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Dvali-Gabadadze-Porrati brane as a gravity conductor

Marko Kolanović*
Department of Physics, New York University, New York, New York 10003

~Received 14 March 2002; published 23 May 2002!

I study how the DGP~Dvali-Gabadadze-Porrati! brane affects particle dynamics in the linearized approxi-
mation. I find that once the particle is removed from the brane it is repelled to the bulk. Assuming that the
cutoff for the gravitational interaction isM* ;1/e, I calculate the classical self-energy of a particle as the
function of its position. Since the particle wants to go to the region where its self-energy is lower, it is repelled
from the brane to the bulk where it gains its 5D self-energy. Cases when the mass of the particlem
,8p2M* andm.8p2M* are qualitatively different, and in the latter case, one has to take into account the
effects of strong gravity. In both cases the particle is repelled from the brane. Form,8p2M* I obtain the
same result from the ‘‘electrostatic’’ analogue of the theory. In that language the mass~charge! in the bulk
induces a charge distribution on the brane which shields the other side of the brane and provides a repulsive
force. The DGP brane acts as a conducting plane in electrostatics~keeping in mind that in gravity different
charges repel!. The repulsive nature of the brane requires a certain localization mechanism. When the particle
overcomes the localizing potential it rapidly moves to the bulk. Particles of massm.8p2M* form a black
hole within 1/M* distance from the brane.

DOI: 10.1103/PhysRevD.65.124005 PACS number~s!: 04.50.1h, 04.70.Bw, 98.80.Cq
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I. INTRODUCTION

A phenomenologically acceptable five-dimensional bra
world theory with one infinite extra dimension was recen
developed in@1–3#. The low scale of quantum gravityM* is
pulled ~renormalized! at the brane by the high scaleMSM
that describes the brane localized standard model. More
cisely, the 4D Einstein Hilbert term, with a strength;MP

2

;MSM
2 , is induced on the brane. This effect ensures that

observer on the brane sees weak 4D gravity~Newton con-
stant GN;1/MP

2) up to the distancer c5MP
2/M

*
3 . At dis-

tances bigger thanr c gravity becomes five dimensional. A
short distances gravity is modified by quantum correction
M

*
21 . Short distance gravity measurements exclude

modification of the laws of gravity at distances bigger th
;0.1 mm;1/1023 eV @4#. Cosmological observations o
the other hand suggest that gravity is not changed to
tances of order;1029 mm. Thus the present knowledg
about gravity constrains the scale of gravity in this class
models to the range

1023 eV,M* ,10 MeV. ~1.1!

Relativistic corrections and the question of how are th
encoded in the tensor structure of the graviton propag
were studied in@5#. The cosmological consequences of t
model and especially the fact that the model gives rise to
accelerated universe~as observed in@6#! were considered in
@7#. The relevance for the solution to the cosmological co
stant problem was considered in@8#

In the present paper I study how the induced 4D Einst
Hilbert term affects the dynamics of the particle of massm at
a distancey0 from the brane. This question is important
order to identify the experimental signatures of collider bla
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hole production in this class of models. Since the parti
itself induces the metric, there is no static metric in whi
one could study the behavior of geodesic lines~that describe
the motion of the test particle!. Instead of trying to solve the
problem in full relativistic theory, we will limit ourselves to
the Newtonian approximation and use some basic facts a
black holes. The result that I find is that the brane rep
particles into the bulk where they have a lower~bigger in
magnitude and negative! self-energy.

In the next section I derive and briefly discuss Newton
potential. In the third section I find the dependence of se
energy of a particle as a function of its distance from t
brane. Once the particle leaves the brane, the gradien
self-energy forces it to go from the brane to the bulk. I a
describe the process of black hole formation for partic
with massm.8p2M* . In the fourth section I present th
‘‘electrostatic’’ analogue derivation of repulsive force fo
particles with massm,8p2M* . Finally, in the discussion, I
address questions regarding phenomenological conseque
of the repulsive nature of the brane.

