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Supersymmetric D-brane model of space-time foam
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We present a supersymmetric model of space-time foam with two stacks of eight D8-branes with equal
string tensions, separated by a single bulk dimension containing D0-brane particles that represent quantum
fluctuations in the space-time foam. The ground-state configuration with static D-branes has zero vacuum
energy. However, gravitons and other closed-string states propagating through the bulk may interact with the
D0-particles, causing them to recoil and the vacuum energy to become non-zero. This provides a possible
origin of dark energy. Recoil also distorts the background metric felt by energetic massless string states, which
travel at less than the usual~low-energy! velocity of light. On the other hand, the propagation of chiral matter
fields anchored on the D8-branes is not affected by such space-time foam effects.
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I. INTRODUCTION

String theory@1,2# is the best candidate we have for
consistent quantum theory of gravity. Perturbative calcu
tions yield meaningful loop corrections to scattering amp
tudes, and D-branes provide a viable framework for calcu
ing non-perturbative phenomena@3,4#. These are differen
aspects of an all-embracing M theory, about which much
known even in the absence of a complete formulation.

Most studies of string or M theory are formulated in
fixed classical background, although it is known that t
moduli space of permissible vacua is apparently very la
There has been some work on transitions between clas
vacua, but we are very far from possessing an understan
of the string ground state comparable with that in, say, QC
Just as instantons and other non-perturbative quantum
tuations in the QCD gauge background are known to be
portant for understanding the infrared behavior of QCD,
we expect that the ultraviolet~and perhaps infrared! behavior
of quantum gravity may only be understood when we ma
the physics of quantum fluctuations in the space-time ba
ground.

This space-time foam@5# might have small observabl
consequences even at the very low energiesE currently ac-
cessible to experiment. For example, there might be so
breakdown of quantum coherence@6#, suppressed by som
power ofE divided by the Planck massM P;1019 GeV. Al-
ternatively, there might be some deviations from the norm
Lorentz-invariant dispersion relations@7–9# of elementary
particles:EÞAp21m2, again suppressed by some power
E/M P . Such Lorentz violation might not respect the pri
ciple of equivalence, in the sense that the modifications
the dispersion relations might not be universal for differe
particle species@10,11#.

The study of these possibilities requires a suitable mo
of space-time foam which, within string or M theory, must
based on D-brane technology@12#. As already mentioned
there is no complete theory of non-perturbative quant
fluctuations in the string vacuum. Instead, one can set u
model D-brane system possessing some features believ
be realistic. These should include having zero vacuum
1550-7998/2004/70~4!/044036~13!/$22.50 70 0440
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ergy in a first approximation and Planck-scale effect
masses for space-time foam excitations.

In this paper we set up such a model. It is supersymm
ric, with two O8 orientifold planes and two stacks of eig
D8-branes and their mirrors, separated by a single bulk
mension in which closed strings representing gravitons
free to propagate. The bulk dimension also contains D
brane particles with effective masses related to the st
scale via the inverse string coupling constant, which are
order M P . Unlike arbitrary Dp-Dp8-brane configurations
this configuration has zero vacuum energy when the D8-
D0-branes are static. Open strings representing matter
attach to the D8-branes and/or the D0-particles.

We then study the interactions of matter particles with
D0-particles in this model. We find that massless clos
string states with no conventional gauge quantum numb
such as gravitons and photons, have non-trivial interacti
with the D0-particles that cause the latter to recoil@13,14#
with non-relativistic velocities proportional to the energies
the closed-string states. These change the vacuum energ
modify the effective space-time metric felt by the massle
closed-string states@15,12#, in such a way as to modify thei
dispersion relations by corrections proportional toE/M P .
However, the open-string matter particles with internal qu
tum numbersdo not interact with the D0-particles, so the
propagation is unaffected. Thus this model of space-ti
foam violates the equivalence principle, in the sense t
different relativistic particle species propagate differently.

In Sec. II, we review the formalism we use to compute t
pertinent vacuum configurations. We then exhibit in Sec.
a consistent supersymmetric vacuum solution of str
theory, involving D0-particles and two stacks of D8-bran
and O8-planes. This construction has zero vacuum en
when the D0-particles are not moving, consistent with
unbroken supersymmetry of the~higher-dimensional!
vacuum. There is only one bulk dimension in which clos
string states such as gravitons are allowed to propag
Open strings, on the other hand, which represent matter,
be attached to the D8-branes or the D0-particles, or stretc
between them.

On the other hand, as we also show in Sec. III, when
©2004 The American Physical Society36-1
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D0-particle starts moving, e.g., when it acquires a non-z
velocity as a result of its recoil during its scattering with
closed-string state, there is a non-trivial vacuum~or better,
excitation! energy induced on the branes. This is due to
interaction of the D8-branes with the moving D0-partic
defect, and reflects the breaking of target-space supersym
try due to the moving brane~which is a time-dependen
background, from the point of view of the underlying strin
brane theory!.

In Sec. IV we discuss the interaction of open string ma
localized on the D-brane stack with nearby D0-particle
fects, that is with defects that cross the brane or lie a st
length away from it, and how these interactions affect
dispersion relation of such open string matter, which m
describe low-energy gauge particles. We also discuss an
tension of the above model to folded D-brane configuratio
in an attempt to study the effects of the foam on the pro
gation of chiral matter. As in ordinary intersecting-bra
cases, the latter is described by open strings localized on
~four-space-time-dimensional! brane intersection. In particu
lar, we consider two folded stacks of D8-branes and the
responding orientifold planes in a folded configuratio
where the folding is in such a way that the folded stac
never intersect. Such a folding might have been the resu
a cosmically catastrophic event, and does not cost much
citation energy. Indeed, its excitation energy relaxes asy
totically to zero at large cosmic time. As before, D0-partic
populate the bulk regions. We explain that chiral matter c
not interact with these D0-particles, because such inte
tions are forbidden by gauge symmetries. On the other h
string excitations that are neutral under the unbroken lo
energy gauge group~such as the photon or the graviton! may
still interact non-trivially with the D0-particle defects in th
supersymmetric space-time foam. This leads to ‘‘violation
of the equivalence principle, in the sense that gravity
non-universal effects on the dispersion relations of differ
categories of string particles.

II. FORMALISM

A. Boundary conditions for open string

The vacuum energy for two stacks of Dp-branes sepa
rated by a distanceR is described by an annulus graph, co
responding to the creation of a pair of open strings stretc
between the branes. This is a pair of virtual string states,
therefore a quantum vacuum fluctuation. From a world-sh
viewpoint, one has to calculate annulus graphs in orde
evaluate the force~or equivalently the potential energy! on
the Dp-branes induced by such processes. Formally, ifA
denotes such an annulus amplitude, then the induced po
tial energyV on the branes can be determined by

E dtV5A. ~2.1!

