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Gravity on a brane in infinite-volume extra space
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We generalize the mechanism proposed in a previous paper and show that a four-dimensional relativistic
tensor theory of gravitation can be obtained on a delta-function brane in flat infinite-volume extra space. In
particular, we demonstrate that the induced Ricci scalar gives rise to Einstein’s gravity on a delta-function type
brane if the number of space-time dimensions is bigger than five. The bulk space exhibits the phenomenon of
infrared transparency. That is to say, the bulk can be probed by gravitons with vanishing four-dimensional
momentum square, while it is unaccessible to higher modes. This provides an attractive framework for solving
the cosmological constant problem.

DOI: 10.1103/PhysRevD.63.065007 PACS nunider11.10.Kk, 04.50+h, 11.27+d

I. INTRODUCTION AND SUMMARY main motivation to go beyond 5-dimensions comes from the
well known fact that in 5-dimensional space there isstatic

The size of compact extra dimensions could be as big as @on-inflating) and stationary domain wall solution with a
millimeter if there is a brane in extra space on which stan-nonzero positive tensid8—10 which could be embedded in
dard model particles are localizet]]. Gravity, in this frame- a flat and infinite transverse space. In contrast, in dimensions
work, spreads into the large compact extra dimensions, anbigger than five, such nonzero tension solutions with a non-
that is why it is weak compared to other interactions. inflating world volume can be found.

Yet another possibility is to maintain a brane-world hy- In the present work we will show that using the mecha-
pothesis without actually compactifying extra space, buinism of Ref.[7] one can obtain the four-dimensional laws of
rather giving it some nonzero curvatUr®]. As a result, the Einstein’s gravity on a delta-function typebrane world-
invariant volume of the extra space is still finite and is de-volume if D>5. This difference between five-dimensional
termined by the bulk cosmological const4gt. andD >5-dimensional theories can be traced back to the fact

The aim of the present work is to look for models in that in the former case the transverse to the brane space is
which the extra dimensions are uncompactified and, moresne-dimensional and the transverse Green’s functions are fi-
over, they are flat at infinity. In this case, the invariant vol-nite at the origin, while in the latter case these functions
ume of extra space is truly infinite. The matter and gaugeliverge at zero.
fields can be localized on such a brane using the field- The physical picture which we obtain can be summarized
theoretic mechanisms of Ref8,4] and[5] respectively, or as follows. There is a flat non-zero tension 3-brane embed-
the string theory mechanism for localization of matter andded inD>5 space-time which is also flat at infinity. Thus,
gauge fields on a D-brangs]. The immediate challenge, the invariant volume of the extra space is infinite. The local-
however, is to obtain four-dimensional gravity on the braneized matter on the brane couples to the bulk gravity. As a
world volume where the standard model patrticles live. result of this coupling the four-dimensional kinetic term for

In Ref. [7] the mechanism was proposed by which four-gravitons is generated via quantum loops on the world vol-
dimensional gravity can be obtained on a brane inume. These “four-dimensional” gravitons are nothing but
5-dimensional flat space-time. The mechanism is based opart of bulk gravitons. Furthermore, the induced four-
the observation that the localized matter fields on a brandimensional kinetic term gives rise to four-dimensional laws
(which couple to bulk gravitonscan generate the localized of gravity on a brane world volume.
four-dimensional world volume kinetic term for gravitons.  As a next step we would like to address a more pragmatic
That is to say, four-dimensional gravity is “pulled ove(dr  question: The infinite-volume theories—what are they good
induced from the bulk gravity to the brane world volume by for? Certainly they have an independent academic interest.
the matter fields confined to a brane. Furthermore, they could lead to the modification of the laws

It was shown in Ref[7] that the four-dimensional New- of gravity at ultra-large distanc¢$1—15. Most importantly,
ton law is recovered on a brane. On the other hand, thas it was pointed out in Ref§14,15, these theories give a
relativistic effects of this theory differ from those of Ein- new, yet unexplored way of thinking about the cosmological
stein’s gravity. In fact, the induced gravity on a brane inconstant problem. This will be discussed in details in Sec.
5-dimensional Minkowski space is tensor-scalar grajity ~ VI. Here, we just briefly reiterate the arguments[d#,15.