II. NEWTONIAN POTENTIAL

Action for the model@1# is the sum of the 5D Einstein
Hilbert term and the induced 4D term on the brane

S5M
*
3 E d4xdyAGR(5)1MPl

2 E d4xAuguR. ~2.1!

Here I divide 5D coordinates into a 4D part~Greek indices!
and the extra coordinatey like XA5(xm,y), GAB is 5D met-
ric and R(5) its curvature scalar,gmn(xm)5GAB(xm,y
50)dm

Adn
B is induced 4D metric~I take straight brane locate

at y50! and R the corresponding scalar curvature. The te
sion of the brane is taken to be zero. If we take the limit
slowly varying weak fields, equations of motion reduce
the equations for deviation of theg00 component from the
©2002 The American Physical Society05-1
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MARKO KOLANOVIĆ PHYSICAL REVIEW D 65 124005
flat space constant value~scalar gravity!. The equation for
~Euclidean! Green’s function for the scalar gravity case rea

~h4@11r cd~y!#2]y
2!G~x2x0 ,y,y0!

5d4~x2x0!d~y2y0!, ~2.2!

which has the solution~see@3#!

G~p,y,y0!5
1

p
e2puy2y0u2

1

p
e2p(uyu1uy0u) 1

111/r cp
.

~2.3!

Let us evaluate the exact Newtonian potential at the p
(xW ,y) due to a static source of massm located at the position
(xW8,y0). The potential is given as a Fourier transform of t
Green’s function~2.3! integrated over the time

V~r ,y,y0!52
m

16p2M
*
3 S 1

r 21~y2y0!2
2

1

r 21~ uyu1uy0u!2

2
i

2rr c
e(uyu1uy0u2 ir )/r c$G0@~ uyu1uy0u2 ir !/r c#

2e2ir /r cG0@~ uyu1uy0u1 ir !/r c!#J . ~2.4!

Herer 5uxW2xW8u andG0(z) is an incomplete gamma functio
~see the Appendix!. The potential~2.4! can be expanded in
powers of 1/r c :

V152
m

16p2M
*
3

1

rr c
arctan

r

uyu1uy0u
, ~2.5!

V252
m

16p2M
*
3

1

rr c
F ~ uyu1uy0u!

r c
arctan

r

uyu1uy0u

1
1

2 S r

r c
D ln

r 21~ uyu1uy0u!2

r c
2

2~12g!S r

r c
D G ,

~2.6!

whereg'0.5772 is Euler’s constant and superscripts on
tential denote terms in expansion. The potential to first or
in 1/r c was discussed in detail in@3#. Let me briefly discuss
potential~2.4!. If the mass is on the brane (y050), the first
two terms in Eq.~2.4! cancel. The potential on the bran
(r ,y50), at distancesr !r c , is four dimensional and the
Newton’s constant isG51/(32pM

*
3 r c). As r /r c increases

towards one, the second term in Eq.~2.6! weakens its
strength. Finally, forr @r c (prc!1) the potential become
purely five dimensional@the first term in Eqs.~2.3! and
~2.4!#. Similar behavior occurs if one looks at the potential
(r 50,y). For smally it is a weak four-dimensional potentia
12400
s

t

-
r

t

with constant 2G/p. For y/r c@1 one can find the form of
the potential by expanding Eq.~2.4! ~see the Appendix! and
again obtain the expected five-dimensional behavior. Up
constant, the potentials have the following short distance
pansion and asymptotic behavior:

V~y50,r !r c!52
m

32pM
*
3

1

rr c
S 11

2

p

r

r c
ln

r

r c
D ,

V~y50,r @r c!52
m

16p2M
*
3 r 2

, ~2.7!

V~r 50,y!r c!52
m

16p2M
*
3

1

uyur c
S 11

y

r c
ln

y

r c
D ,

V~r 50,y@r c!52
m

16p2M
*
3 uyu2

. ~2.8!

Similar expansions can be easily obtained for a potentia
any ‘‘angle’’ in the r 2y plane.