From the point of view of a brane world,V may be thought
of as the vacuum energy on one of the branes, in the effec
theory in which the other brane is considered as an envi
ment. Supersymmetric vacua should correspond to confi
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rations for which such contributions vanish, if the D
particle and the Dp-branes are static with respect to ea
other. This is equivalent to a no-force condition among
branes.

There is a rich literature on the computation of su
world-sheet annulus graphs, which we review in this secti
for completeness, following the analysis performed
Bachas@16,17#.

B. Mode expansion in a Dp-brane configuration

The boundary conditions for a string stretched betwe
two Dp-branes moving at velocitiesv1 andv2 are

Xd2v1X05]s~v1Xd2X0!50, s50, ~2.2!

Xd2v2X05]s~v2Xd2X0!50, s5p.
~2.3!

The mode expansion can be obtained in a standard way t

X65A16v1

17v1
(

n

an
n

n1 i e
e2 i (n1 i e)(t6s)1h.c., ~2.4!

where

pe5arctanh~v !5arctanh~v2!2arctanh~v1!. ~2.5!

Given the canonical commutation relations between
mode-expansion operators

@an
m ,am

n #5~n1 i e!dn1mhmn, ~2.6!

we determine the Virasoro generators and thus the modifi
tion to the string Hamiltonian:

L0(b)
i 5

Y2

4p2a8
1 (

n51

`

~n2 i e!a2nan1 (
n50

`

~n1 i e!a2nan

1
i e~12 i e!

2
1L0

' , ~2.7!

where L0
' represents the standard oscillator modes and

have performed the shift:

L0→L01
i e~12 i e!

2
. ~2.8!

A similar mode expansion can be carried out straightf
wardly in the fermionic sector@17#, giving

cR,L
6 5(

n
dd

6x (n)R,L
6 ~s,t!, ~2.9!

where

x (n)R
6 5

1

A2
exp~2 i ~n6 i e!~t2s!6arctanh~v1!!,

~2.10!
6-2
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x (n)L
6 5

1

A2
exp~2 i ~n6 i e!~t1s!7arctanh~v1!!,

~2.11!

where n5Z1(a11)/2 anda51,0 for Ramond or Neveu
Schwarz sectors, respectively. The modification to the ze
mode Virasoro generator is

L0
f erm5 (

nPZ1(a11)/2
~n6 i e!:d2n

2 dn
1 :1c~a!, ~2.12!

where

c~0!52e2/2, ~2.13!

c~1!5
1

8
2

i e

2
~12 i e!. ~2.14!

The total Hamiltonian is then

L05L0
'1L0(b)

i 1L0
f erm, ~2.15!

where

L0
'5NSH (

n5Z

62D

a2nan1 (
r 5Z11/2

D

a2ra r1 (
r 5Z11/2

62D

rb2rbr

1 (
n5Z

D

nb2nbnJ 1RH (
n5Z

62D

a2nan1 (
r 5Z11/2

D

a2ra r

1 (
n5Z

62D

nd2ndn1 (
r 5Z11/2

D

rd2rdrJ . ~2.16!
04403
o-

The reason for the reduced sum over the integer modes~rep-
resenting the number ofDD or NN boundary conditions! is
as follows: There would normally beNN1DD5102D
boundary conditions, but two are removed due to the gh
contribution which cancels two of the coordinates, leavi
82D @18#. The modification of theX0 and Xd boundary
conditions to include relative velocity changes them fro
NN or DD to something different, thus further reducing th
sum to 62D.

C. Vacuum energy

The annulus amplitude~Fig. 1! involves the trace of the
NS and R sectors, which we separate for simplicity. TheR
sector trace gives

FIG. 1. Schematic representation of the open-string fluctua
between two Dp-branes. The strings are emitted from the vacuu
and occur in pairs because the chirality should be preserved.
Tr e22pt(L0(b)1L0
R

1L0
')5232D/2 expS 2832ptS i e

2
~12 i e!1

1

8
2

i e

2
~12 i e! D D ~11e22pt i e!

~12e22pt i e!

3 )
n51

` F ~11e22pt(n1 i e)!~11e22pt(n2 i e)!~11e22ptn!62D~11e22pt(n21/2)!D

~12e22pt(n1 i e)!~12e22pt(n2 i e)!~12e22ptn!62D~12e22pt(n21/2)!DG , ~2.17!

and for theNS sector we find

Tr e22pt(L0(b)1L0
NS

1L0
')5

expS 22ptS i e

2
~12 i e!2

e2

2 D D
12e22pt( i e)

3 )
n51

` F ~11e22pt(n1 i e21/2)!~11e22pt(n2 i e21/2)!~11e22pt(n21/2)!62D~11e22pt(n21/2)!D

~12e22pt(n1 i e)!~12e22pt(n2 i e)!~12e22ptn!62D~12e22ptn!D G .

~2.18!

The full amplitude is
6-3
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V522
dk0

2p E dt

2t
TrFe22pa8t(k0

2
1M2)~21!Fs

1

2
~11~21!F!G , ~2.19!

where the GSO projection results in the amplitude structure@NS2R2(21)FR2(21)FNS#. The total amplitude for arbitrary
dimension branes withD5p82p is thus

VDp2Dp8522E dt

2t
~8p2a8t !21/2e2R2t/(2pa8)@NS2R2d (D28)~21!FR2dD~21!FNS#

52E dt

2t
~8p2a8t !21/2e2R2t/(2pa8)F ~12qE!21)

n51

`

~12q2n!D26~12q2n2E!21~12q2n1E!21

3~12q2n21!2DU
B

H 2D/2qE/221)
n51

`

~11q2n21!62D~11q2n2E21!~11q2n1E21!~11q2n!DU
NS

2242D/2~11qE!)
n51

`

~11q2n!62D~11q2n2E!~11q2n1E!~11q2n21!DU
R

2d (D28)2
42D/2~12qE!)

n51

`

~12q2n!62D~12q2n2E!~12q2n1E!~12q2n21!DU
(21)FR

1dD2D/2qE/221)
n51

`

~12q2n21!62D~12q2n2E21!~12q2n1E21!~12q2n!DU
(21)FNS

J G , ~2.20!

where we have used the notationq5e2pt and E52i e, and dD and d82D express the fact that the pertinent contributi
vanishes except when the delta-function subscript is zero. A useful simplification occurs because of properties of th
theta functions, leading to

VDp2Dp8522E dt

2t
~8p2a8t !21/2e2R2t/(2pa8)~2p!32D/2H S q3~0,q!

q18~0,q!
D 32D/2S q2~0,q!

q4~0,q! D
D/2S iq3~nt,q!

q1~nt,q! D
NS

2S q2~0,q!

q18~0,q!
D 32D/2S q3~0,q!

q4~0,q! D
D/2S iq2~nt,q!

q1~nt,q! D
R

2d (D28)~2p!(21)FR
231D/2

2dDF S q4~0,q!

q18~0,q!
D 32D/2S q1~0,q!

q4~0,q! D
D/2S iq4~nt,q!

q1~nt,q! D G
(21)FNS

J . ~2.21!
r
ic
a
-

-
n
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e

The term due to the (21)FR sector is actually divergent fo
moving branes withD58 because, although the fermion
modes in the time and transverse directions no longer h
zero modes~which would normally mean the sector is in
cluded!, the superghosts still do@19#. This divergence is can
celled in the presence of another D8-brane, but this does
alter the velocity dependence~see below!.

