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Abstract

In this paper a non-relativistic particle moving on a hypersurface in a curved
space and the multidimensional rotator are investigated using the Hamilton—
Jacobi formalism. The equivalence with the Dirac Hamiltonian formalism
is demonstrated in both Cartesian and curvilinear coordinates. The energy
spectrum of the multidimensional rotator is equal to that of a pure Laplace—
Beltrami operator with no additional constant arising from the curvature of the
sphere.

1. Introduction

Constraint Hamiltonian systems play a crucial role in gauge theories. Since Dirac’s pioneering
work [1] on constrained systems, there has been considerable progress in this field [2-5].
Although some basic steps were taken, there are still some more problems which need deeper
analysis. Especially one should define the Dirac brackets explicitly to quantize second-class
constraints. But this is not an easy task, because except for very particular cases, for example
where the Dirac brackets are c-numbers, this problem does not have a general solution. In
other words, it is extremely difficult to find a representation for the independent operators.
Determination of degrees of freedom of a singular system is a vital problem especially if
second-class constraints exist. In fact, the reduced phase space is a symplectic manifold in
mathematical language [6] and the Darboux theorem ensures that one can find, at least locally,
the coordinates in terms of which the Poisson brackets (defined on the reduced phase space in
the presence of constraints) have the canonical form.

Quantization of a free point particle in curved space is a long-standing and controversial
problem in quantum mechanics [7, 8]. Dirac has emphasized that canonical quantization
rules are consistent only in a Cartesian reference frame. Attempts to generalize these
rules to curved space run into the notorious operator-ordering problem of momentum and
coordinates [1]. Podolski avoided this problem [9] by postulating that the Laplacian in the

. 2 .
free Schrodinger operator H = —F% should be replaced by the Laplace—Beltrami operator
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Ag = g%laﬂg% ghvo,, where 9, = # are partial derivatives with respect to the N-
dimensional curved space coordinates, and g is the determinant of the metric g,,(q).This

postulate has generally been accepted as being correct since it yields, for a N-dimensional
. 72 A

Cartesian space with coordinates x*, an energy ZL? Here L, = —ip;(La);jx; with p; = —iha%
are the unique quantum mechanical differential operator representation of the %ﬂ) generators
L, of the rotation group SO (N + 1) in flat space [10]. A discrepancy with the Dirac formalism
has however been reported in several papers [8,10,11], as well as other different results [12,13].
In spite of all these developments, the status of the problem is very confusing, and there have
been many papers claiming a rejection of the Dirac formalism [10], an intrinsic difference
between path formulation and operator formalism [11], or advocating different quantization
schemes [12]. Besides, in the definition of the Wheeler—de Witt equation [14], which has
central importance in string theories, in curved space this problem arises again.

An alternative method of quantization is the Hamilton—Jacobi formulation initiated by
one of us [15-17]. Using the Carathéodory equivalent Lagrangian method we find a set of
Hamilton—Jacobi equations integrated by the method of characteristics [18, 19]. Recently this
formalism was generalized to singular systems with higher-order Lagrangians and to systems
which have elements of the Berezin algebra [20-22]. Even more recently the quantization of
the systems with constraints was investigated using this approach [23-25]. The advantage of
using the Hamilton—Jacobi formalism is that we have no difference between first- and second-
class constraints and we do not need a gauge fixing term because the gauge variables are
separated in the process of constructing an integrable system of total differential equations. In
addition the action provided by the formalism can be used in the process of the path integral
quantization method of the constrained systems. However, the quantization of the systems
with second-class constraints is problematic for the Hamilton—Jacobi formalism because the
system of equations is not integrable. To solve this problem we have two basic possibilities:
the first one is to enlarge the phase space [26] and the other one is to keep to the original phase
space itself [27,28].

Let us consider a singular Lagrangian with Hessian matrix of rank n — r. The formalism
leads us to the following Hamiltonians:

H, = Hy(tp, 4a: Pa) + Pa ¢y
wherea, B =n—r+1,...,n,a=1,...,n —r. The usual Hamiltonian Hj is defined as
Hy = —L(t,qi,4v, qa = Wa) + PaWa + §uPp lp=—nm,,v=0,n—r+1,...,n 2)
which is independent of ¢,. Here ¢, = %, where 7 is a parameter and w, are obtained

from the definition of generalized momenta. The equations of motion are obtained as total
differential equations in many variables as follows:

dg, = WHa 4 d OHq 4 d OHq 4 1 3)
a = o a = — o = - o =1...,r
T o b 34, b= """, o
OH!
dz = ( —Hy + pa p dz, 4

where z = S(t, q,) is the Hamilton—Jacobi function.

