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Abstract
It is shown that in a Minkowski space of total space-time dimension
D = d + 1, the orbits of the planetary motion are stable only if the
total dimension of space-time is D < 4. The proof is performed in a
fully didactic way.

1 INTRODUCTION

Bertrand’s theorem establishes that the only central potentials with stability
are the harmonic oscillator and the Coulomb’s one [2]. It has been related
the closeness of the classical orbits to their symmetries [3]. The existence of
different kinds of factorization operators for the radial Schrédinger equation
corresponding to the Kepler and harmonic oscillator problems has been at-
tributed to the classical stability of these systems according to the Bertrand’s
theorem [4]. Also, a generalization of this result has been developed when
the potential has suitable extra angular momentum [5]. More subtle points
has been studied like the connection between closed orbits and their stable
symmetries for small perturbations [6]. It has been found that when all eight
symmetries are stable the orbits are closed, but not necessarily if only three
symmetries of them are stable, as it happens in the relativistic case where
the perihelion of the orbit advances [6].
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Recently it has been studied the circular orbits stability for the Schwarzs-
child geometry (D = 4) in commutative and noncommutative spaces [7].
Schwarzschild solution in commutative space possesses stable circular orbits
for a radial distance r > 6GM and unstable ones for 3GM < r < 6GM,
where M is the mass of the attractor center and G is the gravitational con-
stant. The space non-commutativity increases the radius of stable circular
orbits [7]. Gravitational classical instability in higher dimensions (D > 4) has
been explored for various static and non static spacetimes: black holes, brane
worlds, generalized Schwarzschild, AdS black strings, ”bubbles of nothing”
[8] and hyperbolic spaces [9].

The aim of the present paper is to show that the planetary circular orbits
in a Minkowski spacetime of total dimension D = d+ 1, are stable only when
D < 4. To obtain this result the Bertrand’s theorem plays a central role
which allow us to give an elegant and didactic proof. In section 2, we obtain
the gravitational force in d spacial dimensions due to a particle of mass M.
In section 3, we sketch the Bertrand’s theorem, and it is applied to constraint
the spatial dimensions in order to obtain the stability of circular orbits. In
section 4, we give the concluding remarks.

2 GRAVITATIONAL FORCE IN A
d-DIMENSIONAL SPACE

The magnitude of the attractive gravitational force between two point par-
ticles m and M in the three-dimensional space is given by

M
g (1)

r2

F=-G®
which satisfies the Gauss’ law (setting m = 1) in three dimensions

Fdi = —47G® M., (2)
52(r)

where M., is the enclosed mass by the Gaussian sphere S? and G = G.
We are interested in generalizing expression (1) to a d-dimensional space.

In order to obtain this, we demand that the gravitational force satisfies the

Gauss’ law (2) for any d value, remaining fixed the value of the right hand



side. This means that the flux of the gravitational force on any sphere S%~(r)
is always equal to the enclosed mass times 47G® [1].

Some remarks about da are necessary. If we consider the spheres S!
and S2%, their areas are equal to 27r and 4mr?, respectively. The area
of the sphere S3 is some alike a three-dimensional volume. To higher-
dimensional spaces the area of a sphere S?! of radius r is known as the
volume, a =(vol(S?71(r))). In what follows we use this terminology to de-
note areas for any d value. Hence, the volumes for S' and S? are

vol(S'(r)) = 27, (3)
vol(S?(r)) = 4nr?. (4)

Thus, the factor 47 in equation (2) is equal to the volume of the unit sphere
S2. Equations (3) and (4), lead to infer that for a sphere in a d-dimensional
space the equality vol(S“@ (7)) = r¢=1vol(S%!) must hold, being vol(S%!)
the volume of the unit sphere. Moreover, the volume differentials (r fixed)
are

d[vol(S'(r))] = rdf = rd[vol(S')], (5)
d[vol(S?(r))] = r?sin(0)dod¢ = r*d[vol(S?)], (6)

from which we conclude that in general, for a d-dimensional sphere, the
equality
da = d[vol(S?1(r))] = r?~td[vol(S9™1)] (7)
holds.
In order to the gravitational force flux on the sphere S%~1(r) be the fixed

constant 4mG®) | according to the result (7), the force between two massive
point particles must depend on 1/r?~1. We propose it has the form

F=-GO—. (8)

,
Now we focus our attention on the right hand side of equation (2). The mass
M as an intrinsic matter property must not depend on the space dimension.
Hence, the product 47G®) = vol(S?)G®) must have a fixed value for any d.
Since in higher dimensions the area (volume) of the unit sphere depends on
the space dimension, the gravitational constant must depend on the dimen-
sion too. Hence, vol(S?T1)G@ = 47G®). Above remarks allows to write the
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generalized Gauss’ law as
/ F - di = —vol (541G M, . 9)
Sdfl(r)

which is satisfied by the gravitational force

A7GB) mM

F=_
vol(Sd-1) rd-1 "

(10)

for m = 1.
The next step is to find the volume of a unit sphere of dimension d — 1.
We proceed as in [10] and calculate the integral

I, = / / .. / drydxs - - - dxde—rz =/ e dv (11)
o0 J—oo oo R

in all space in two ways.
First, since r* = 2?2 + 23 + ... + 2, the integrand of (11) is separable and
it reduces to a product of one-dimensional integrals. Thus,

d oo
I;= H/ dze™ (12)
i=177°

However, each integral of the product is well known from the probability
theory, it is [°°_ dx;e™*% = 7%. Therefore, I; = m%.

