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Motivated by the alpha-magnetic-spectrometer (AMS) project, we assume that after the big bang or
inflation epoch, antimatter was repelled onto one brane which is separated from our brane where all the
observational matter resides. It is suggested that CP may be spontaneously broken, the two branes would
correspond to ground states for matter and antimatter, respectively. Generally a complex scalar field which
is responsible for the spontaneous CP violation, exists in the space between the branes. The matter and
antimatter on the two branes attract each other via gravitational force, meanwhile the scalar field causes a
Casimir effect to result in a repulsive force against the gravitation. We find that the Casimir force is much
stronger than the gravitational force, as long as the separation of the two branes is small. Thus at early
epoch after the big bang, the two branes were closer and then have been separated by the Casimir repulsive
force from each other. The trend will continue until the separation is sufficiently large and then the
gravitational force observed in our four-space would obviously deviate from the Newton’s universal
gravitational law. We suppose that there is a potential barrier at the brane boundary, which is similar to the
surface tension for a water membrane. The barrier prevents the matter (antimatter) particles from entering
the space between two branes and jump from one brane to another. However, by the quantum tunneling, a
sizable antimatter flux may come to our brane and be observed by the AMS. In this work by considering
two possible models, i.e. the naive flat space-time and Randall-Sundrum models, and using the
observational data on the visible matter in our universe as inputs, we derive the antimatter flux which
comes to our detector in the nonrelativistic approximation and make a rough numerical estimate of
possible numbers of antihelium at AMS.
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I. INTRODUCTION

One of the major tasks of the modern particle-
cosmology is to explore a reasonable interpretation of the
observed matter-antimatter asymmetry in our universe
[1,2]. The widely acceptable picture is that there must exist
three key factors, namely, the CP violation [3], baryon
number noninvariance, and the existence of a stage out of
equilibrium. However, in the standard model (SM), the CP
violation induced by the nonzero Cabibbo-Kobayashi-
Maskawa quark-mixing matrix (CKM) CP phase is not
large enough to meet the requirement [4]. Therefore, either
there is new physics beyond the SM which can cause larger
CP violation [5], or there exist other mechanisms or pic-
tures that result in the observational matter asymmetry.

One alternative interpretation was proposed that the
antimatter was repelled to other corners of the universe
and in our part of the universe, only matter resides. Thus
definitely, the antimatter would fly to our part and there is a
possibility to be observed before it annihilates with the
regular matter particles. The alpha-magnetic-spectrometer
(AMS) project is set to observe the antihelium flux [6–8].
On the theoretical aspect, some authors have discussed the
existence of antimatter regions and possible flux to our
detector [9]. They consider large domains in the universe
generated due to inflation, which then convert into anti-
matter regions. The evolution of the antimatter regions
may result in an antistar globular cluster. It is interesting

to note that the CPmay be violated spontaneously [10,11].
In Ref. [9], the authors also suggest that separation of
matter and antimatter is caused by such spontaneous CP
violation.

In this work, we propose another possible picture based
on the brane physics. Suppose that after the big bang or
inflation epoch, CP symmetry is spontaneously broken and
the two branes correspond to different ground states of
matter and antimatter, respectively. By the end of this
phase transition, matter and antimatter began to reside on
different branes. Following Goldberger and Wise [12], we
introduce a complex scalar field, which is responsible for
the spontaneous CP symmetry breaking. That is a scalar
field which only applies to the extra dimension and is
different from that in the standard model in our four-
dimension space-time. The vacuum expectation values
(VEV) may be CP-phase dependent, so that the two branes
correspond to different VEV’s and then accommodate
matter and antimatter, respectively.

According to the general theory of the brane physics, the
gauge fields are confined on each brane, but only the
gravitational field can extend to the extra dimension(s).
The matter and antimatter attract each other via gravita-
tional force. To oppose the gravitational attraction which
may lead to a collision of the two branes to destroy the
universe, the scalar field can cause a Casimir effect. The
Casimir effect, which can be calculated in the quantum
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field theory, results in a repulsive force against the gravi-
tational attraction. We find that the repulsive force caused
by the Casimir effect is much stronger than the gravita-
tional force as long as the separation of the two branes is
small. Thus it may cause a cosmological consequence that
at the early epoch after the big bang the two branes were
closer, but they have been repelled from each other and the
trend would continue until someday the two branes are
sufficiently separated and then the gravitational force ob-
served in our four-dimensional space-time would obvi-
ously deviate from the Newton’s universal gravitational
law. The picture seems to cause an unstable system. In
the work [12], the authors also suggest the existence of a
scalar field that has different vacuum expectation values at
two branes (in their work, the other brane is empty) and a
positive potential, which leads to a repulsive force between
the two branes. The force can balance the gravitational
force between the branes as it is applied to our picture, but
it depends on the difference of the expectation values on
the two branes. The Casimir repulsive force is an alter-
native possibility.