One should notice that although we have started with n generalized coordinates g; and
generalized velocities ¢; to pass to the canonical formulation we have to treat some generalized
momentum-dependent and corresponding generalized coordinates as free parameters. Thus,
we have a phase space of lower dimension, but this is not sufficient simply because the equations
of motion are total differential equations and we should consider integrability conditions. In
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other words equations (3) and (4) are integrable iff d H,’ = 0. Some of these conditions could
be satisfied identically and the rest may cause new constraints. Again using the same test the
additional constraints might arise. As a result, it may happen that we have a set of constraints
which are in involution and an integrable system. Every new constraint causes reduction of
the dimension of the phase space. In the end we may have constraints in the form

Hy = po + Hy H) = H,(tg, qa, Pa) + Py ®)
and additional constraints which cannot be expressed in this form.
The equations of motion take the form

d0H, E)H}/,

dgy = —2de+ —Ldr (6)
app app
9Hy OH, dt (7
pp=———dt — —dp,.
’ g dgp

Thus, we have an integrable system with some additional constraints.
The action can be obtained solving the following equation by quadratures:

= + T+ + .
Z 07+ Pa P Bt Pa 3 B

a a

This paper is organized as follows.

In section 2 the non-relativistic particle moving on a hypersurface in a curved manifold is
investigated using the Hamilton—Jacobi formalism. The multidimensional rotator is analysed
and the results are compared with those obtained by the Dirac Hamiltonian formalism. In
section 3 the quantization of the multidimensional rotator is investigated. In section 4
concluding remarks are presented.

2. Hamilton—Jacobi formalism of the non-relativistic particle moving on a hypersurface
in a curved manifold

We consider a n-dimensional manifold equipped with the Riemannian metric g;;(x). Let

x'(i =1,2,...,n) be the coordinates of the manifold. We consider a non-relativistic particle
of mass m whose motion is constrained on the hypersurface defined as [11]
f(x)=B8B (B = const). ©)
In the presence of the vector and scalar potentials A;(x) and V (x), the Lagrangian is given by
L=1g it/ + Aix' — V(x) + A(f(x) — B). (10)
Here i = dd—"ti and x'(¢) denotes the position of the particle, A is a Lagrange multiplier and
A= %. The canonical momenta conjugate to x’ and A are

pi = mgi;x’) + A, p.= f(x)— B. (11)
This Lagrangian leads us to the following Hamiltonians:
1
= — oli(p, — AN(p: — A
H(:_p0+2mg (pl Al)(p] Aj)+V(-x) (12)
H{ = p, — f(x)+B.
The canonical equations are

. g"f
dx' = —(p,' — A,‘)dt
m ;
1 ag’f A% glj 04, of (13)
di: — —A i—A))+— — —— i— A dl‘++d}»
p {Zm ox! (P D(p; i) dx! m ox' (Pj 2 ox!

dp)L =0.
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Imposing the variations of (12) to be zero and taking into account (13) we find immediately
the consistency condition

df(x)=0. (14)

Using (14) a new constraint arises
H)y=°——(p; —A)). 15
2 m oxi (pj ) (15)

Taking the variation of (15) and using (13) we obtain

L ul 9 ( 0f d (i 90f 1agh .. af
- - I ! - . s ! _A i - A - T . Y —
mz{g [8xk<g axi )P T gk \8 g (pi — Ap) 2 oxi 8 gy PP
0 L of 1 ..3f aV gy af of .
+— A YV ——gV = 4+ 2~ ) =0. 16
ax/ (8" Ang axt Pr mg ox! dx/  m ox' dx/ (16)
Solving (16) we find the Lagrange multiplier A.
In order to compare our results with those obtained using Dirac’s procedure we analyse
the variations of Hj, H{, H;. Using
dH{ = (Hy, H{}dt -
dH; = {H},, H,}dr + {Hj, H{}dA

we can prove easily that the integrability conditions of (13) are the same as Dirac’s consistency
conditions.

2.1. Multidimensional rotator

In order to clarify our method we will analyse in detail the multidimensional rotator problem.
The Lagrangian for a particle of unit mass constrained to move on the surface of an N-
dimensional sphere of radius R is given by the well known expression

L = 1igx% — A(xex® — R?) a=1...N (18)
where the constraint
f(xX) = —xx*+R>=0 (19)

is implemented by the Lagrange multiplier A. Using (12), (13), (15) and (18) we obtain a new
constraint

xX¥pe =0 (20)
and an equation for A:
. Pab”
A= . 21
2Xgx% @h
Here A is a gauge parameter. To summarize we have the following set of Hamiltonians:
H{ = po+ 3 pap” H{ = p; +xx* — R? Hj = x“py. (22)
The transformation from Cartesian to curvilinear coordinates is defined as
X; =rsing;...singy_, Xy =rsing...sin@y_,cos@Py_|
XN—3 = r sin ¢ sin ¢, cos
N-3 1 ¢2 @3 23)

XN—1 = r Sin @] cOS @ XN = FCOS¢Q.
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In these new variables, the Lagrangian and the canonical momenta are given as

L= 302+t - +r°gy_,...sin’ gy_o) +A(—1 + R) (24)
T, =—r+R T =7 Ty =179 7y, = r’sin’ 91
(25)
Tpy | = r?sin® @ ...sin® on_19n_1.
In the Hamilton—Jacobi formalism we have two Hamiltonians
/ 1, o
Hy = po+ 5 (”r + 72 sin’ g o r2sin ¢y . ..r2 sin’ goN_1> (26)

H =m, +r —R.