If the mass is in the bulk we have two different cases. F
particles on opposite sides of the brane, the first two term
Eq. ~2.4! cancel and particles interact via the weak fou
dimensional gravity at distancesA(uyu1uy0u)21r 2!r c .
That means that the brane is shielding one side of the b
from the five-dimensional gravitation of sources on the ot
side of the brane. The effective radius of shielding is;r c . If
the sources are on the same side of the brane, the intera
is dominated by the first two terms in Eq.~2.4!. Masses,
sufficiently far from brane, basically interact via strong fiv
dimensional gravity.

One can illustrate this behavior by plotting the contours
the constant potential of the body as it moves from the b
towards the brane~Fig. 1!. At Schwarzschild radiusg00
'(112V) diverges. Although I do not have a relativist
solution to the system, one would expect that the Schwa
child surfaces~black hole horizons! behave as surfaces o
constant potentialV'21/2.

III. SELF-ENERGY

In this section I will evaluate the classical self-energy
the particle of massm in the presence of the Dvali
Gabadadze-Porrati~DGP! brane. My main assumption, alon
the lines of@3#, is that the gravity is cut off at distancese
;1/M* . Classically, gravitational self-energy is determin
by the cutoff distance and the form of the potential. Since
potential changes with the position, the gravitational se
energy of a particle will be a function of its distance from t
brane. Gradient of self-energy will give rise to a force th
will try to move the particle to the region of lowest gravita
tional self-energy. Form,8p2M* I will use Newtonian ap-
proximation, since the potential is weak at the cutoff distan
;M 21 . For m.8p2M* , I will use a Newton-like approxi-
*

5-2
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FIG. 1. Surfaces of constant potentialV5
2(1/16p2)m/M* . Point mass is onr 50, y0

51,0.5,0.2,1022,1023,1024 in units of M
*
21 . In-

set: anisotropic cutoff distancee for a mass on
the brane.
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mation, which will incorporate some basic facts of gene
relativity.

A. CasemË8p2M *
For m,8p2M* Schwarzschild radius in the bulkr S5

5(1/M* )Am/8p2M* @9# is smaller than the cutoffM
*
21 so

Newtonian approximation is justified. Let me remind ho
we calculate gravitational self-energy of a particle. O
wants to find an energy gained by assembling a particle
massm. Equivalently, one can find the energy needed
destroy a particle by taking away infinitesimal pieces of m
ter and removing them to infinity, where the potential is d
fined to be zero. If the force starts to act at a distancee from
the center-of-mass distribution of a particle, one then fin
the expression for self-energy to be

W52E
0

1

~12M !dME
e

`dV~r !

dr
dr5

1

2
V~e!. ~3.1!

In my normalization of the Newton constant, that leads
self-energies in four-dimensional theory~on the brane! and
five-dimensional theory~infinitely far from the brane!,

W452
1

64p S m

MP
D 2 1

e
, W552

1

32p2 S m2

M
*
3 D 1

e2
.

~3.2!

If we take that the gravity cutoffe is just an inverse scale o
gravity M* , then the ratio of self-energies in pure 4D a
5D theories is

W4

W5
5

p

2 S M*
MP

D 2

. ~3.3!

In pure four- or five-dimensional theories energy of the m
densityr(x) is given byW5(1/2)*r(x)V(x)dnx. One can
12400
l

e
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o
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then use Gauss’ law to relate mass density and divergenc
the field. After partial integration energy can be written as
integral over the square of the fieldW;2* u¹V(x)u2dnx. By
integrating energy stored in the field in pure 4D and 5
theories one again finds expressions~3.2!. I must stress here
that the discussed theory is neither purely 4D or 5D theo
In particular, for the mass on the brane, Gauss’ law is
valid ~if I call r 5 the 5D radial distance from the mass
y050, then the field drops;1/r 5

2, while the surface area
increases;r 5

3). For this reason I will use Eq.~3.1! when
calculating self-energy of the mass at an arbitrary position
5D space~one should not use Gauss’ law!.