In this work we would like to pursue a more general strat-One could start with a supersymmetric theory in high-
egy and study the mechanism of Réf] on a brane in space- dimensions, let us say with superstring theory, M-theory or
time with the number of dimensions bigger than five. Thesome of the low-energy supergravity truncations. If the brane

on which we live is a non-Bogomol'nyi-Prasad-Sommerfield
(BPS brane, then it can be used to break all the supersym-
*Present address: Theoretical Physics Institute, Univ. of Minnemtries on the world volume theoifyL 6] (stability of such a
sota, Minneapolis, MN 55455, brane can in principle be warranted by topological reasons,

0556-2821/2001/68)/06500713)/$15.00 63 065007-1 ©2001 The American Physical Society



GIA DVALI AND GREGORY GABADADZE PHYSICAL REVIEW D 63 065007

or equivalently by giving some conserved charges to theroperties of the system which are independent of these sim-
brang. Thus, classically the brane world volume is not su-plifications. Let us suppose that the 3-brane is localized in
persymmetric, while the bulk is supersymmetric. The questhe extra space so that it asymptotes to a flat space at infinity.
tion is whether the bulk supersymmetry could be preservedVe split the coordinates in D-dimensions as follows:

in the full quantum theory. The answer is positive and the

key point here is that the bulk has an infinite volume. Be- XA= (xk,ym), 2

cause of this, transmission of supersymmée¢8ySY) break- o ) )
ing from the brane world volume to the bulk vanishes asWhere Greek indices run over four-dimensional brane world

inverse volume. Thus, one has SUSY in the whole higholume,x=0,1,2,3, and small Latin indices over the space
dimensional theory without Fermi-Bose degeneracy in 4Diransverse to a brane,n,i,j=4.5, ... ,4+N.

theory! Furthermore, imposing the condition that the bulk  The Dirac-Nambu-Goto action for a brane takes the form
preserves th& symmetry along with local SUSY, we obtain

that the bulk cosmological constant is zero to all orders in Ss prane= _Tf d*x/|deq, 3)

full quantum theory. How about the 4D cosmological con-

stant which we should supposedly be observing? There are _

two parts to the answer to this question. The first one is thatthere T stands for the brane tension ang,,

the 4D cosmological constant which is produced by the=3,X"3,X®Gg denotes the induced metric on a brane. In
brane world volume theory can be re-absorbed by rescalinfjle most part of this work, unless stated otherwise, we treat a
of the brane tension. Such a braneD»5 will or will not brane as alelta-function typesingular source which is lo-
inflate (in D=5 it inflates with necessit}8—10]). The reason cated at a poiny,,=0 in the extra space. Moreover, for the
why it might not inflate in the present case is that the bulkmoment we neglect its fluctuations. Therefore, the induced
supersymmetry and the induced term might not allow it to dogmetric can be written as follows:

so. Seemingly alternative, but in fact an equivalent way of _

thinking about this is as follows: At extremely low energies, 9,,(X)=G,(X,yn=0). 4

the theory at hand is not four-dimensional. Rather it is

higher-dimensional due to the presence of the infinitedn general, there could be localized matter fields on the brane
volume bulk (in this sense the physics is inverted upsideworld volume. These can be taken into account by writing
down compared to the theories with compact of warped extréhe following action for the brane:

dimensions, where at lower energies the theory becomes

more and more four-dimensional Therefore, what one Zmatter _ 4y, 1 den| 7

“sees” at extremely low energies, is not the 4D cosmologi- S3-brané 83'bra”e+f d'xv]deg|L(¢), ©

cal constant but rather the higher-dimensional cosmological ) . i

constant which is zero due to bulk SUSY aRdsymmetry. where ¢ denotes collectively all the localized fields for