Using the consistency conditions dH; = 0 and dH| = 0 from (13) we obtain

dr=0 dm, = 0. 27
Taking into account (26) and (13) we have
1 w2 2
dnr=—dk+_3<.;] Tt —— (pNilz )dt' (28)
r> \ sin” ¢ sin” @y ...sin" @y_;
From (27) and (28) we find
' 1 2 2
==+ =+ : (29)
r sin” ¢ Sin” ¢y ...sin" gy_;

In general the physical variables are nonlinear functions of the original variables of the
system. The separation of local coordinates into physical and pure gauge ones can be performed
by choosing the curvilinear coordinates in such a way that some of them span gauge orbits,
while the others change along the directions transverse to the gauge orbits and denote physical
states (for more details see [5,29]). As an example we consider the three-dimensional case, in
which the transformation from Cartesian to spherical coordinates is given as

X1 = rsinf cos ¢ Xy = rsiné sing X3 =rcosf
71 = sin 6 cos ¢, + 1 cos  cos gy — 1 sin 6 sin g,
7y = sin @ sin @7, +r cos 6 sin g7y + r sin O cos g, (30)
3 = cosfm, — rsinfmy
A=A ), = Pa-
This transformation is a canonical transformation [18, 19]. The canonical pairs are now well
defined (r, 7r,), (0, ) and (¢, 7y).
The Hamiltonians have the following expressions:

2
H/zp0+7T_92+L+7T_r2
0 2r2  2r2sin’6 2 (31)

HI/ZTL')L‘FV—R

and using (31) we obtain the following canonical equations:

Ty Ty
dr = m, dt do = — dr dp = ——dt
r? YT 2 sin®o
d dx + L + il dr d 0
T, = — — | T, =
3\ sine Y (32)
i
dry = —2— cos 6 dt dm, =0.

r2 sin’
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Imposing dH; = 0 and dH; = 0 we obtain H; = rm, = 0. Taking into account the
consistency condition obtained above and using (27) we find

S| m,
A== |m+—). 33
3 ( 6T G 9> (33)
In this case the action has the following expression:
1 2, T
= — + dr. 34
‘TR (719 sin” 0 G

3. Quantization of the multidimensional rotator

The multidimensional rotator is a system having second-class constraints in Dirac’s
classification of the constrained systems. The Hamilton—Jacobi formalism leads us to three
Hamiltonians, Hj, H{, H,, which are not in involution. At this stage we mention that it
is possible always to make the Hamiltonians in involution and then the corresponding new
system is integrable. In our specific problem we can apply the method of Abelian conversion
to transform the system into an Abelian gauge theory [30].

We found the Hamiltonians in involution:

H// _ + l (HZ//)Z + Li H// _ + a R2 H// _La + 2 2)\‘
o\ R T H R 1= Pt ia¥ 2 =X Pat
(35)
where L, = —ipL,x is the classical component of the angular momentum (with a = i, j,

L, =xipj — x;pi)-
At the quantum level we obtain HjW = H)W = H;'W = 0, where W is the wavefunction.
The first-class constraints restrict the physical Hilbert to the gauge-invariant sector

H{Wphys =0 H) Wphys = 0. (36)
The general solution of (36) has the following form:
Wpnys = f (1, %) ¥ () (37)

where f(x, A) is some function, whereas W (£2) is the wavefunction on the N-sphere. In the
physical Hilbert space, we make H,’, H) zero in H/. Taking into account (35) and (36) we
immediately find the energy values

2

h
Ej=golU+N —1) (38)

and conclude that the quantum Hamiltonian for the multidimensional rotor is given by the pure
Schrodinger operator without any boundary term.

4. Concluding remarks

Despite the success of Dirac’s approach in studying singular systems, which is demonstrated
by the wide number of physical systems to which this formalism has been applied, it is always
instructive to study singular systems through other formalisms, since different procedures will
provide different views for the same problems, even for non-singular systems.

In the Hamilton—Jacobi formalism we have a set of partial differential equations to start
with, and we construct the phase space using the integrability conditions of a set of total
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differential equations. In this formalism we have no distinction between the first- and the
second-class constraints but the Dirac consistency conditions are equivalent to the Hamilton—
Jacobi integrability conditions.

In this paper the Hamilton—Jacobi formalism was applied to investigate a non-relativistic
particle moving on a hypersurface in a curved manifold and we found the same set of constraints
as by using Dirac’s approach. In the case of the multidimensional rotator we have eliminated
the non-physical degrees of freedom, transforming the Cartesian coordinates into curvilinear
ones. For the three-dimensional rotator a canonical transformation was performed in order to
find the physical degrees of freedom and the action was calculated.

As pointed in [10] the energy spectrum of the multidimensional rotator obtained by Dirac’s
quantization method must be rejected because it is physically incorrect. Using the fact that X is
a gauge parameter in the Hamilton—Jacobi formalism we found the same result as in [10]. The
quantum Hamiltonian of the multidimensional rotor is given by the pure Schrodinger operator
without any boundary term.

As a further step we will apply this method to non-Abelian gauge theory and gravity. This
programme is under investigation, and this article is the first step in this direction.
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