Let us look at the self-energy of the particle on the bra
By using prescription~3.1! we find that the self-energy is
that of a four-dimensional particle. However, since our sp
is not isotropic there is an apparent ambiguity in self-ener
It depends on the direction from which we assembled
particle. Let us define polar coordinatesr5r 21y2 and f
5arctan(r/y) and assemble the particle aty050,r 50 by
bringing infinitesimal masses from infinity and directionf
from the bulk. Self-energy of the particle on the brane th
varies by a factorp/2 ~same as the Newton constant! for
angles 0,f,p/2:

W~y050!52
1

32p2 S m

MP
D 2 f

sinf

1

e
. ~3.4!

Since the self-energy must be a well-defined quantity, I c
clude that the factorf/sinf defines the physical cutoff dis
tance when the mass is on the brane. Certainly, the spac
question is not isotropic, and I cannot assume that the gra
cutoff surface is a 3-sphere, but rather a surface of cons
field strength with average distance from the particle;1/M*
~inset to Fig. 1!. For the arbitrary position of particley0, the
expression for self-energy to first order in 1/r c is
5-3
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W~y0!52
1

32p2 S m2

M
*
3 D

3F 1

e2 S 12
1

114~y0 /e!214~y0 /e!cosf
D

1
1

r ce

1

sinf
arctanS e sinf

2y01e cosf D G . ~3.5!

For y0.e, dependence onf can be neglected and the se
energy has the form

W~y0!5W5S 12
1

114~y0 /e!2D 1W4

1

p~y0 /e!
. ~3.6!

For 0,y0,e ~neglecting the small 1/r c contribution of 4D
self-energy!, one gets the same answer by following arg
ment. The first term in Eq.~3.5! represents isotropic 5D in
teraction and should be cut off at the surface of three sph
of radiuse. The second term is an anisotropic contributi
and its cutoff has to be defined so that it does not depen
the anglef. If I define the~angle! dependent cutoff for the
second term asẽ25e2f (y0 /e,f) one finds thatf (y0 /e,f)
5@22(y0 /e)cosf1A114(y0 /e)2cos2f#. Plugging this
back to Eq.~3.5! one obtains the behavior of the 5D cont
bution as in Eq.~3.6!.

To summarize, at the brane, the particle has 4D s
energy, upon leaving the brane, within a couple ofe distance,
it gains the biggest part of its 5D self-energy and looses
4D self-energy. The particle aty0.e will feel strong force

Fy~y0!52
dW~y0!

dy0
5

1

64p2

m2

M
*
3

1

y0
3 S 12

y0

r c
D . ~3.7!

This force will try to push the particle to the bulk where i
self-energy increases in magnitude by the large factor
(MP/M* )2.

B. CasemÌ8p2M *
If the mass of the particle is bigger than the scale

gravity M* , I cannot calculate the self-energy by cutting o
the Newtonian potential ate;M

*
21 . The reason is that the

Schwarzschild radius in the bulk is bigger than the inve
scaleM* , and at distances shorter than Schwarzschild
dius r S5 gravity is not weak. In following considerations
will not write negligible corrections of the order of 1/r c .

Let us calculate the self-energy of a 5D black hole
approximating the black hole as an object that gravitates
Newton’s law at distances bigger than the event horizor
.r S5. What happens with potential at distances below
event horizon does not influence the energy of the wo
outside the horizon. Again I construct the self-energy by
sembling the black hole at the origin out of infinitesim
pieces of matter located at infinity. To assemble the po
massM* I need to bring matter to a cutoff distanceM

*
21 ,

since the Schwarzschild radius is smaller then the inve
12400
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cutoff. This contribution is equal toW5(m5M* )5
2M* /(32p2). Work gained in bringing the rest of the mas
~from M* to m) would be the work done in bringing it only
to the Schwarzschild radius. Outside the horizon there is
change in energy no matter how the potential changes be
the horizon. Now I introduce a loose definition of th
Schwarzschild radius as a radius at which Newtonian po
tial has the value21/2. Since the potential energy gained b
bringing the massdM from infinity to Schwarzschild radius
is by ~our! definition dM/2, the total self-energy of a 5D
black hole of massm is

W~m.M* ,y0→`!5W5~m5M* !2
1

2EM
*

m

dM

52
1

32p2
M* 2

1

2
~m2M* !. ~3.8!