Using standard expansions for the theta functions, one
expand in powers ofq, i.e., a velocity expansion for th
lightest open strings. Working at the lowest power ofq, and
neglecting the bosonic kinetic terms, one has

R5~2q1/412q9/4!32D/2~112q!D/2

3~2q1/4cosn12q9/4cos~3n!!,
04403
ve

ot

an

NS5~112q!32D/2~2q1/4!D/2~112q cos 2n!,
~2.22!

~21!FNS5~122q!32D/2~dD!D/2~122q cos~2n!!.

Combining the expansions forNS2R gives

NS2R5~112q!32D/2~2q1/4!D/2~112q cos~2n!!

2~2q1/4!32D/2~112q!D/2~2q1/4cos~n!!

;~11~62D!q!~2q1/4!D/2~112q cos~2n!!

2~2q1/4!42D/2~11Dq!cos~n!. ~2.23!

For D50, theO(q) terms are
6-4
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6q12q cos~2n!216q cos~n!. ~2.24!

Subtracting the (21)FNS term

~21!FNS5~122q!3~122q cos~2n!!

;26q22q cos~2n! ~2.25!

yields

4q cos~2n!112q216q cosn54q~31cos~2n!24 cos~n!!,

~2.26!

so that theO(q) term for D50 is }n4.
For D58,

O~q!5~122q!16q~112q cos~2n!!2~118q!cos~n!

58q~22cos~n!!, ~2.27!

so the velocity dependence for the D0-D8 system is

O~q!;814n2. ~2.28!

This velocity dependence does not recover the ze
velocity limit of zero potential, because the configurati
considered involves only a single D8-brane. This is beca
the D8-brane cannot exist on its own@3#, as a result of con-
servation of the braneU(1) flux. In the next section we
present a specific construction which incorporates D8-bra
and D0-particles in the bulk regions of ten-dimension
space, characterized by zero vacuum energy, thereby co
tuting a supersymmetric model for D0-particle foam.

III. A SUPERSYMMETRIC D0-PARTICLE FOAM MODEL

A. Orientifold-plane „O8…-D0 interaction
and supersymmetric vacuum configuration

The model we describe is based upon Type IA~alterna-
tively Type I8) string theory, which is a nine-dimension
theory T-dual to Type I. It contains two eight-dimension
orientifold planes~O8! located atX50 andX5pR, whereR
is the radius of the compactified dimension@20#. Consistency
requires that 32 D8-branes also be present so that the216
units of RR charge carried by each orientifold are cance
by the D8-branes. We locate the D8-branes so that 16 lie
each O8-plane. As the D8-branes are evenly distributed,
can push the second orientifold atpR to infinity @21#. As will
be shown, this construction changes the velocity depende
of the potential atD58 to n2, providing a supersymmetric
vacuum when the velocity vanishes.

Consider the situation of a D0-brane moving toward
O8-plane~Fig. 2!. The orientifold combines space-time r
flection I 9 with parity reflectionV. The action of O8 on the
oscillator mode expansions is defined as@19#

VI 9 :an
1 . . . 8→2~21!nan

1 . . . 8, ~3.1!
04403
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with similar action on the fermionic modes, which in term
of oscillator traces produces a shift

VI 9@~12q2n!#→~11~21!nq2n!

5~11~ iq !2n!, ~3.2!

VI 9@~12q2n21!#→~11~ i !2n21q2n21!.

A D0-brane next to an orientifold interacts with its image,
reflected by the orientifold, thus the total amplitude is a co
bination of half an annulus graph and half a Mo¨bius-strip
graph,

A52VE dk0

2p E dt

2t
TrFe22pa8t(k0

2
1M2)~21!Fs

1

2

3~11~21!F!
1

2
~11VI 9!G . ~3.3!

For a D0 brane interacting with its image, we findD50.
There are eight possible contributions to the amplitu
corresponding to theR and NS sectors with or without
(21)F and with or without VI 9. The total expression
is schematically @NS2NS(21)F2R#1@2NS(VI 9)
1NS((21)FVI 9)1R((21)FVI 9)] where the brackets cor
respond to the annulus and Mo¨bius-strip graphs, respectively
Using the expression given before and suitably modify
for the Möbius-strip graph gives

FIG. 2. A model for supersymmetric D-particle foam consisti
of two stacks each of eight parallel coincident D8-branes, with o
entifold planes~thick dashed lines! attached to them. The spac
does not extend beyond the orientifold planes. The bulk region
ten-dimensional space in which the D8-branes are embedde
punctured by D0-particles~dark blobs!. The two parallel stacks are
sufficiently far from each other that any Casimir contribution to t
vacuum energy is negligible. Open-string interactions between
particles and D8-branes are also depicted~wavy lines!. If the D0-
particles are stationary, there is zero vacuum energy on the
branes, and the configuration is a consistent supersymmetric s
vacuum.
6-5



u

in

n
in

um
0-
y’’

of
nd

lk
ero
n
of
ill

ane
se
tes
on-
m-
sed-
l of

a

to
a-

ly-
s,

our

lk
bulk

ELLIS, MAVROMATOS, AND WESTMUCKETT PHYSICAL REVIEW D70, 044036 ~2004!
V52E dt

4t
~8p2a8t !21/2e24R2t/(2pa8)

3~2p!32D/2H S q3~0,q!

q18~0,q!
D 3S q3~nt,q!

q1~nt,q! D
2S q4~0,q!

q18~0,q!
D 3S q4~nt,q!

q1~nt,q! D2S q2~0,q!

q18~0,q!
D 3S q2~nt,q!

q1~nt,q! D
216S S Q4~0,iq !

Q18~0,iq !
D 3S Q4~nt,iq !

Q1~nt,iq ! D
2S Q3~0,iq !

Q18~0,iq !
D 3S Q3~nt,iq !

Q1~nt,iq ! D
2S Q2~0,iq !

Q18~0,iq !
D 3S Q2~nt,iq !