We will discuss these issues in details in Sec. VI. which the four-dimensional Lagrangian density/is
Note that in the classical theory, which we are discussing
Il. GRAVITY ON A BRANE IN EXTRA MINKOWSKI so far, the 4D Ricci scalar on the brane world volume is not
SPACE present. Thus, the localized particles separated at a distance

on a brane interact via the ¢4N)-dimensional gravitational
Let us suppose that the bulk action has the following genforce-law, that is=~1/r2*N. This holds as long as the clas-
eral form: sical theory is concerned. However, in full quantum theory
the 4D Ricci scalar will be generate@long with other
termg on a brane world volume. This is due to quantum
Sb“'k:f d*""X\[GIL(Gag Rasco, P), @ loops of the matter fields which ardecalized on a?)rane
world volume[7] (see also Appendix A As a result, the
where the capital Latin indices run  over following world volume terms should be included into the
D= (4+ N)-dimensional space-tim&,g denotes the metric consideration in the full quantum theory:
of D-dimensional space-timéR gcp is the D-dimensional
Riemann tensor, and collectively denotes all other bulk
fields. Suppose that there is a 3-brane embedded in this
space. The surface term which is necessary for the correct .
variational procedure for the action will be implied in the whereM is some parameter which depends on details of the
bulk action in all the discussions below. We simplify further world volume model[7] (see also Appendix A For phe-

our presentation by considering the whole picture in the ef'nomenological reasord should be of the order of the 4D
fective field theory framework. Our goal will be to find the p|gnck scale:

Sa= Wf d*x\|deg|[A +R(X)+ O(R?)],  (6)

M~ Mp=10"GeV. (7)
1This is close in spirit to the (2 1)-dimensional example ¢1.7]
and (3+ 1)-dimensional example ¢f.8], although the mechanism In Sec. V we will discuss how this big scale could be gen-
and the properties are very different. erated.
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After the brane is included in the theory translation invari- _ —
ance in the directions transverse to the brane is broken. On MHNJ' d**NXVIG[ R gy + sz d4X\/|aR- 9
the other hand, four-dimensional reparametrization invari-
ance (“gauge invariance’) along the brane world-volume Here,M denotes the Planck constant of the bulk theory. For
coordinates is preserved in the theory. This invariance rethe simplicity of calculations we will temporarily neglect the
quires that the induced terms in E() preserve this 4D brane tension term, i.e., we plit=0. This is not essential
gauge symmetry. Possible operators with derivatives witlas long as one is dealing with a theory in dimensions higher
respect to the transverse coordinates are not induced on tiiean 5. In this case, there can exist brane solutions stéttic
world volume of a delta-function type brane since the local-world volume which have anon-zerotension. Therefore,
ized particles on a brane have zero transverse momenta. THion-zeroT can consistently be restored ba@ee Secs. V
can also be seen by explicit calculations of loop diagrams imnd VI). However, the cas® =5 is special. As is well
gauge invariant regularization schemes. known[8—10], any stationary nonzengositivetension brane

A in Eq. (6) is an induced four-dimensional cosmological inflates in 5D. Hence, it is not feasible in 5D to go from the
constant. The role of this term is that it renormalizes thetheory with a zero-tension brane to a viable model where the

brane tension. Furthermor®(x) is the four-dimensional lglr;rrfe(tjeir:]s'Rongf% Etihgtoglr?vec:;wsl,ttean\fciﬂf\./a':ﬂl?;eE\J?kr’ir:tEYIVDaS
Ricci scalar which is constructed out of the induced metric ) y . o

— i , cannot control the brane cosmological constant. We will dis-
9..,(X) defined in Eq(4). cuss these issues in more details in Sec. VI. Before that, we

All terms in Eq.(6) are consistent with the symmetries of j5gyme that the number of space-time dimensions is greater
the theory in which conformal invariance ar_1d_SUSY are bropan 6(although, as we will show below, some of our results
ken in the brane world volume. Any realistic brane-world \ii| also be applicable for the 6-dimensional case.

model should possess these properibtreover, the terms
in Eq. (6) are relevant operators of the four-dimensional A. Newtonian gravity on a brane

world volume theory which will be induced on the brane . . _ .
even if they were not present at the first pld@@. Since First we study Newtonian potential between two localized

these terms are unavoidable in any realistic brane world scd'@SS€s on a brane. For this we can drop temporarily the
nario, we should study the physical consequences of term.tensor structure in the graviton propagator. Effectively, this

The total brane world volume action takes the form is equivalent to the exchange of a massless scalar mode in
the world volume theory. Thus, we define the prototype

Lagrangian for this scalar:

sN=—T'fd4X\/E+M2f d*xV|gl[R() + O(R?)