Moreover, we suppose that there is a potential barrier at
the boundary of each brane which is similar to the surface
tension for a water membrane. The barrier prevents the
matter or antimatter to enter the space between the two
branes and jump from one brane to another. In this work,
we describe the barrier by a delta function, i.e.

 V��� � a���� � a���� �rc�;

where a is a dimensionless parameter to be determined and
�rc is the separation between the two branes at present.

The antimatter may traverse across the gap between the
two branes via the quantum tunneling. Thus an antimatter
flux which has already come in our universe, may freely
propagate in our brane, i.e. our matter world, until it
annihilates with regular matter. Since the matter density
in our universe is dilute, as the first order of approximation,
we ignore its possible annihilation with matter before the
flux reaches our detector. Thus the AMS may detect such
antimatter flux and the measurement can provide us some
detailed information about the antimatter world. As sug-
gested, the AMS measures the flux of antihelium from the
antimatter world. It is reasonable to suppose that the abun-
dance of antihelium in the antimatter world is the same as
that of helium in our matter world, and then we can
estimate its flux.

We study the detection possibility in the naive flat-
space-time model and the Randall-Sundrum model whose
metric tensor is suggested by the authors of [13]. In the
Randall-Sundrum model the ‘‘compactification radius’’
between two branes rc is determined by solving the ele-
troweak hierarchy problem. Instead, we let rc be a free
parameter, which must be much smaller than 1 mm for the
observation of gravitational law, and numerically evaluate

the flux of antimatter in our universe. However, we will
show that in the future universe the two branes will be
repelled away from each other by the Casimir force and
finally the gravitational law balances the Casimir force and
then rc would reach its maximum and the observational
Newton’s law will be obviously different from the present
form. Indeed, we do not expect to predict very accurate
value for the antimatter flux, but gain important informa-
tion about such flux while the future AMS experiment will
help to fix concerned parameters.

After this introduction, we formulate the Casimir effect
of the scalar field and discuss its consequence. Then we
derive the Schrödinger equation for the fifth dimension in
the nonrelativistic approximation and in the next section,
we evaluate the antimatter flux which penetrates the po-
tential barriers to reach our AMS detector. By the astro-
nomical data we roughly estimate the antimatter flux which
can be captured by the AMS detector. In the last section,
we make more discussions and draw our conclusion.

II. INTERACTION BETWEEN THE TWO BRANES

A. The gravitational attraction between the two branes

Different from the regular brane scenario where one
brane is empty and the normal matter resides on another,
both branes are occupied by massive particles and as the
gravitational force line can cross the fifth dimension, the
two branes attract each other. Thus, let us first estimate the
gravitational attraction between the branes.

Considering a three-dimensional area S on the brane
where matter uniformly distributes, the gravitational filed
strength E can be derived in terms of Gauss’ law in the
fourth dimension. The mass density of the matter in our
universe (antimatter in the antiworld) is �.

By Gauss’ law, we have

 

2

G5
ES � �S E �

G5�
2
; (1)

where G5 is the five-dimensional gravitational constant,
whose relation with four-dimensional gravitational con-
stant G4 is basically G5 � 2rcG4 [14,15].

