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Abstract. We study the quantum dynamics of a particle interacting harmonically with conical
singularities that physically correspond to either a cosmic string, a global monopole, a magnetic
flux string or a screw dislocation, by solving the corresponding Schrodinger equations. Exact
expressions for the energy eigenfunctions and eigenvalues are found.

1. Introduction

The study of quantum systems with non-standard boundary conditions has been an exciting
research field in recent years. For example, many authors have studied the quantum dynamics
of a particle interacting with a wedge. Recently, Crandall [1] and DeWitt-Morette [2] evaluated
the propagator for a free particle interacting with a rational wedge. Cheng [3,4] studied the
quantum dynamics of a particle interacting harmonically with a wedge. In another paper,
Zhu [5] investigated the dynamics of a harmonic oscillator in the presence of a magnetic flux
that passes through the plane at the equilibrium point of the motion. In this work we analyse
the quantum dynamics of a particle subjected to non-trivial boundary conditions, which are
imposed by conical singularities in different physical contexts.

The purpose of this paper is to investigate the quantum dynamics of a single particle
interacting harmonically with a topological defect. These defects are characterized by a
spacetime metric with a Riemann—Christoffel curvature tensor and/or torsion tensor which
is null everywhere except on the defects, that is, by the conical type of curvature or torsion
singularities [6,7]. Some examples of curvature conical singularity topological defects are
cosmic strings [8] and global monopoles [9]. An example of torsion conical singularity is the
cosmic dislocation [10]. These defects appear naturally in gauge theories with spontaneous
symmetry breaking and may have played important roles in the formation of the large-scale
structure of the universe [8]. They are also important in the context of the geometrical theory
of defects in solids [11, 12, 17].

A quantum particle is considered in each of the following background spacetimes: a
cosmic string, a magnetic flux string, a global monopole and a cosmic dislocation. We
consider a harmonic interaction potential between the particle and the defect. This model
is a pedagogical approach for the study of the influence of conical singularities in the quantum
dynamics of a single particle. It also is motivated by the possibility of using the vibrational
spectroscopy of diatomic molecules as an (approximate) probe for topological defects in the
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cosmos. Probes such as these have been suggested earlier, for example, using Rydberg atoms
[13], Lamb shifts [14] and the energy shifts of hydrogen atoms [15].

This paper is organized as follows. In section 2 we obtain exact solutions of the
Schrodinger equation (SE) for a two-dimensional harmonic oscillator interacting with a cosmic
string; in section 3 with a magnetic flux string; in section 4 we obtain exact solutions of the SE
for a three-dimensional harmonic oscillator interacting with a global monopole. In section 5
we analyse a two-dimensional harmonic oscillator interacting with a cosmic dislocation and,
finally, in section 6 we summarize our main results.

2. Harmonic oscillator in the presence of a cosmic string

The line element corresponding to the cosmic string spacetime is given in cylindrical
coordinates by [8]

ds? = d?> — dp? — o?p? de? — dz? (nH

where p > 0 and 0 < ¢ < 27, the parameter « = 1 — 4G and p is the linear mass density.
This metric has a cone-like singularity at p = 0. In other words, the curvature tensor of the
metric (1), considered as a distribution, is of the form

a—1
Rj3 =271 ——3%(p) ©)

where 82(p) is the two-dimensional Dirac §-function. This fact characterizes a two-
dimensional conical singularity.

Let us consider a non-relativistic quantum particle embedded in a classical background
field. Its behaviour is described by the Schrodinger equation [16]

%@ 1
i = T A%@ D+ Vg (€)

where m is the mass of the particle and we choose units such that 7z = 1. The symbol A is the
Laplace—Beltrami operator