In our simplified model of a black hole, self-energy is neg
tive and of the order of~factor of 1/2) the mass of a blac
hole. It is interesting to note that self-energy could, in pr
ciple, be equal to the rest mass so that it would not c
anything to produce it. The situation is reminiscent of t
fact that the total mass of the universe, Newton’s const
and the Hubble radius conspire in such a way that it mi
not cost anything to create particles at the center of the
verse, since their rest mass energy is of the order of t
gravitational~negative! energy.

Let us see how the formation of the black hole happens
I remove a particle of massm.8p2M* from the brane. On
the brane, the Schwarzschild radiusr S4;MPl

21(m/MPl) is
much smaller than the cutoff distanceM

*
21 . For that reason

the self energy on the brane is given byW4 @Eq. ~3.2!#. The
self-energy on the brane is much smaller than the self-ene
far away from the brane@Eq. ~3.8!# and can be neglected
Thus particles of massm.8p2M* will ~as well as particles
with m,8p2M* ) be repelled from the brane to the bu
where their self-energy is lower. However, the character
the repelling force will differ from the case ofm
,8p2M* . Let me define the Schwarzschild surface as
surface on whichV(r ,y,y0)521/2. When the particle is re
moved from the brane, the Schwarzschild surface expa
from a point @actually, the three sphere of radiusr S4

;MPl
21(m/MPl)# anisotropically~Fig. 1!. After the particle

reaches a certain value ofy0, the Schwarzschild surfac
crosses the three sphere of radiusM

*
21 that describes the

gravity cutoff radius~Fig. 2! . This crossing first happens fo
the value off50. Up to that point the self-energy and th
force on particle are the same as in the casem,8p2M* .
After that point we cannot considerM* self-energy cutoff
distance and the self energy evolves different from the c
m,8p2M* . Moving the particle further into bulk, the
Schwarzschild surface grows and takes over theM* sphere
at larger angles and finally, for some critical value ofy0, the
M* sphere becomes completely contained inside
Schwarzschild surface. At that point we can say that
5-4
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FIG. 2. The formation of the black hole hori
zon in ther 2y plane. The horizontal axis mea
sures distance from the braney and the vertical
axis measures the distance along the braner, both
in units ofM

*
21 . The mass of the particle is take

to bem516p2M* , i.e., twice the critical mass
Solid lines represent Schwarzschild surface
dashed lines represent surfaces of three sph
of unit radius, and masses are represented
dots. The horizon emerges when the particle is
y0

f5050.207 and completely encloses theM*
sphere one unit farther.
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black hole formation is finished and the particle will ha
~up to corrections of the order ofM* ) the self-energy of a
5D black hole.

Points where the Schwarzschild surface crosses theM*
sphere forf50,p can be expressed from potential~2.4!

y0
f505

1

2M*
S 1

A128p2M* /m
21D ,

y0
f5p5y0

f501
1

M*
. ~3.9!

For m@8p2M* these expressions becomey0
f50'2p2/m

and y0
f5p'1/M* . Thus the horizon starts forming a

;2p2/m and is formed precisely 1/M* farther. The force
felt by the particle ony0,2p2/m is the same as in the cas
m,8p2M* (y0M* !1).

Fy~y0,2p2/m!5
1

4p2
m2M* y0 . ~3.10!

For 2p2/m,y0,1/M* , neglecting terms of orderM* in
self-energy, force is approximately

Fy~y0.2p2/m!'
p2

y0
2

. ~3.11!