Q1~nt,iq ! D D J , ~3.4!

where the factor of 16 in the second line takes into acco
the difference in tension between the D-brane~annulus! and
the orientifold~Möbius strip!, and ‘‘twisted’’ versions of the
Jacobi Theta functions have been used:

Q18~0,iq !52p~ iq !1/4)
n51

`

~11~ iq !2n!3,

Q1~nt,iq !52~ iq !1/4sin@pnt# )
n51

`

~11~ iq !2n!

3~11~ iq !2n22n!~11~ iq !2n22n!,

~3.5!

Q2~nt,iq !52~ iq !1/4cos@pnt# )
n51

`

~11~ iq !2n!

3~11~ iq !2n22n!~11~ iq !2n12n!,

~3.6!

Q3~nt,iq !5 )
n51

`

~11~ iq !2n!~11~ iq !2n2122n!

3~11~ iq !2n2112n!, ~3.7!

Q4~nt,iq !5 )
n51

`

~11~ iq !2n!~12~ iq !2n2122n!

3~12~ iq !2n2112n!. ~3.8!

Expanding the theta functions for the lowest-energy str
modes in terms of the velocity, we find

VD02O8522 cos~2nt !262120 cos~nt !;2128164n2.
~3.9!

Taking into account the 16 D8-branes present at the orie
fold, the total velocity dependence for a D0-brane mov
near the 16D81O8 is

163~814n2!1~2128164n2!5128n2. ~3.10!
04403
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Thus, for vanishing velocityV[16D81O8]2D0→0 as required
by supersymmetry, agreeing with@22#. Therefore the above
construction yields a consistent supersymmetric vacu
configuration in the zero-velocity limit. The presence of D
particle defects implies that our vacuum has a ‘‘foam
structure. In the next subsection we consider excitations
this vacuum by giving the D0-particles a small velocity, a
then study its physical properties.

B. D0-particle recoil in the bulk and dark „excitation… energy
on the branes

1. The (supersymmetric) D0-particle recoil formalism

We have shown that D0-particles moving in the bu
space between the brane configurations will yield a non-z
potentialV;n2, which can be interpreted as a contributio
to the D8-brane excitation energy. From the point of view
an observer living on the D8-brane, such excitations w
appear as contributions to the dark energy of the D8-br
Universe. Small velocities for the D0-particles could ari
either from the scattering in the bulk of closed-string sta
emitted by quantum fluctuations of the D8-branes, or sp
taneously, by quantum fluctuations of the D0-particles the
selves, a process which also leads to the emission of clo
string states from the D0-particle, accompanied by recoi
the latter to conserve energy.

Formally, a quantum fluctuation or a recoil excitation of
supersymmetric D0-particle in the bulk1 is described by the
emission of a pair of open strings with their ends attached
the D0-particle, as shown in Fig. 3. As the recoil or fluctu
tion happens ‘‘suddenly’’ at, say, timex050, the correspond-
ing s-model deformation, describing the effects in weak
coupled~super!strings long after the initial fluctuation, read

1The distinction between these processes is not important for
purposes.

FIG. 3. The recoil of a D0-particle during scattering with a bu
closed-string state, or the spontaneous quantum fluctuation of a
D0-particle in the space-time foam~dark blob!, is represented by a
pair of open strings~wavy lines! attached to the D0-particle, if the
D0-particle is isolated in the bulk.
6-6
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in the Neveu-Schwarz~NS! sector in standard world-shee
superfield notation@14,23,24#:

Vrec52
1

p R dtdq~yiCe1n iDe!D'Xi ,

Xm5xm~z!1qcm~z!, ~3.11!

whereyi ,n i are collective coordinates for the initial positio
and recoil velocity of the bulk D0-particle, Greek indicesm
50,1, . . . ,9 areused for ten-dimensional space-time, La
indicesi 51, . . . ,9refer to spatial coordinates only,r denotes
a world-sheet boundary operator, andCe ,De are chiral world-
sheet superfields with components:

Ce~z!5
e

4p i E2`

` dq

q2 i e
eiqx0(z),

xCe
~z!5 i eCe ^ c0~z!,

De~z!52
1

2p i E2`

` dq

~q2 i e!2
eiqx0(z),

~3.12!

xDe
~z!5 i S eDe~z!2

2

e
Ce~z! D ^ c0~z!,

wheree→01 is a regulating parameter, which is related
the ratio between the world-sheet infrared and ultraviolet c
off scalesL/a→01 via @13,14#

e225 ln~L/a!2, ~3.13!

as a result of the requirement of closure of theN51 world-
sheet superlogarithmic algebra. Above, thecm are the world-
sheet superpartners of the coordinatesxm. The quantityx0

denotes the temporal components in the target space, w
signature is assumed Euclidean for reasons of converg
of the world-sheet path integrals. The Minkowski signatu
is recovered at the end of the computation by the usual a
lytic continuation procedure.

Noting that

R dq

q2 i e
eiqx0

}Qe~x0!

and that

R dq

~q2 i e!2
eiqx0

}x0Qe~x0!,

we observe that the bosonic parts of the recoil ‘impul
operatorVrec can be written as

Vrec{ R ~eyi1n ix
0!Qe~x0!]'xi , ~3.14!

indicating a Galilean trajectory of the heavy D0-particle af
recoil. Notice that the recoil velocity term proportional ton i
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is dominant in the limite→01. It can in fact be shown@25#
that the presence of this deformation at a world-sheet d
level expresses the renormalization of modular divergen
in annulus diagrams during the scattering of two clos
string states with Dirichlet boundary conditions on the wo
sheet, corresponding to the presence of a D0-particle. Th
the reason why the operator~3.11! or ~3.14! describes the
fluctuation of a D0-particle as shown in Fig. 3, via a pair
open strings attached to the D0-particle, whose world-sh
time evolution is described by an annulus graph, in a sim
spirit to the situation discussed in the previous section. T
term eyi , which arises from the logarithmic algebra, h
been interpreted in@15# as indicating an uncertainty in th
initial location of the D0-particle as a result of the recoil.

It can also be shown rigorously, using the logarithm
~super!conformal algebra of the recoil operators, that m
mentum and energy are conserved. These conservation
are essential@25,15# for the cancellation between tree an
annulus divergences mentioned above. In particular, for r
tive spatial momentak1,2

i between the incident and emergin
closed-string states, after recoil with the D0-particle, the
quirement that the modular infinities cancel implies:

n i5Ms
21gs~k1

i 1k2
i !, ~3.15!

yielding consistency with the following mass for the D
particle @15,23#:

MD5
Ms

gs
, ~3.16!

whereMs is the string scale. In general,Ms might be differ-
ent from the four-dimensionalM P;1019 GeV. As we argue
below, the latter is given byM P5(V(6)Ms

6)1/2Ms /gs , where
V(6) is the compactification volume of the extra six dime
sions of the string. If we assume a compactification radius
the order ofMs

21 , we then observe from~3.16! that the mass
of the D0-particle becomes of order of the four-dimensio
Planck scale,MD;M P .