A= %ai (¢ v/29;)

g = det|g;;| and the Latin indices run over the space coordinates only. The Schrodinger
equation in the metric (1) is of the form

v __ 1 [lap(pap)+82+ : 82}\I'+V(p)‘1/ 4
ot 2M | p Toa2p??
where V (p) is a cylindrically symmetric interaction potential assumed to be
V(p) = yma’p?. ®)
Using the change of variables o = yp? and assuming for the eigenfunction the form
W = eiEtHika =0 210/ B (o (6)

which satisfies the usual asymptotic requirements and finiteness at the origin for a bound state,

we have
d*R €] dR 4 A
co—+|l{1+—)—-0|——-|[1+—)——|R @)
do? o do a 2y

where Y2 = M?w? and A = —2ME + k.
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We find that the solution of equation (7) is the degenerated hypergeometric function
14
R=F(a,u+1;y02> ®)
o

wherea = (1 + |€]|/a — A/2y). In order to have normalization of the wavefunction, the series
in (8) must be a polynomial of degree n, therefore

a = —n. )
With this condition, we obtain discrete values for the energy given by
14 k?
E=w 2n+u+1 +— (10)
o 2M

wheren =0,1,2,....
The energy eigenfunction is then given by

. . 2 g
W = C,y pltl/2eikzeitee=rr/2  py (—n, u +1, )/,02> (1D
a

where C,, is a normalization constant. It is easy to see that the presence of the parameter «
breaks the degeneracy of the energy levels. In the limit of « — 1 equation (10) gives the usual
two-dimensional harmonic oscillator levels. Our results agree with those found by Cheng [3]
and Cheng and da Luz [4] who studied a quantum particle in the presence of a wedge using
path integrals. Note that the boundary conditions imposed by the cosmic string are identical
to those determined by the wedge, namely

V(p,0,2) =V¥(p,2na,z)
for a wedge of dihedral angle 27 (1 — «).

3. Harmonic oscillator in the presence of a magnetic flux string

Now, we proceed as in the previous case to study a charged harmonic oscillator in the presence
of a magnetic flux cosmic string. We consider that the internal magnetic field is of the form
P

1
A(p) = ——¢ 12
(») ma pew (12)

where @ is the magnetic flux of the string. Using minimal coupling, the time-independent
Schrodinger equation for the harmonic oscillator is in this case

Lfla o o 1 @ LS R PP
—_— —_— 00— _— _— — _— — w =

2 pappap 072 a?p? 9¢? aMa?p?d¢ 8m2a?pM 2 p
(13)

where ¢ is the charge of the particle.
By using again the change of variables o = yp? and assuming for the eigenfunction the
form

¥ = explikz + ibple /2o 1H+a®/ 2020y () (14)
we have
d? L +q®d/2 d L+qd/2 C* —k?
L 1 *g®2m) N du e+ q®/2m] w=0 (15)
do o do o 2y

where C? = 2ME and y? = m?w’.
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As before, we find that the solution of equation (15) is the degenerate hypergeometric

function
L+qd/2
u:F(a,M+l;yp2> (16)
o

2_ 2 . . . . .
wherea = (1 + M:M — %) Again, in order to have normalization of the wavefunction,

the series in (16) must be a polynomial of degree n. Therefore, we must impose

a= —n. a7
With this condition we obtain discrete values for the energy levels given by
[€+q®/2m| k?
E=o|2n+———+1 |+ — (18)
o 2m
withn =0, 1,2, .... The energy eigenfunction is given by

U = C,y pltra®/2/2a giks ity o=vr/2 (_n, 16+q®/2m| 1. yp2> (19)
o

where C,,; is a normalization constant. Note that the inclusion of the magnetic flux & breaks
the degeneracy of the energy levels further.

4. Harmonic oscillator in the presence of a global monopole

Barriola and Vilenkin [9] have shown that the effects produced by a global monopole in the
geometry can be approximately represented by a solid angle deficit in (3 + 1)-dimensional
spacetime. The metric of this manifold can be expressed by the line element, in spherical
coordinates,

d 2
ds? = —di? + — +17 (467 +5in” 0 dg?) (20)

where the parameter o> = 1 — 87 Gv? is smaller than 1 and depends on the energy scale
v. The area of a sphere of unit radius in this manifold is not 47 but 47 a?, and the surface
6 = /2 presents the geometry of a cone with deficit angle A = 87 Gv2. This is an example
of a three-dimensional conical singularity in the spacetime metric. The curvature tensor of the
metric (20) is of the form

2
a-—1 _,

R = r2. 1)

by a2

The time-independent Schrodinger equation in the metric (20) is described by
1 (a?d , d L? L a2
—— 5= )-S5 {¥+imerYy =Ey (22)
r2 dr

2m dr r2

where L? is the angular momentum squared operator.
We assume for the eigenfunction the form