Second, the value of I, is obtained by considering the space R? as divided
by thin spherical shells. At fixed r the space is the sphere S971(r) and the
volume of the space between r and r + dr is dv =vol(S~1(r))dr. This fact
allows to write equation (11) as

I, — /oovol(Sd_l(r))e_T2dr (13)
0
- Vol(Sd_l)/oord_le_T2dr (14)
0
_ 1 d-1y [ 41
= Svol(S )/O t5-1etdt, (15)

where we have used the relation vol(S@ =V (r)) = r¢1vol(S% ') and per-
formed the variable change ¢ = 2. The last integral is identified with the in-
tegral representation of the gamma function defined by I'(z) = [5° t*~ e 'dt,
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with = > 0. With this result we obtain that /; = $vol(S*™)I'(4). Thus by
equating our two results for I;, we obtain
d
272

L)

2

vol(S*1) =

(16)

Results (10) and (16) complete our purpose to find the gravitational force
between two point particles in a d-dimensional space.

Bertrand’s theorem ensures that the circular planetary orbits around the
sun in our four-dimensional space-time are stable under small perturbations
2], and relates its stability to the values of the power in potentials with the
form V = r”. We notice that the force (10) due to one particle of mass M
on a particle of mass m is proportional to 1/r%"!. This fact will allow us
to apply Bertrand’s theorem to find the values of the spatial dimension d in
order to have stable planetary orbits in higher dimensions.

3 THE BERTRAND’S THEOREM AND
STABILITY OF THE CIRCULAR ORBITS
IN A d-DIMENSIONAL SPACE

We begin by reviewing the Bertrand’s theorem proof. Since the total angular
momentum is conserved, this allows us to set an inertial frame in the mass
center of the system. Also, since the force is central, the angular momentum
is conserved and restrain the orbit to be plane. Hence, the motion of the
two particles is reduced to that of a single one with reduced mass y = nﬁj\z/[w
under the potential V'(r), being r the distance between particles. It is usual
to set the z-axis in the angular momentum direction, orthogonal to the orbit
plane. Also, since V(r) does not depend on time t, the total energy F is
conserved.
Since the lagrangian of the system is

L=T-V= %u(ﬁ +r20%) -V (r) (17)

and does not depend on the variable #, the angular momentum ¢ = ,ur29 is
conserved. The total energy of the system is

o %u(?’“2+r292)+V(r) (18)



1 1 ¢

e A Mp— 1
SHT + 2 + V(r) (19)
1 .9

= gHr + Ve, (20)

from which is obvious the definition of the effective potential V.¢(r). For the

case in our study, the reduced mass is yu = ﬁ% ~ m. Thus, it follows that

8Vef . 8V(r) €2
or  or mr3’ (21)

or
2

Fp=F+—, 29
f 3 (22)

where F' = —%—V.
T

The condition to have circular orbits is imposed by 7 = 0, and they are
stable only when the potential has an effective minimum at a distance r = ry.

This fact implies that for circular orbits, Fr; = — 8(;?‘ ‘ must be equal to
T="

0
zero (whenever the case, a maximum or a minimum). Thus, equation (22)
reduces to
62

mry’

F= (23)

By demanding that the effective potential V.¢(r) get a minimum at r = o,
from equation (21) it must satisfy

9 2 2
8@:/;# - ?97‘2/ o 3mio4 >0 (24)
this implies )
or
aa_]: . < —T—BOF(TO). (26)

This inequality must be satisfied in order to have stable circular orbits at
r=To.



From equation (10) and (16), the force between two particles in a d-
dimensional space is given by

4GB mM 2I(HG® mM

F=— =— 2 . 27
vol(Sd4-1) rd-1 . (27)
Hence,
dF  2I(¢
— = d(2)G(3)Mm(d —1)r . (28)
dr 7r§_1

By substituting equations (27) and (28) evaluated at r = ry into equation
(26), we obtain

d—1 3
— < (29)
7o )

or d < 4. This means that the maximum value of the spatial dimension d is
3, and it is the upper bound we were looking for.

4 CONCLUDING REMARKS

We have shown that the spatial dimension must satisfy d < 4 to have stable
circular orbits. This means that for the planetary motion in a space-time
of five dimensions or higher, the circular orbits become instable. This result
could be derived because the gravitational force in d dimensions possesses
the same mathematical form as those for the central potentials studied by
Bertrand. Although the problem we have treated in this paper is a texbook
one [10], as we have shown above, its solution is non-trivial. Moreover, as
was emphasized in the introduction, the concept of stability is studied in
many current research areas of physics. Being this paper a comprehensive
and fully detailed work, it can be a helpful pledge for the students to make
a glance for advanced topics.

References

[1] S. Kowalczyk, Q. Krijger, M. Van de Meent, J. Mossel, G. Schoon-
eveldt and B. Veroudent, Constraints on Large Ezxtra Dimensions,
www.science.uva.nl/research /itf/projecten /extradim.pdf.

7



[2] H. Goldstein, Classical Mechanics, Addison-Wesley, USA, 1980.

[3] A. L. Salas-Brito, H. N. NunezYépez and R. P. Martinez-Y-Romero,
Int. J. Mod. Phys. A 12 (1997)271.

[4] Y. F. Liu, W. J. Huo and J. Y. Zeng, Phys. Rev. A 58(1998)862.
[5] Zuo-Bing Wu and Jin-Yan Zeng, J. Math. Phys. 39(1998)5253.

[6] V. A. Baikov, R. K. Gazizov, N. H. Tbragimov and F. M. Mahomed, J.
Math. Phys. 35(1994)6525.

[7] K. Nozari, S. Akhshabi and N. Sadeghnezhad, Acta Phys. Polon. B
39(2008)2867.

[8] G. Gibbons and S. A. Hartnoll, Phys. Rev. D 66(2002)064024.
[9] I. P. Neupane, Phys. Rev. D 69(2004)084011.

[10] B. Zwiebach, A first course in string theory, Cambridge, United King-
dom, 2005.