We remind the reader that the above considerations for
recoil of the superparticle are valid in the NS sector. A
extension of the superlogarithmic recoil algebra to t
Ramond sector of the theory has also been made in@24#,
where we refer the interested reader for details. The phys
conclusions relevant for our discussion in this article rem
unchanged.

A final but important remark is that the recoil formalism
via the impulse operators~3.11! and~3.14!, has an important
difference from the scattering amplitude methods discus
so far. Although the scattering amplitude method is suffici
for calculating the contribution to the energy content of t
brane, back-reaction effects of the recoiling heavy fluctuat
defect on the background space-time are not accounted
by the scattering amplitude. These effects appear in the re
formalism as a result of the fact that the recoil deformatio
are not conformal, but slightly relevant in a world-she
renormalization-group sense@13#.

Indeed, the world-sheet anomalous dimension of the
erators ~3.11! is De52e2/2,0. This goes to zero ase
6-7
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ELLIS, MAVROMATOS, AND WESTMUCKETT PHYSICAL REVIEW D70, 044036 ~2004!
→01, but, in view of the above-mentioned relation~3.13!,
there is a running anomalous dimension. In this respec
can be shown@23# that the truly marginal coupling constan
in the model are:

ȳi5yi /e, n̄ i5ui /e. ~3.17!

Near the infrared fixed point, we finde→01 (ln(L/a)2

→`). As discussed in@13#, the logarithmic algebra also im
plies an interpretation ofe225 ln(L/a)2 as a target timet,
for long times after the impulse event.

This is important for calculating D-particle recoil bac
reaction effects in space-time. As a result of the above in
pretation, for long but finite target timesMs

21!t,`, the
operators ~3.11! are relevant in a world-shee
renormalization-group sense, and the deformed bound
s-model theory associated with the recoil is no longer c
formal. It requires Liouville dressing for consistency@26,27#,
since the latter operation restores the conformal invarianc
the deformed theory, at the expense of introducing the Li
ville modef into the theory as an extra world-sheet field

It suffices for our purposes to concentrate on the boso
part ~3.14! of the boundary operator~3.11!. To leading order
ase→01, i.e., near the infrared world-sheet fixed point,
Liouville-dressed counterpart,V L, reads@15#:

V L.E
S
eaf]b~en̄ ix

0Qe~x0!]bxi !, ~3.18!

where we have ignored subleading terms}e2ȳi . Above,*S

denotes a world-sheet bulk integration,]b ,]b, b51,2 are
world-sheet derivatives, anda is the Liouville ~‘‘gravita-
tional’’ ! anomalous dimension. The formula~3.18! is ob-
tained by first writing the boundary operator~3.14! as a bulk
operator in the form of a total world-sheet derivative, a
then dressing with the Liouville field. One can show that t
is equivalent, from the physical point of view, to Liouville
dressing directly the boundary operator~3.14!.

The Liouville anomalous dimensiona is of ordera;e,
while the corresponding central charge deficitQ2 is super-
critical (Q2.0) and of ordere4. This implies that the Liou-
ville mode in the recoil problem has a Minkowski time si
nature @28#. Since e225 ln(L/a)2 is interpreted as targe
time, t, and the covariant world-sheet renormalization sca
ln(L/a)2, can be viewed as the zero mode,f0, of the Liou-
ville field ~where the latter can be regarded as a local wo
sheet scale of the non-conformal string@29#!, we have pro-
posed@30# the identificationf0[t. Such an identification is
also supported by dynamical stability arguments, related
the minimization of the effective potential energy in bran
world configurations like that encountered here@31#.

Making this identification between the zero modes of
Liouville and x0 fields in ~3.18!, using the representatio
Qe(x

0);e2etu(t), where u(t) is the ordinary Heaviside
step function, and integrating by parts, we obtain, amo
other ~boundary! terms, a bulks-model term of the form:

V L{E
S
e2tu~ t !n̄ i]bf]bxi . ~3.19!
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For long times t→` after the impulse event we hav
e2tu(t);1, which implies an induced metric in target spa
of the form ~omitting the bar notation forn i from now on,
with the tacit understanding that the physical recoil veloc
is given by the renormalized marginal couplingn̄ i):

G00521, G0i;n i , Gi j 5d i j . ~3.20!

This expresses the back-reaction effects of the fluctua
D-particle on the neighboring target space-time. Because
used a perturbatives-model formalism to arrive at the effec
~3.20!, the distortion of the target space is by definition loc
and applies only in the neighborhood of the defect.

The outgoing scattered closed-string state sees the
torted space-time~3.20!. From ~3.15! we then observe tha
the magnitude of the distortion will be determined by t
momentum transfer of the closed-string state during its s
tering with the D0-particle. In general, this affects the d
persion relation of the scattered string state, by an amo
depending on the density of D0-particles in the bulk. W
return later to this important issue, in particular in connect
with the possible modification of the dispersion relation
~observable! matter localized on the brane.

2. Contributions to the dark energy of the brane world

We now estimate the dark energy in the brane world
the basis of the above analysis. Letn0 be the density of the
D0-particles in the ten-dimensional bulk space, which
assume to be uniform. We also assume that the exchan
pairs of strings between the D0-particles and the D8-bra
cannot be stretched too long, so that only D0-particles cl
to the branes, i.e., within a distance of order,s , can be
‘‘felt’’ by the D-brane world and make significant contribu
tions to the brane ‘‘dark’’~excitation! energy, We also as
sume that the ‘‘gas’’ of D0-particles is sufficiently dilute th
interactions among the D0-particles can be safely ignore

The recoiling defects near the D8-brane world will in ge
eral have a distribution of velocitiesP(n i). To simplify
things, we assume a uniform average velocity for the r
evant D0-particles, which is a valid approximation if the v
locities are small, the case of relevance to us here. We s
that, for a recoiling defect near the brane worlds, there
two effects to be considered:~i! the recoil itself, described by
the string pair fluctuations of Fig. 3 and given formally b
the deformation~3.11!, which is responsible for a non-zer
velocity n i for the defect, and~ii ! the exchange of open
strings between the D0-defect and the D8-brane world,
scribed by the annulus graphs of Fig. 1 in the case where
brane is a D0-particle. It is the latter effect that yields t
amplitudeA contributing to the dark energy of the bran
world, while it is the former effect that yields the velocity o
the D0-particle, and hence contributes terms of ordern2 to
the amplitude@cf. ~2.28!#.