2+N 4+N 21812 4 _ 2
] ® M fd X(@aP(X,y)) "+ M fd X(d,P(x,y=0))".

(10

whereg=det, andT'=T— AM?Z is the renormalized brane Here, the first and the second terms are respectively counter-

tension which absorbs the induced four-dimensional cosmd?arts of the bulk Ricci scalaR 4.y and the induced 4D
logical constant. Dots in this expression stand for other posRicci scalarR in Eq. (9).°

sible world volume matter fields and interactions which we We are looking for the distance dependence of interac-
will omit below for simplicity. The field theory on a brane tions in a 4D world volume theory. For this we should find
world volume is an effective field theory with a cutdfin  the corresponding retarded Green’s function and calculate
the effective field theory framework the higher derivative the potential. The equation for the Green'’s function takes the
terms appearing in Eq8) are suppressed by higher powers form

of M and can be neglected in the leading approximation.

+.

(M2 Np A+ M2 5N (Y1) 3,0*)GR(X,Ym ;0,0

lll. FOUR-DIMENSIONAL GRAVITY ON A BRANE == M0 M (yp), (11)
. : . whereGg(X,Yn;0,0)=0 for x,<O0.

In this section we study the laws of gravity on a brane R(XYm ) 0
with the world volume action given by E@8). We adopt a
simplest setup in which the gravitational part of the bulk . _ o
Lagrangian contains only the Einstein term while the gravity Even for Wgrped backgrounds equations for scalars are similar to
on the world volume is given by E@8): those of graviton$20].

SNote that the scalar model considered here is just used as a dem-

onstration for more complicated model of gravity. If a scalar field

2 . ) —. _ theory is considered independently by its own, then on a brane with
Note that the induced 4D cosmological tefms not generated if 5 finite width one expects additional induced terms containing de-

the brane quld volume. thepry |s.supersyr.nmetr|c. However, therivatives with respect tg. However, these terms are not generated

other terms in Eq(6) will still be induced in a non-conformal ¢, scajars on the delta function type brane considered in this work

supersymmetric theory. since all the particles in the matter loops which induce world vol-
3This statement will be elucidated in details in Sec. V. ume terms have exactly zero transverse momenta.
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The potential at a distancealong the brane world volume
is determined as follows: V(r,y,=0)=

— —. 19

8mM? 1 19

V(r)=J Gg(t,X,Ym=0;0,0,0dt, (120 In the approximation of a delta-function type brane, which
we adopt in the present work, this behavior is expected to

_ : ; hold all the way up to infinite distances. However, for a finite
wherer = x>+ x2+ xZ. To find a solution of Eq(11) let us . ; ) ’ .
L 72 3 a1y thickness brane, the four-dimensional Newton law might be

turn to Fourier-transformed quantities with respect to the
world volume four-coordinates, : changed atvery Iarg@resumably of.the o_rder of the present
Hubble sizé distances, see discussions in Sec. V.
dp . Outside of the brane, i.e., for,# 0, there are two, physi-
GR(x,ym;O,O)EJ 2 )4e'pXGR(p,ym). (13)  cally distinct cases to consider. These differ by the value of
. the four-momentum squarp?=0, andp?+0. We will dis-
cuss them in turn.
(i) Vanishing four-momentum squane=0
24N/ 2 _ 1242 o(N) = — (N In this case the expressiob4) reduces to the equation for
(MZ(P7 = An) + M2 (Ym) ) Gr(P:Ym) = & (ym)l'4) Euclidean Green’s function in the transverse N-dimensional
space. In general, this Green’s function is well known:
Herep? denotes the square of an Euclidean four-momentum,
p?=p3+p3+p3+p3, and Ay stands for the Laplacian of

