for the radial harmonic oscillator.

The calculation of the path integral for the radial harmonic oscillator has first been
performed by Peak and Inomata [92]. A more general case is due to Goovaerts [37]
(c.f. also [22]). Path integrals related to the radial harmonic oscillator may be called of
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Besselian type [65]. Here we are not going into the subtleties of the Besselian functional
measure due to the Bessel functions which appear in the lattice approach [33, 55, 104]
which is actually necessary for the explicit evaluation of the radial harmonic oscillator
path integral [21, 37, 92]. One obtains (modulo the mentioned subtleties) (r > 0)

T(t//):T”

i (" [m -2 2.2 2 A — i
Dr(t)exp 7 5( —wr)—h 52 dt
t/

r(t)=r'

T(t//):T”

e [_; [ _wzr%]

r(t)=r'

mw T./T.// mw /2 ”2 mwr/r//
— Vit il twT | L[ 2 A1l
ihsinwl eXP[ pip(" T oot D\ T (AL.D)

with the nontrivial functional weight px[r?]:

[2mmriri—1 e /ich mr;ir;_1
e — mrjrj—1/1eh T . Al1.2
MA[T]T] 1] lﬁh € A lﬁh ( )

In the special case that w = 0, 1.e. for the free radial motion, we obtain

T(t//):T”

[ e (5 [ )

r(t)=r'
_ S m PN mr'r!
T ihTeXp[ st T )] A( ihT

:\/r’r”/ dppe_ith2/2m Ix(pr)Ia(pr') . (Al.4)
0

(A1.3)

A.1.2. The modified Péschl-Teller Potential.
The path integral solution for the Poschl-Teller potential can be achieved by means of
the SU(2)-path integral. We have [10, 21, 66]

i t'’ m B2 /a2 -1 52 1
Da(t - —i% - — 4 L) | dt
x()exp{h/t/ [Z:E 2m<sin2:1; + cos2x>}
z(t)=z'

oo} BT . N
=Y exp [— ;—m(a +B+204 1)2] ol yp gy (A1.5)
=0

I(t//):I”

with the wavefunctions given by

I(a+p3+1+1) ]1/2
Ma+I{+1I(B+1+1)
x (sin2)*F1/2(cos )P T/ Pl (cos 2z) . (A1.6)

YleB) () = [2(@ +B4+20+1)
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A.1.3. The modified Péschl-Teller Potential.
The path integral solution for the modified Poschl-Teller potential can be achieved by
means of the SU(1,1)-path integral. We have [10, 66, 68|

T(t//):T” .
i Im 2 nT— 21
Dr(t)ex — —? = - 4 )] dt
() exp {h /t/ [ 2 2m (smh r cosh®r

_ (1,2) % {1 Gy (17 1hT TR
ZCI) Do) (! )exp{ Qm{(kl ke —n) 1}

r(t)=r'

2m

-I-/ dp CI)](D"’”)*(r')CI)](f””)(r”)exp (— lh—Tp2> ) (A1.7)
0

Now introduce the numbers ky, ko defined by: ky = %(1 +v), ky = %(1 + 1), where the

correct sign depends on the boundary-conditions for r — 0 and r — oo, respectively. In

particular for n? = 4, ie. ky = i, %, we obtain wavefunctions with even and odd
parity, respectively. The number Np; denotes the maximal number of states with
0,1,..., Ny < k1 — k2 — 5. The bound state wavefunctions read as (k = k1 — k2 — n)

@%khk?)( )= .7\7("31”‘32)(5111r1h7“)2"32 2(coshr)” 2ki+3
X oFy(=ky + ko + K, —ki + ko — k + 1;2ky; — sinh? r)

12 (A1.8)
N(kl,k2) _ 1 |:2(2/€ — 1)P(k1 + kz — /i)r(kl + kz + Kk — 1)
" P(ka) P(kl — kz + /i)r(kl — kz — K+ 1)
The scattering states are given by:
k1, ko _ k1, ko 2k1— 1 2k —1
CI>](J )(r) = NJS )(cosh r) (sinhr)
X 2F1(k1 + kz — K, kl + kz + Kk — 1, 2]{?2, — SiIlh2 7“)
1 psinh 7p (A1.9)

N{Fk) = D(k1 + k2 — ®)D(—F1 + bz + &)

1/2

Xr(k1+k2—|—/€—1)r(—k1—|—k2—/€—|—1) R

P(ka) 27T2

[k = %(1 +ip)]. Of course, in the path integral formulation of the modified Péschl-Teller
potential a similar functional weight interpretation must be used as for the Poschl-
Teller potential in order to have a proper short-time behaviour, respectively a lattice
regularization [46].

I also cite two special cases, where first only the 1/sinh® r, and second where only
the 1/ coshr term is present. The special case V" (r) = V4 /sinh?r (V = %(/\2 -,
r > 0) is given by [46, 56, 75] (simple Manning-Rosen potential)

r(t'")y=r"

" m B2 A2 -1
Dr( —r? = dt
| o [h/ (12 Qmsth)]

r(t)=r'

62



1 >0
= —Vsinhr' sinhr”/ dp psinh ﬁp‘T(% +ip— A
0 0
X ‘T(% +ip— /\)|27Di_p>;1/2(cosh r')Pi_pil/z(cosh r'ye hp*T/2m

(A1.10)

The special case V" (z) = 1/ cosh® z (Vy = %(kz + 1), © € IR) on the other is given
by [45, 46, 75] (simple Rosen-Morse potential)

I(t//):Z”

i " m B2 k241
Da(t — e 2 ) dt
/ l’( )eXp [h /t’ ( 2 ‘ 2m COSh2 x)

z(t)=z'

1 ‘ Pi_ki_pl/z(tanh x')ﬂig_l/z(tanh z'")
== dp psinh 7p 5 —
2 Jr cosh® 7wk + sinh” 7p

e—ihp2T/2m ‘
(A1.11)

Note that for V5 < 0 also bound state solutions are allowed. These, however, we do not
need.