Assuming that the extra five longitudinal dimensions
the D8-branes are compactified on a manifold with volu
V(5), the total contribution of the induced dark energy on t
branes can be determined from~2.1! to be
6-8
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E dtVbrane, total5E
eff

d(10)xn0A;E
eff

dyd(4)xn0V(5)n2,

~3.21!

where*eff denotes the ‘‘effective’’ bulk volume in the imme
diate vicinity of the brane complex, over which the presen
of the D0-particles makes significant contributions to t
dark energy on the brane,y denotes the bulk coordinat
along the ninth dimension andx the four-dimensional space
time coordinates, and we used the results of the prev
subsection to setA;n2.2

For the sake of definiteness, we assume that we hav
effective bulk dimension of sizeR9;,s5Ms

21 , where
,s(Ms) is the string length~mass! scale, which may, in gen
eral, be different from the four-dimensional Planck sc
,P510233 cm (M P;1019 GeV). The two scales are relate
through@32#

M P;~Ms
6V(6)!1/2gs

21Ms , ~3.22!

where gs is the string coupling, which is assumed in th
work to be weak:gs,1, so that perturbative string theor
i.e., as-model analysis, is a valid approximation. If the com
pactified dimensions are of the same order as the string s
as assumed for definiteness here, then we haveM P
5Ms /gs . More complicated relations can occur, howev
as the sizes of the various extra dimensions may vary. In
generic analysis below we do not discuss such cases
though the extension of our analysis is straightforward.

Performing the integration overy in ~3.21!, assuming a
uniform bulk distribution of the ‘‘effective’’ D0-particles, we
then obtain the following contribution to the fou
dimensional dark energy:

L (4)5R9n0n2V(5);,s
6n0n2, ~3.23!

assuming for definiteness a compactification radius of or
of ,s . The current observational limits on the fou
dimensional dark energy implyL (4),102123M P

4 , from
which we obtain an upper limit on the density of the ‘‘effe
tive’’ D0-particles of

n0̂[,s
10n0,102123n22gs

24 ~3.24!

defects per ten-dimensional string volume.
We now estimaten2 in our framework. Energy conserva

tion in the recoil problem of closed-string states scatter
off a heavy non-relativistic D0-brane defect@23,14# implies
that

n2;~Dk!2/Ms
2 , ~3.25!

whereDk is the momentum transfer during the collision a
Ms is the string scale. The magnitude of this depends on

2Note thatR9 should not be confused with the distancer 0 to the
location of the other parallel stack of D8-branes, which are assu
to lie far enough away that any Casimir energy contribution to
energy is negligible.
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details of the microscopic bulk string theory. We may assu
as typical energies of bulk graviton states those given
temperature effects in the bulk Universe. This could be v
low, as one may quite naturally assume that the two stack
D8-branes that constitute our vacuum have collided at so
early stage, and are now moving with very slow velocities,
such a way that they are now almost static, and sufficien
far away from each other in the bulk. In this case, the int
action rates of closed-string states in the bulk are very s
pressed, and the bulk string temperature can be natu
very low. On the other hand, on the brane world, where op
string matter is confined, the matter interaction rates may
assumed to be significantly larger, which will lead to larg
brane temperatures as compared to that in the bulk. Henc
this scenario, at the present era the brane Universe is m
hotter than the bulk region, and the configuration has
reached thermodynamic equilibrium. As the brane unive
continues to expand, the brane temperature decreases
ever-decreasing rate, whilst the rate of decrease of the
temperature may be assumed to have vanished alread
some bulk freeze-out temperature. This means that eve
ally thermodynamic equilibrium between the brane and
bulk will be achieved. In this scenario, therefore, the fo
dimensional dark energy density on the brane, given
~3.23!, is not constant butrelaxesto zero at a rate which is
determined by the temperature relaxation in the bulk reg
~assuming an almost constant bulk density of D0-particle
the ten-dimensional space today!. This, as we have remarke
above, can be very small and for all practical purposes
detectable.

We now consider some numbers, so as to understand
ter the need for two different temperatures between bulk
branes. We first consider the case that, at the present era
brane universe is already at thermal equilibrium with t
bulk region. Since today we have microwave backgrou
temperatures on the brane worlds of about 2 K, this yield
typical momentum transfer for bulk gravitons

Dk;k;O~K !;O~10213 GeV!;10232Ms /gs ,
~3.26!

where we used~3.22!, that is M P5Ms /gs . This yields the
following average forn2:

^n2&;10264gs
22 , ~3.27!

in natural units where the speed of lightin vacuo c51. This
implies a gas of D0-particles withn0̂,10259gs

22 defects per
ten-dimensional string volume. In string theorygs can be as
low as 10214 in theories with large extra dimensions, whe
the string scale can be as low as a few hundreds of TeV
phenomenologically acceptable models@32#. In this case, the
current dark energy content of the observable Unive
would require a very dilute gas of D0-particles withn0̂
;10231 defects per ten-dimensional string volume.

Much larger values ofn0̂ can be obtained if one assume
a much smaller bulk temperature, a case which, as discu
above, can easily be accommodated in physically meanin
situations. For instance, in order to obtain natural models

ed
e
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ELLIS, MAVROMATOS, AND WESTMUCKETT PHYSICAL REVIEW D70, 044036 ~2004!
D0-particle foam in ten dimensions, withn0̂;O(1) defects
per ten-dimensional string volume, we see from~3.24! that
one must have

^n2&;10267 for gs;10214. ~3.28!

The above thermal considerations would then imply a b
temperatureTbulk;3310216 K, i.e., sixteen orders of mag
nitude smaller than the current temperature in our D-br
Universe.

In such situations, the relatively ‘‘hot’’~compared to the
bulk! Universe will radiate heat into the bulk in the form o
the kinetic energy of closed-string states emitted from
brane into the bulk. The process by which closed strin
radiate from a D-brane can be described by a three-p
tree-level process, where two open strings attached to
brane collide and form a closed string which moves off in
the bulk @33#. In combination with the pair-production rat
for open strings, this would, in principle, enable one to c
culate the temperature of the bulk due to emitted clo
strings. It is expected that in situations where the fo
dimensional Planck length is much smaller than the str
scale this rate is very low, probably undetectable at pres
for all practical purposes.

IV. MATTER PROPAGATION IN THE D-BRANE FOAM
MODEL

A. Modified dispersion relations for massless gauge excitations

We now discuss some important physical consequence
the presence of D0-particles near the brane world, nam
possible modifications of the dispersion relations for cert
string matter states propagating on the brane world. We
consider gauge degrees of freedom represented by
strings with their ends attached on the brane. Because
matter cannot propagate in the bulk, the only possible in
action of the string with a D0-particle is that represented
Fig. 4. The D0-particles that interact with the string are s
ficiently close to the brane~within the uncertainty string
scale,s) that they might be considered as practically ‘‘on
the brane worlds when one considers the fluctuations of
branes to be expected in any consistent quantum-gra
model of branes.