Y =CY/"(0,y)R(r) (23)

and the change of variables ¢ = r2, obtaining

dR 3 dR(o) —
2 1 1 2 1
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with K = 2mE/a?, y = m’w?/a®> and D = £(£+1)/a*>. We find that the solution of
equation (24) is the hypergeometric function

Va2 +4e+1)
R(o)=F|a, 1+ —— 0 (25)
2
with
2 K (26)
a=y— —.
v 4o
In order to have normalization of the wavefunction (25) we impose
a= —n. 27
This condition determines the discrete values for the energy to be given by
Va2 +4ee+1
E=9<zn+“—()+1>. (28)
o 200
The energy eigenfunction is given by
Va2 +4ee+1
Yr.0.9) =czn,Yg"<9,<o>F(a,1+°‘2—(),r2> (29)
o

where Cy,, is a normalization constant.
Note that the parameter « breaks the degeneracy of the energy levels. In the limit o« — 1
the energy levels coincide the usual three-dimensional harmonic oscillator levels.

5. Harmonic oscillator in the presence of a screw dislocation

In this section we investigate a harmonic oscillator in a background field of cosmic dislocation.
The line element of this defect is given in cylindrical coordinates by

ds? = —dr? +dp® + p* de?® + (dz + B dg)? (30)

with p > 0 and 0 < ¢ < 27. The parameter 8 is related to torsion. In the language used in
crystallography g is related to the Burgers vector. This metric contains a conical singularity in
the torsion tensor. The torsion associated with this defect corresponds to a conical singularity
at the origin. The only non-zero component of the torsion tensor in this case is given by the
2-form

T' = 27B8%(p)dp A dop (31

where 8%(p) is the two-dimensional delta function in flat space. The three-dimensional
geometry of the medium, in this case, is characterized by non-trivial torsion, which is identified
with the surface density of the Burgers vector in the classical theory of elasticity. In this way,
the Burgers vector can be viewed as a flux of torsion, given by

/rl:felzzmszb (32)
> S

where we adopt the following triad representation (1-form basis) for the metric (30)
el =dz+ Bdo (33)
el = dp (34)
¢ =pdg (35)
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and the torsion 2-form is related to the triad by
T=de+T'PY ne (36)

where '™ is the Lorentz connection, which is zero for this geometry since there is no curvature
involved. This equation leads to the result (31) when we substitute (33)—(35) into it. We write
the torsion in tensor notation

TS, = 3¢ — 3¢ 37)

where the 2-form component 7 = 77, dx* A dx” and the triad component e = e}, dx*.
The Schrodinger equation for the harmonic oscillator in the metric (30) is expressed by

S ﬂ32+1aa¢+1 5 v G38)
——— | —=+—=\|\— B ——p— M = .
2m | 3z2  p? \ 9 9z 0 8,0'08,0 2 re
Using the following ansatz
V(p, @, 2) = explly + ikzle 72! PK2y (o) (39)
where £ and k are constants, and o = y,oz, we have

d*u(o) du(o) A
o io2 +[1+1€— Bk| — o] o —(ﬁ+l+|€—ﬁk|>u(0) (40)

where A = k? — 2mE and y = m’w?.

We find that the solution of equation (40) is the degenerated hypergeometric function
u="F(¢,10— Bkl +1, L(mwp?)) (41)

witha = |€ — Bk|+1 — A/2,/y. Setting { = —n, as before, to make the eigenfunction
normalizable we have

k2
E=wn+|0—Bkl+1)+—. (42)
2m

The eigenfunction is then given by
Y = Cue pl M0V 2 (<, € — BK| + 1, map?) (43)

where C, . is a normalization constant.

The conical singularity introduces into this problem the parameter §. This parameter also
leads to a breaking of degeneracy of the energy levels of the oscillator. This parameter is due
to the torsion associated with the defect, therefore the torsion provokes the observed break of
degeneracy.

6. Concluding remarks

In this work we study the behaviour of a quantum oscillator in the presence of conical
singularities. ~ We investigate the quantum dynamics of a single particle interacting
harmonically with a conical singularity. The presence of defects in all cases break the
degeneracy of the harmonic oscillator. It is suggested that these results may be utilized as
a method of detection of cosmic defects and also of defects in solids. This complements recent
studies [17-19] on the influence of the geometry and topology of defects on the quantum
dynamics of a free particle.
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