Thus the gravitational force density between the two
branes reads as

 f � E� � G4rc�
2: (2)

B. A possible Casimir force

To balance the gravitational force between two branes,
following the literature, it is supposed that a scalar field
exists between the two branes and due to its existence there
is a Casimir effect. Under the periodic boundary condition,
the Casimir energy density induced by a massless scalar
field is given as [16,17]
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where ��5� ’ 1:034.
The Casimir force density is

 FP � �
@
@rc

VP � �
12:408

64�6r5
c
: (4)

That is an attractive force density and cannot play a role to
oppose the gravitational force. On the contrary, if the
boundary condition is antiperiodic, one has the Casimir
energy density as

 VA � �
15

16
VP �

3:102

64�6r4
c

15

16
; (5)

and a repulsive Casimir force density

 FA �
46:53

256�6r5
c

(6)

results.
By the data, one can notice that for a small separation

between the two branes, i.e. the distance must be smaller
than 1 mm requested by the observation of gravitational
law, the repulsive Casimir force is larger than the attractive
force between the two branes. One can conjecture that at
the early epoch of the universe, the two branes were close
to each other, and just due to the repulsive force, the two
branes gradually are repelled away from each other. They
will continue to be separated further until one typical
distance, which is about 105 m, the Casimir force would
balance the gravitational force and then the observational
gravitational law definitely deviates from the Newton’s
law, and becomes [15]

 V4 � �
G4M
r
�1� �n� 1�e�

��
n
p
r=R�; (7)

where G4 is the four-dimension universal gravitational
constant, n is the number of extra dimensions, and R is a
typical distance in the extra dimension.

The authors of Ref. [12] introduce an extra scalar field
and an interaction on the two branes in the Randall-
Sundrum scenario. The interaction of the scalar field be-
tween two branes yields an effective four-dimensional
potential for rc. Then the potential can help to stabilize
rc. The repulsive force caused by the Casimir effects is
another possibility.

III. TRANSITION RATES OF THE ANTI-MATTER
FLUX

To obtain the transition rate of the antimatter, one needs
to establish a Schrödinger equation along the fifth dimen-
sion. The form of the five-dimension Schrödinger equation
depends on the metric for any concerned brane model.
Below, we choose two models, namely, the naive flat
space-time and R-S (Randall-Sundrum) [13] metrics which
are intensively discussed in literature as examples to dem-
onstrate how to evaluate the antimatter flux which would
be observed by the AMS.

A. Naive flat space-time

We first discuss the simplest model, the naive flat space-
time. The metric for naive flat five-dimensional space-time
is given as

 ds2 � ���dx
�dx� � d�2; (8)

where ��� is the metric for a four-dimensional Minkowski
space-time. Substituting the metric into the five-
dimensional Klein-Gordon equation, one has

 �

�
@
@t

�
2
��

�
@
@~x

�
2
��

�
@
@�

�
2
��m2� � 0: (9)

Decomposing the wave function  into a product form

 � � ei ~k� ~x ��; t�; (10)

and substituting it into Eq. (9), one can eventually obtain an
equation which only contains differentiation of  with
respect to the fifth dimension variable � and time t,

 

��
@
@�

�
2
�

�
@
@t

�
2
� �m2 � ~k2

�

�
 ��; t� � 0: (11)

It is noted that we ignore the regular interactions among the
particles on the branes. Then taking the nonrelativistic
approximation,

  ��; t� � ’��; t�e�imt �
�
@
@t

�
2
 

’

�
2im

@’
@t
�m2’

�
e�imt (12)

and substituting it into Eq. (11), we get
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namely, it is

 �
1

2m

�
@
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�
2
’�

� ~k2

2m

�
’ � E’: (14)

After introducing two � potentials at the surfaces of the
two branes and through a simple manipulation, one has the
Schrödinger equation along the fifth dimension with an
effective potential and corresponding boundary conditions
as

 �
1

2m

�
@
@�

�
2
’�

� ~k2

2m
� a���� � a���� �rc�

�
’ � E’:

(15)

At the antiworld brane, the solution of Eq. (15) is

 ’��� � ei	� � R1e�i	� � < 0;

’��� � S1e
i	� � R2e

�i	� � > 0:
(16)

At our brane, the solution of Eq. (15) is

 ’��� � S1e
i	� � R2e

�i	� � < �rc;

’��� � S2ei	� � > �rc:
(17)

where 	 is an eigenvalue for Eq. (14) as 	 �
���������������������
2mE� ~k2

p
.