We discuss two effects that appear in situations like tha
Fig. 4. ~i! The contribution of the process shown in Fig. 4
the excitation energy of the brane. This process involves
splitting of an open string with its ends attached to t
D-brane into two open strings, each with one end attache
the D0-particle, and the other to the D-brane. Each length
string corresponds to an interaction described by a tree-l
world-sheet amplitude with appropriate Dirichlet bounda
conditions. As the open strings here represent excitation
the brane world, and not quantum fluctuations as in Fig
the corresponding amplitude should be viewed as a fluc
tion in the energy of the open string andnot as a contribution
to the vacuum energy on the brane.~ii ! The other effect is the
recoil of the D0-particle itself, as a result of momentu
transfer from the string to the D0-particle, in accord w
energy-momentum conservation. This has been describe
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previous subsections, and is responsible for the distor
~3.20! of the space-time near the recoiling defect.

The recoil formalism makes possible the computation
the modifications of dispersion relations, i.e., local~mean-
field! relations between energy and momentum, for op
string states propagating on the brane that result from t
interactions with a population of defects. We recall that, af
scattering, an open-string state will propagate on the
torted space-time~3.20!. Let pm denote the four-momentum
of the low-energy particle excitation corresponding to a p
ticular vibrationary mode of the open string. This is amass-
less gauge particle, as the open string represents a gau
excitation in the stack of D8-branes, transforming in an a
joint representation of theU(8) group for a stack of eigh
D8-branes@34#.

FIG. 4. The interaction of an open string propagating on
brane with a D0-particle defect that crosses the brane, or is
small distance;,s away from it, implies the splitting of the initial
string into two strings stretched between the D-particle and
brane.
6-10
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The dispersion relation of the scattered gauge particle
the distorted space-timeGmn ~3.20! in the neighborhood of
the defect reads:pmpnGmn50, from which we obtainE2

22Epin
i2pip

i50. The positive energy solutionE.0 that
connects smoothly with the case of no recoiln i→0 is

E5p•n1upuS 11S n•
p

upu D
2D 1/2

, ~4.1!

where the notationa denotes a nine-dimensional spatial ve
tor, p is the momentum of the outgoing~open! string excita-
tion, andn is the recoil velocity of the D0-particle. The dis
persion relation~4.1! also applies to closed-string state
such as particle excitations in the gravitational multiplet, d
to scattering off defects in the bulk.

There are several implications for the dispersion relati
of U(8) gauge particles~4.1! derived above, in the contex
of our stringy supersymmetric foam model: First, we rema
that the group velocity of the massless gauge particles isvg
5]E/]p, with p[upu. The recoil velocity is connected t
the momentum transfer during the interaction via moment
conservation~3.15!. It is natural to assumeMDunu;p, i.e.,
the maximum magnitude of the momentum transfer is of
same order as the outgoing~or incident! momentum. One
should average the relation~4.1! over the D0-particles in the
foam, and we denote such an average by^̂ •••&&. We recall
that, in our conventions,̂̂n i&&5 ^̂ kout

i 1kin
i && denotes the av-

erage momentum transfer. The sign of^̂ n i&& depends on
whether the interaction with the foam defect accelerates
slows down the particle. We expect on average that th
should be anisotropy in the direction of the average re
velocity of the foam D0-particle, oriented along that of t
propagating incident particle@35#.

String theory leads to an unambiguous specification of
sign of ^̂ n i&&, since in a string theory spectrum there shou
be no superluminal particles. Indeed, the dynamics of
foam defects themselves has a Born-Infeld form, leading
subluminal velocities. From~4.1! we observe that sublumina
propagation requires an averagedecelerationof the particle
by the foam, ^̂ n"p&&52 ^̂ unup&&,0 ~in our conventions!,
leading to group velocities suppressed minimally by a sin
power ofM P;Ms /gs :

vg
capture;12uO~p/M P!u, M P;Ms /gs . ~4.2!

In contrast, we notice that, in isotropic models of D0-parti
foam for which ^̂ n&&50, one would obtain from~4.1! a
superluminal ~as compared to the speed of light in th
no-recoil vacuum! average group velocity for massless gau
particles with quadratic suppression inM P

21 : ^̂ vg&&
;^̂ .11O(p2/M P

2 ).1. Such modelsare therefore not con-
sistentwith string theory.

B. Chiral matter in the foamy brane model: intersecting
branes

We now discuss whether chiral matter in brane mod
can have analogous interactions with D-particle defects
the foam. Chiral matter in models involving stacks
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D-branes is described by open-string excitations localize
intersections of the brane configurations. If there is no in
section, then the open-string excitations of the brane wo
describe only gauge particles. This remains true in the p
ence of impulse operators of D0-particles, given that,
shown in detail in@23#, the dynamics of such fluctuatin
D0-particles~or coincident groups of D0-particles interactin
via the exchanges of strings, or D0-particles near br
worlds! are described by a~non-Abelian! Born-Infeld gauge
action. Therefore, such excitations behave as gauge ex
tions, transforming in the adjoint representations ofU(N)
groups, for a stack ofN branes or a coincident group ofN
particles.

A natural question to ask at this point concerns the prec
gauge group which arises in the case of a D-particle su
ciently close~i.e., within a string length,s) to a stack of
N-coincident branes and a real open string excitation stre
ing between the D-particle and the stack. Since the o
string cannot have both of its ends off brane~not even within
an,s length away; by definition at least one of them must
attached to the brane!, then by a simple counting argument o
the available states, that is of the available ways the o
end of the string is attached to the various members of
D-brane stack, one obtains aU(N) group in this case, instea
of the U(N11) which would arise if both ends of the ope
string could be attached to the D-particle.

To obtain chiral matter, we need to consider intersect
branes@36# at an angleuÞ0. In a situation where one has a
intersection of a stack ofN parallel D-branes with anothe
stack ofM parallel D-branes, the chiral matter is in the fu
damental representation of theU(N) ^ U(M ) group, while
gauge matter~also represented by open strings on the int
section! falls into the adjoint representation of theU(N)
^ U(M ) gauge group. On the other hand, open strings
tached on the individual stacks far away from the inters
tion fall into adjoint representations of theU(N) or U(M )
gauge group, depending on which stack they are attache
Of course, at the intersection one has also gauge excitat
~open strings!. Before proceeding toward a precise constru
tion of brane configurations allowing for chiral matter in th
context of our D-particle foam model, it is useful to mak
some remarks on the general problem of D-brane stacks
D0-particles, which clarifies some important properties
our supersymmetric vacuum construction.