Appendix 2. Discussion of a Dispersion Relation

We consider the integral representation as given by Buchholz [13, p.158]:
1 —o+ioo 1 1 94
- T ﬂ —s | ﬂ + s tan é

271 . 2 2 2

X M 144

X1+S_ 2

(N1}

(—1 x)MX2_|_S_ Y ’%(—I— iy)ds

= V;y sin ¢ exp %(:1; —y)cosqb] Ju(\/rysing) ,
where arctang‘ < g , lo| = 1%%(” ) R(p) > -1

(A2.1)

In order to apply (A2.1) for the determination of continuous spectra we perform
some manipulations. We replace @ — 2z, y — —2y, s — +1ip, x12 — (1 + p)/2,
sing — 1/sina, and g — 2p. This gives

L (e +y)com}12u<2@>

sin o sin o

1 INE: ip)[(L —1
N vV / Al +21p) SRl e Zartmr Myipu(—=2ix)M_ip (+2iy)dp ,
27/7Y JRr (14 2p) (A2.2)

where use has been made of some properties of the Whittaker functions M, ,(z) =

D(1 4 2u)M, ., and [13, p.11] M, ,/2(= eTim) = etin(i4m)/2 M_, u/2(2), respectively.
Equation (A2.2) is the desired expansion formula for the determination of continuous
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spectra. Note the additional e™-factor in (A2.2). This representation can also be
deduced from the integral formula [29, p.414; 41, p.884]

/ da e—2ixp P(% + v —|—1$>P<% + v — iJf)Mix,u(M)Mix,u(V)
R

2w/ 2\/
_ Vi exp [ — (g + v) tanh p| J, <7lﬂj> . (A2.3)
cosh p cosh p

We consider the special case of (A2.2), where the Bessel function is replaced by an

exponential, i.e.:
2/ 2/
Iu( xy) — exp (_xy) .

sin o sin o

Together with the properties of the Whittaker functions that for p = :I:% they can be

expressed by parabolic cylinder functions E,(,O’l) we obtain

1 2, /xy)
——eX —(x +y)cot o] ex -
V27 sin o P [ ( y) ] P (sma

I e srnal [ (B2) 4 1y (3]

sin o 2\ sina
1
— dpe—Zap—l—Trp
w7 ),
1 2
. 0 —imT 0 im
‘r(z_lp) Eggw(e /4M)E<_;_21p(e /42\/g>

3
o[r (5 -)

The functions E,(,O)(Z) and E,(,l)(z) are even and odd in the variable z, respectively.
We can establish the connection to the parabolic cylinder functions D, and (A2.4) is
equivalent with the expansion [41, p.896]:

Y

2
(1) —im/4 (1) iw/4
E—%—I—Zip(e 2\/5>E_%_21p<e 2\/y_>
(A2.4)

ctioco 1y,
/ [Dy(z)D—y—1(iy) + Dy(—2)D_y_i(—iy)] T dy

oo sin(—wvm)

27 1—t% 2?2 442 1try
= 2i . . (A2.5
1\/1+t2eXp[1+t2 r tiye| s (429
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Appendix 3. The D-Dimensional Hyperbolic System
We consider the D-dimensional generalization of the hyperbolic coordinate system:

ug = coshry...coshrp_y ,
uy = sinhry

g = cosh 7y sinhy | (A3.1)

up—1 =coshry...sinh7p_y .

Therefore we obtain the path integral formulation by successively applying (A1.11)
(T1,...,7p—1 € IR)

n(¢")=r/ mo-1(t")=1p5_4

/ cosh? 2 7\ Dry(t)--- / Drp_1(1)

T (t)=my o1 (t)=7p

. t//
X exp {% / [% <7'12 + cosh® 773 + ... (cosh® 71 ... cosh® TD—2)7'—2D—1>
t/

72 ((D 2 4 1 P 1 )}dt
8m cosh? 7 cosh? 7y ... cosh® 7p_o

~1/2 dpy
— — 0 1t _ I
— (cosh”"% 7 cosh?~% 7" ... coshtl_, coshr 20 el PolTp 1 =7p 1)
1 1 D—2 D—2 o
R

1p; 1p; 1hT (D—2)2
: H / i, (b1 )W (Do J)eXp[ %(p%—frT)] '

(A3.2)

with the wave-functions \I/iZ(T) given by

. ] hﬂ'p .
Wi(r) = PR P'? | (tanhT) . A3.3
i+(7) \/2(cosh2 7k 4 sinh? p) ! k_E( anh ) ( )

This solution represents an alternative path integral solutions as already outlined for
two other coordinate systems in [51]. Note that irrespective which coordinate system
for the path integral formulation on A(°~Y is chosen (and there are many indeed) the
Green function always has the form [51, 56]

GA(D—l) <d (D—1)(q” ql)‘E> _ m -1 (D-3)/2
A A 7h? \ 2rsinhd,p-1(q", q')

D
Q(—l\j;gE/fﬂ (D—2)2/4— 1/2<C0ShdA(D—1)(q”7ql)> . (A34:)
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