The boundary conditions on the brane surfaces at � � 0
and � � �rc respectively demand

 �’0�0�� � ’0�0��� � 2ma’�0�;

�’0���rc�
�� � ’0���rc�

��� � 2ma’��rc�;
(18)

and we can find the barrier penetration rate T � jS2j
2 as

 T � jS2j
2

�
�2	�2

�4am� 2a2m2 sin�2	�rc�
	 �2 � �2	� 2a2m2�cos�2	�rc��1�

	 �2
:

(19)

B. The RS model

In the RS model, the corresponding metric is

 ds2 � e2
������dx�dx� � d�2 
��� � ��� (20)

where 0 � � � �rc is the coordinate for an extra dimen-
sion and rc is the ‘‘compactification radius’’ of the extra
dimension [13]. The Klein-Gorden equation reads

 

1�������
�g
p @A�

�������
�g
p

gAB@B�� �m2� � 0: (21)

Substituting the metric into the field equation, one has
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�
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Similar to the flat space-time case, decomposing the wave
function  into a product form

 � � ei ~k� ~xe�2
��� ��; t�; (23)

and substituting it into Eq. (22), we eventually obtain the
equation which only contains differentiation of  with
respect to the fifth dimension � and time t,
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�
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(24)

Then with the nonrelativistic approximation,

  ��; t� � ’��; t�e�imt �
�
@
@t

�
2
 

’

�
2im
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�m2’

�
e�imt (25)

we get
 

2me2��i
@’
@t
�
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�
2
’� �e2��m2 � 4�2

�m2 � ~k2e2���’ � 0: (26)

Further, we can rewrite the above equation as

 

�
@
@�

�
2
’ � �� ~k2

�m2 � 2mE�e2�� �m2 � 4�2	’: (27)

Considering two � barriers at the two brane surfaces, we
finally arrive at what we want to have
 

�
1

2m

�
@
@�

�
2
’�

�
1

2m
� ~k2
�m2�e2�� �

1

2m
�m2 � 4�2�

� a���� � a���� �rc�
�
’ � Ee2��’: (28)

At the antiworld brane, the solution of Eq. (28) is

 ’��� � ei	��� � R1e
�i	��� � < 0;

’��� � S1ei	��� � R2e�i	��� � > 0;
(29)

and at our brane (matter), the solution of Eq. (28) is

 ’��� � S1ei	��� � R2e�i	��� � < �rc;

’��� � S2ei	��� � > �rc:
(30)

where 	��� is the eigenvalue of Eq. (27): 	��� ����������������������
2mE�m2� ~k2
p

� e��.
With the same boundary conditions that were depicted

for the flat space-time case, we can find the barrier pene-
tration rate T � jS2j

2 as
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This expression of transition rate is different from that for
the flat space-time case. Some details would be manifested
in the numerical results and the following figures.

C. The evolution of the two branes in RS model

The key point concerning the RS model is whether the
evolution of the two-brane structure coincides with the
present astronomical observation. To investigate the evo-
lution, one needs to solve the five-dimensional Einstein’s
equations for the ‘‘compactification radius’’ rc at any time
[18]. We rewrite the Eq. (20) into a different form by
assuming � � rc�t�~�:

 ds2 � ��e�2�rc�t�~� � ~�2 _rc
2�dt2 � e�2�rc�t�~�d ~x2

� rc�t�
2d~�2 � 2 ~�rc�t� _rcd~�dt (32)

The five-dimensional Einstein’s equations are

 GAB 
 RAB �
1
2RgAB � ~�2TAB (33)

where RAB is the five-dimensional Ricci tensor, R �
gABRAB the scalar curvature, and the constant ~� is related
to the five-dimensional Newton’s constant with ~�2 �

8�G�5� [19]. The right-hand term TAB is the energy-
momentum tensor.

Inserting the metric in Eq. (32) into the Einstein equa-
tions, we can obtain the nonvanishing components of the
Einstein tensor GAB which includes a derivative of rc with
respect to time t. In principle, it is a self-consistent differ-
ential equation group and would be extremely difficult to
solve, but with a reasonable approximation, one can a
priori set the energy-momentum tensor for the bulk matter
and the matter content on the branes, the differential equa-
tions can be solved. Then we would be able to obtain rc at
any time. In practice, because the five-dimensional differ-
ential equations for rc�t� and the junction conditions are
too complex, that even with the assumption, we are unable
at present to get a solution, whether analytical or numeri-
cal. In order to discuss the physics picture, let us take an
extreme simplification. In Eq. (A1) which is presented in
the appendix, we assume that _rc is small, so that we can
neglect the terms with higher powers of _rc and only keep _r2