A model for chiral matter in supersymmetric D-foam

In the presence of orientifold planes, beyond which t
space cannot be extended because of their reflection pro
ties, the normally straightforward scenario of intersecti
branes becomes more complicated. On the other hand, t
is the case of brane folding, which may be the result o
catastrophic collision between two branes of different dim
sionality @37#. The folding of D-branes corresponds to a
excitation of the vacuum, and in a world-sheet framework
may be described by appropriate logarithmic operators,

Vfold5gIi Qe~XI !XI]nXi , ~4.3!

whereXI is a longitudinal coordinate of the D-brane,Xi is a
6-11
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transverse coordinate,]n denotes normal world-sheet deriv
tive, and thes-model couplinggIi describes the characteris
tics of folding, that is the tangent of the angle at the foldi
region, i.e., the brane intersection.

The departure from the conformal point due to the log
rithmic operators describes the excitation of the folded bra
A simple world-sheet renormalization group analysis sho
that the folding operators~4.3!, like the corresponding
D-particle recoil operators~3.11!, ~3.12!, are relevant opera
tors with anomalous dimension2e2/2, e→01. We identify
e22 with the logarithmic renormalization-group scalee22

5 ln L[T, on account of the requirement of closure of
appropriate logarithmic algebra@13#. To estimate the folding-
induced brane excitation energy one needs to compute
renomalization-scale dependent~‘‘running’’ ! induced
central-charge deficit. The latter is evaluated by means
Zamolodchikov’sc-theorem, which gives the rate of chang
of the ‘‘running’’ central chargeQ2(T) of this relevant~non-
conformal! deformeds-model theory,

d

dTQ252b iG i j b
j52

ḡIi
2

T 2
, ~4.4!

whereb i is the renormalization-groupb function of the ap-
propriate couplinggi corresponding to the vertex operatorsV
of folding ~4.3!, G i j ;uzu4^Vi(z)Vj (0)& is the Zamolod-
chikov metric in theory space, and we keep only the do
nant terms near the infrared fixed point~asT→`). Above,
ḡIi 5gIi /e is a scale(e)-independent ‘‘renormalized’’ cou
pling. Equation~4.4! shows that the resulting excitation e
ergy on the brane due to folding is of order:

Q2~T!;Q0
21

ḡIi
2

T . ~4.5!

In our case we haveQ050, since as shown above, in th
absence of brane folding one has a supersymmetric vac
string configuration, characterized by zero central-cha
deficit. The non-conformals-model becomes conformal b
Liouville dressing, and we identify the world-sheet Liouvil
zero modew0 with T, since we view the Liouville mode as
local dynamical renormalization scale on the world shee

It is customary@26,31# to normalize the kinetic term o
the Liouville action by redefiningw→f5Q(T )w, which
plays the role of an extra target space-time dimension. In
case~4.5! the deformed string is supercriticalQ2.0, and the
Liouville mode has time-like signature in target space.

In view of this rescaling we may then write~4.5! as

Q25
1

f0
2 ~ ḡIi

2 !2, ~4.6!

wheref0 is the world-sheet zero mode of the rescaled Lio
ville field. If we identify the Liouville mode with target
time,3 t, then the one obtains relaxation to zero, where
excitation energy due to bending relaxes to zero as 1/t2. In

3Dynamical arguments for this identification, related to the mi
mization of appropriate potentials of the effective low-ener
theory, may be provided in some cases, see@31#.
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this way one has a unified picture between D0-particle re
and the folding of branes in this foam model. This pictu
seems to describe an elastic brane situation where the fol
process can eventually disappear at long times after the
tial catastrophic event, leading to an equilibrium configu
tion.

In our construction, which necessarily involves an aux
iary stack of branes at infinity, it appears necessary to b
this auxiliary stack in the same direction, so intersection
tween the two brane stacks is avoided. Thus, the construc
depicted in Fig. 5 may yield an asymptotically supersymm
ric vacuum in the absence of any movement or quant
fluctuations of the D0-particles in the foam.

The model consists of the supersymmetric D-foam mo
considered in Sec. III, with one of its branes folded at so
region, so that an angleuÞ0 is created in the bulk ten
dimensional space. Both the branes and its images are fo
in the same way, so that any intersections between the
stacks of branes are avoided. The distances between the
servable world and its images in this supersymmetric fo
model are very large, so that any Casimir contribution to
vacuum energy can be ignored. The observable world
which we live is the resulting seven-dimensional intersect
of the D8-branes with the four extra spatial dimensions co
pactified. Chiral matter is localized on this intersection, a
D0-particles puncture the bulk regions, yielding the foa
effects described above. Due to the arguments on fold
presented above, the uncompactified model has a vac
energy that almost vanishes for large times after the foldi
t→`, in the no-recoil limit of the D0-particles.

Chiral matter cannot interact non-trivially with D0
particles near the intersection, i.e., at distances within
uncertainty limit,2s, as gauge particles did. The reason
that the splitting of a chiral matter string by the defect,
analogy with Fig. 4, would result in a situation in which th
D0-particle would exchange open strings with the interse
ing stacks of D8-branes. Each D0-D8 interaction would fi
itself in states that would fall into the adjoint representati

-

FIG. 5. A model consisting of folded parallel pairs of stuck
D8-branes with orientifold planes~thick dashed lines! attached to
them. The folding might have been induced by a catastrophic c
mic event. The bulk region of the ten-dimensional space in wh
the branes are embedded is punctured by D0-particles~dark blobs!.
The space is not extended beyond the orientifold planes. The br
intersect at an angleu, and chiral matter is described by ope
strings localized on the seven-dimensional intersections. For cla
we do not depict the open string interactions between D0-parti
and branes.
6-12
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of the U(8)^ U(8)8 gauge group, since the open strin
must always have at least one of their ends attached on
intersection. This would always be a gauge excitation,
hence the process of Fig. 4 would not be allowed for ch
matter at the intersection of the brane stack, being preve
by the unbroken gauge symmetry. One may understand
last property from a more physical point of view by cons
ering the fact that a D0-particle has no spatial extent, so
not possible to define an angle with the D-brane. In t
sense, a D0-particle is always ‘‘parallel’’ to the D-brane, a
crosses it effectively at a zero angle. Hence, chirality in
sense of@36# cannot be defined for such open-string config
rations stretching between the defect and the brane w
they are split by a D0-particle.
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This implies that our supersymmetric D-brane foam v
lates the universality of gravitational effects on matter, and
this sense the equivalence principle, a scenario advoc
already in@10,11,38#. This is important, in view of the strin-
gent constraints on linear modifications of dispersion relat
for chiral matter~in particular electrons and other charge
fermions!, which do not apply to photons. On the other han
present limits on photons and gauge particles cannot yet
clude linear suppression effects in their dispersion relatio
The most stringent limit on subluminal photon dispersi
relations can be derived from studies of the arrival times
gamma-ray bursts@8,39,40#, from which the effective gravity
scale entering the linear modification of the photon disp
sion relation is found to be bounded byMQG.1016 GeV.
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