To summarize, form.8p2M* , the 5D Schwarzschild ra
dius is bigger than the cutoffM

*
21 , and one cannot use th

Newtonian theory to calculate the self-energy of the partic
Modeling a black hole as an object that gravitates with Ne
tonian potential outside the horizon, I calculated self-ene
and estimated the force felt by the particle. As in the c
m,8p2M* particles are repelled from the brane.

IV. CONDUCTOR ANALOGY

In this section I will rederive results of the previous se
tion for particles withm,8p2M* from a different point of
view. The Lagrangian of our theory can be thought of as
Lagrangian for a purely 5D theory with a specific type
source localized aty50. One would expect this correspon
12400
.
-
y
e

-

e

dence to be valid everywhere except aty50 ~world volume
of the source! because the source itself is a kinetic term f
the 4D theory. Aty50, the value of the delta function di
verges and the 4D kinetic term becomes dominant. The g
ity theory in this approach (yÞ0) becomes equivalent to
5D gravity in the presence of an infinite three-plane with
specific mass~charge! distribution. In the Newtonian ap
proximation theory is equivalent to the electrostatic setup
a charge near the conducting plane. I will use the symboEW
for the gravitational field and sometimes interchange
terms mass and charge.

Let us take massm at position (rW50,y0) and look at the
field at position (rW,y). One can ask what kind of charg
distribution on the plane would produce potential~2.4!.

A component of the field in they direction is discontinu-
ous aty50 with discontinuity~to a first order in 1/r c)

~Ey
y5102Ey

y520!5
m

4p2M
*
3

uy0u2~r 21y0
2!/~2r c!

~r 21y0
2!2

.

~4.1!

Applying the Gauss theorem on the 5D pillbox, as shown
Fig. 3, we can find the charge distribution on the plane

FIG. 3. Gaussian pillbox for the determination of the effecti
charge distributionr(r ,y0) induced by the chargem at position (r
50,y0).
5-5
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¹•E52
1

4M
*
3

r~xW ,y!→r~r ,y0!

52
1

p2

muy0u

~r 21y0
2!2

1
m

2p2r c~r 21y0
2!

. ~4.2!

The first term in the expression for charge density~4.2! rep-
resents the distribution of negative charge, sharply pea
aroundr 50, i.e., the projection of the charge position on t
brane. Its integral over the volume of the brane is indep
dent of y0 and equals precisely2m. As y0→0 this term
approaches distribution of a point-like charge2md(rW). The
second term in Eq.~4.2! is a small~notice 1/r c suppression!
distribution of positive charge, much less localized then
negative charge distribution. In order to find the total induc
charge density we should integrate the exact expression
tained from the potential~2.4! that is correct to all orders in
1/r c . The integral of the charge distribution due to the th
term in Eq.~2.4! can be obtained numerically and is equal
m. Thus the total charge induced on the brane due to
chargem in the bulk is zero, as one would expect.

Having the charge distribution, we can calculate the in
action energy between the mass and the induced distribu
~‘‘image’’ distribution of mass2m and the background dis
tribution of mass1m). For yÞ0 the theory is just the 5D
Newtonian gravity so the potential energy of interaction
~to first order in 1/r c)

W~y0!5
1

2E r~x!V~x!dV

52
m

32p2M
*
3 E r~r ,y0!4pr 2dr

r 21y0
2

5
1

128p2 S m2

M
*
3 D 1

y0
2 S 12

2y0

r c
D . ~4.3!

Cutoff effects in this derivation were neglected, so it is u
derstood thaty0.e. The result~4.3! coincides with Eq.~3.6!
and gives the same force~3.7!.