c
terms on the left side of Eq. (A1). The right side of the
energy tensor T00 reflects a competition between the
Casimir repulsion and gravitational attraction. As shown
in previous subsection, at very early universe the Casimir
repulsion dominates over the gravitational attraction be-
tween the matter on the two branes, T00 is positive. If we
can approximately set T00 as a constant, the equation is

simple and the solution is rc�t� � exp�	t� where 	 is a
constant related to the T00 and other parameters. It is an
exponentially increasing function, namely, the two branes
would separate by the repulsive force. However, as shown
above, T00 is not a constant, and when rc reaches a certain
value the gravitational attraction becomes stronger, then
the separation would slow down until it completely stops
when the two forces balance each other. Indeed, a complete
solution for the evolution process is beyond the scope of
the work and our present ability, we will pursue this topic
in our future studies.

IV. NUMERICAL RESULT FOR
PHENOMENOLOGY

Here for the numerical computations of the flux of
antimatter to be detected at the AMS, we include all the
necessary input parameters which are directly adopted
from the concerned published literatures [13,20].

 T � ��antihelium=�helium (34)

where ��antihelium is the mass density of the antihelium
particles that overcome the brane barriers to transit into
our brane, m � mHe � 4 GeV, the dispersive velocity of
helium is vHe � 1000 km=s, and �rc � 12. The ‘‘compac-
tification radius’’ of the extra dimension rc and factor a in
the � potential are regarded as free parameters.

In Fig. 1, we show the ratio of the antihelium flux over
helium flux in our three-dimension space, which can be
detected by our detector on the earth or AMS. In this work,
we are working on the naive flat space-time and the RS-I
model, the physics condition we set should determine a
bound on rc, while similar bounds may be gained by
solving the hierarchy problem [13] or the minimum con-
dition of the effective potential [12]. Here we choose rc �
0:01 and 0.1 mm, which is consistent with present data on
gravity. It is noted that the ratio drops very fast as the
potential strength a increases for the naive flat space-time
model, but not so abruptly for the RS model. The flux ratio
decreases very fast as the distance rc increases for the naive
flat space-time model, but almost does not vary for the RS
model. Let us roughly estimate the order of magnitude of
the surface potential. It is of order a=rc � 2�8a MeV, and
as a� 1000, it is a few hundreds of eV. It seems
reasonable.

The numbers of antihelium particles which can be de-
tected by the AMS should be

 N �
��

4�
��antihelium

m
jvj�S�t� f; (35)
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where the factor ��=4� is from the random direction of
the flux, ��antihelium � �helium � T and �helium � 23%�b,
�b � 0:042�c, �c � 1:878 37� 10�29h2 gcm�3, h �
0:73 [20], m is the mass of single helium particle, jvj �
vHe is the average velocity of the antihelium, �t is the
duration of the detection which we take as 1 yr, �S is the
area of AMS with ���S � 0:65 sr m2 [7], and f is the
detection efficiency of detecting such antihelium particles
by the AMS which we take as 100%. In Ref. [21], the
authors decide that the average dispersion velocity of dark
matter particles is within a range of 600 to 1000 km=s, and
we just adopt the maximal value as a reasonable approxi-
mation for vHe. Obviously the theoretical prediction of N
depends on the model and the concerned parameters such
as rc and a, Fig. 2. Later, with a few typical parameter sets,
we tabulate the number of antihelium particles which may
be detected by AMS in Tables I and II.

V. DISCUSSION AND CONCLUSION

In this work we propose a possible physical picture to
interpret the matter-antimatter asymmetry observed in our

universe. We suppose that at the early epoch of the universe
evolution, maybe after the inflation stage, the CP symme-
try is spontaneously broken, and the two branes correspond
to the two ground states of CP. Thus the matter and
antimatter were separated onto two different branes. A
complex scalar field which only applies to the extra di-
mension, is introduced to be responsible for the sponta-
neous CP symmetry breaking and the CP phase-dependent
vacuum expectation values can be different at the two
branes. The scalar field existing between the two branes,
causes a Casimir force which repels the two branes away
from each other. The two branes would attract each other
via gravitational force. Preventing the two branes to collide
and matter-antimatter annihilate, the scalar field which
obeys antiperiodic boundary conditions on the two branes
provides a repulsive force to oppose the gravitational at-
traction. For smaller distance between two branes, as
shown in the text, the Casimir repulsive force is stronger
than the gravitational attraction and the consequence is that
the two branes would be pushed away from each other until
some time, which would be much later than today, when
the two forces are balanced and an equilibrium is reached

FIG. 2 (color online). The number of antihelium particles which can be detected by the AMS in 1 yr (a) for the flat space-time model
(b) for the RS model.