Let me summarize what happens in our 5D analog p
ture. Chargem in the bulk induces negative ‘‘image’’ charg
distribution of total charge2m, localized at ther 50, and
the small uniform background positive mass distributio
The total induced charge on the brane is zero. As chargm
approaches the brane (y0→0) image charge distribution
tends to the distribution of a point-like charge2m, which
strongly repels massm. Finally, chargem and the image
2m annihilate andm distributes itself uniformly on the
brane. The described process is completely analogous to
behavior of the charge near the conducting plane. The o
difference is that in electrostatics, charges of the oppo
sign attract and in gravity they repel. Thus massm in the
bulk is repelled from the brane by its image2m. In this
sense the DGP brane acts as a gravity conductor, shiel
the fields and giving rise to a repulsive force. One co
imagine constructing tensionless objects with this prope
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that would gravitationally repel masses or act as gravitatio
dipoles. In cosmological setups the tensionless DGP br
would gravitationally shield~‘‘shadow’’! parts of the uni-
verse and could modify cosmological evolution.

V. DISCUSSION

In previous sections I showed that the particles are
pelled from the brane that induces the kinetic term. By an
ogy with an ordinary wall with a tension@10#, we can loosely
say that the induced kinetic term creates localized ene
momentum density on the brain in which repulsive tens
dominates over attractive energy density. Theories with a
scale of gravity predict collider production of black hole
Because of the repulsive nature of the brane, black ho
produced in collider experiments would be repelled to
bulk.

The repulsive nature of the brane requires a certain lo
ization mechanism for standard model particles. We can
tinguish two different cases. In the first case standard mo
particles are entities that cannot exist independent of
brane. Well-known examples are goldstone modes of bro
translational invariance~elastic waves of the brane!, modes
of open strings with end points stuck on the brane, or sim
fermionic zero modes on the soliton-like wall. In this cas
particles feel force but they cannot escape to the bulk. A
other possibility is that the standard model particles are
tities that exist independent of the brane. Then, I have
introduce a localizing potentialDW that keeps them on the
brane. Since on colliders we do not see events in wh
particles just disappear, the depth of the localizing poten
DW would have to be bigger than;1 TeV. From the
present bound on the size of universal extra dimensions
knows that the range of the localizing potential should
less than 300 GeV@11#. Localizing potential can be due t
short range~contact! interactions with the matter of the firs
type, or the brane itself. For phenomenologically accepta
energy densities on the brane, the gravitational attrac
cannot provide localizing potential. The particle localized
the brane will feel an effective potential which is a comb
nation of short distance localizing potential and repuls
potential. With the potential of depthDW, all particles
lighter thanDW will be in stable equilibrium on the brane
Particles heavier thanDW would be in a metastable state o
the brane, because their self-energy in the bulk is roug
their mass@Eq. ~3.8!#. Metastable particles can then tunn
through the barrier into the bulk. The brane can, in princip
be populated with both types of particles. Intrinsically bra
particles would be stable~with respect to escape to the bu
decay!. Particles trapped on the brane, on the other hand,
decay by escape to the bulk. Upon leaving the brane th
particles would gain energy of the order of their mass~bulk
self-energy! in the vicinity of the brane~distance;1/M* ).
The recoil effect of the brane would produce stable partic
~goldstone modes, zero modes! with a total energy of the
order of the mass of the particle that escaped to the b
This kind of decay to the bulk would make a missing ener
signal on colliders smaller than one expected in a scen
with an ordinary brane.
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So far, the discussion has referred to a brane of infinit
mal thickness~delta function type brane!. Real, physical
branes have finite thickness. It would be interesting to
how the finite thickness affects particle dynamics and i
can provide a localization mechanism. Arguments that
used in the derivation of the repulsive force in the 5D mo
apply equally well to branes in space with more than o
extra dimension. To completely understand particle dyna
ics, one would certainly like to have an exact relativis
solution.
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APPENDIX: INCOMPLETE GAMMA FUNCTION

The incomplete gamma functionGa(z) is defined as

Ga~z!5E
z

`

e2tta21dt. ~A1!

It satisfies

d

dz
G0~z!52

e2z

z
, E G0~z!dz52e2z1zG0~z!.

~A2!

For small and large values of argument it has following e
pansions:

G0~z!'2g2 ln z1z1O~z2!, z→0;

G0~z!'e2z@1/z21/z212/z31O~1/z4!#, z→`.
~A3!
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