TABLE I. The number of antihelium particles which can be detected by the AMS in 1 yr for the flat space-time metric.

N a � 200 a � 250 a � 300 a � 350 a � 400 a � 450 a � 500 a � 550 a � 600

rc � 0:01 mm 408 165 76 43 25 15 10 7 5
rc � 0:1 mm 34 14 7 4 2 1 0 0 0

FIG. 1 (color online). The anti-He/He flux-ratio (a) for the flat space-time model and (b) for the RS model.
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(roughly, the separation would be a few hundreds of km).
With extra dimensions, the 1=r2 Newton’s gravitational
law must be modified [14,15] as shown in the form of
Eq. (7). Since today one does not observe any deviation
from the 1=r2 law at the macroscopic scale, he must
consider that rc is sufficiently small, such as less than
0.1 mm. In this work, we take rc � 0:1 and 0.01 mm—
of course it is only an illustration. In many, many years,
when the two branes are separated very far by meters, the
observational gravitation law will deviate from 1=r2 form.
If one needs to find the evolution of the brane world,
namely, how the two branes are separated from initial rc 

0 to the present value, he must solve the 5-dimensional
time-dependent Einstein equation. However, this is beyond
the scope of the present work and we will not discuss the
evolution process here.

As discussed by many authors, generally the matter
(antimatter) and gauge bosons are forbidden to enter the
fifth dimension except the gravitational force lines. To
realize the picture, we suggest that there is a barrier on
the edge of the brane in analog to the surface tension of
water membrane. We use a simple delta function to de-
scribe the barrier. Like the picture for Hawking radiation of
black holes, the quantum effects may cause a quantum
tunneling of the matter and antimatter from one brane to
another.

The antimatter, which resides on another brane, would
have a probability to transit into our brane with matter only.
The flux depends on the barrier strength and may be
detected by the detector on earth. The AMS would be an
ideal apparatus to do the job. According to the preliminary
results of AMS on the antimatter flux [8], we can estimate
the brane-barrier strength. In this work, we consider two
popular models, the naive flat space-time model and the R-
S models, to carry out the calculations. We find that their
results about antimatter flux are quite different as shown in
Fig. 1.

This picture is indeed somehow ad hoc and speculative,
but provides a possible interpretation for the matter-
antimatter asymmetry observed in our universe, and sug-
gests an existence of the antimatter flux which can be
detected by AMS. There are indeed a few adjustable
parameters in the picture which cannot be determined
from the first principle so far and need to be fixed by the
measurements of AMS. We are eagerly waiting for the
measurement results of AMS because they may tell us
much more information about the universe and also probe
our proposal.
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APPENDIX: THE FIVE-DIMENSIONAL EINSTEIN
EQUATIONS INCLUDING DERIVATIVE WITH

RESPECT TO TIME
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�3�rc�2e
�4�rc ~��rc � 8e�2�rc ~��rc ~�2 _rc

2

� ~� _rc
2e�2�rc ~� � 3 ~�4 _rc
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�3 _rc ~���e�2�rc ~� ~� _rc
2 � 9 ~�3 _rc

4 � 4�rce
�4�rc ~�

� 19 ~�2 _rc2rc�e�2�rc ~� � 15� _rc4rc ~�4

� 2e�2�rc ~� ~�rc �rc�=�e�2�rc ~� � 3 ~�2 _rc2�2 � 0; (A4)

where T00; T11; T22; T33; T44 are the components of energy-
momentum tensor TAB of the bulk matter and the matter
content in the brane, which expressions can be found in
Ref. [19].

TABLE II. The number of antihelium particles which can be detected by the AMS in 1 yr for the R-S metric.

N a � 20000 a � 25000 a � 30000 a � 35000 a � 40000 a � 45000 a � 50000 a � 55000 a � 60000

rc � 0:01 mm 323 207 144 106 81 64 52 43 36
rc � 0:1 mm 323 207 144 106 81 64 52 43 36
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