In Euclidean space equatighl) takes the form

(N-2)/2)
~ . p
the N-dimensional transverse space. Gr(0y#0) |2|m0M2+N (m) Kn-2)2PIY)),
We look for the solution of Eq(14) in the following P (20)
form:
B where |y|=\yi+y5+---+y5 and K(ply|) denotes the
Gr(P,Ym)=D(p,ym)B(p), (15  McDonald function. Forp?=0 this function scales as fol-
lows:
whereD(p,y,,) is defined as follows:
1
(pZ_AN)D(p-ym):g(N)(ym)- (16) Nw, for N>2. (21
B(p) is some function to be determinédUsing this decom- ) ) o _
position one finds For theD =6 case N=2) this has a logarithmic singularity
atp?=0:
~ D 1
Gr(P:Ym) = L) 17 ~ In(ply|)[p2—g—, for N=2. (22)

M2HtN L MZpZD(p,O) :
Therefore, fop?=0 there exists a solution in the form of the
For the caseD>5 the function D(p,ym)|ym:0 diverges’  N-dimensional Green’s functiof20). This means that the
p?=0 mode provides interactions between world volume
states and bulk states. This mode should be produced with a
non-zero three-momentum along the brane world volume.

Therefore, the expression f@g(p,y,,) has a jump aty,
=0. In the brane world volume, i.e., fgr,=0, we find

1 (i) Non-vanishing four-momentum squapg# 0
Gr(P,Ym=0)|= ——, (18) In this case physics is rather different. Outside of a brane,
M“p i.e., fory,#0, the Green’s function vanishes:
which is nothing but the Green’s function for a four- Gr(P,Ym#0)[p240=0. (23

dimensional theory.

Therefore, we conclude that the static potential between & other words, the?+0 mode cannot give rise to any in-
couple of point-like sources on a branebn>5 scales with  teractions of the localized world volume matter with the mat-
distance between them as a four-dimensional potential:  ter which is placed in the bulk. Therefore, the interaction

between a particle localized on a brane and a particle placed
in the bulk is completely determined by tip&¢=0 solution

5There are some subtleties related to the fact that seemingly on%nd has the form given in Eq21).
has a product of two singular functions in E¢$4) and (15). To

avoid this, one should work with the regularized expression: B. Tensor structure of the graviton propagator
Gr(P,ym)=lim, _oD(p,ym+t €m)B(p). A careful analysis with We have established in the previous subsection that the
this regularization shows that the formal derivation with singular4D Newton law is reproduced on the brane. However, this is
functions presented below is valid. not enough. The relativistic theory of gravitation on the
"This is another reason why the caBe=5 is exceptional; here brane should be the Einstein tensor gravity plus possible
D(p,ym)|ym:O is finite; seg[7] and Appendix B. higher derivative terms. In the minimal 5D setup studied in

065007-4



GRAVITY ON A BRANE IN INFINITE-VOLUME EXTRA SPACE PHYSICAL REVIEW D 63 065007

Ref.[7] this is not the case: the relativistic model on a brane (M2Ng, A+ M26MN(y )3.0%)h
world volume is tensor-scalar gravity. The unwanted addi- A e ey
tional scalar there comes from the extra polarization of a 1 N N)
bulk 5D graviton[7]. In this section we will show that in =1 TwlX) = 57, Ta(X) [ 672 (Ym)
D>5 the four-dimensional theory on a delta-function type
brane is consistent 4D tensor gravity. 1 —
To show this we need to study the tensor structure of the - M2+N§ nnggAthr M25M (y ) 07;#91/“2-
graviton propagator. Let us introduce the metric fluctuations:

(29)
Gag= a8t hag- (24)
The tensor structure of the terms which contdip, on the
. . RHS of this equation is that of for-dimensional Einstein’'s
We chooséharmonic gaugen the bulk: gravity:
1 L
ﬁAhABznghg . (25) /.LV(X) 77MVT (X) (30)

However, as we see there are two additional term on the
It can be checked that the choice RHS of Eq.(29) [written in the second line of E429)]. Let
us start with the second term. In the momentum space this
term is proportional to the produpt,p, . Therefore, its con-
tribution vanishes when it is convoluted with a conserved
energy-momentum tensor. In that respect, it is similar to

is consistent with the equations of motion for the actieh ~ 9auge dependent terms occurring in graviton propagators.
which is amended by a point-like source term located on dhis term is harmless. The first term,,,d50*hy, however,

h,,=0, m=4,... 4N, (26)

um

brane. Thus, the surviving componentshfs areh,, and ~ cannot be removed by gauge tra_nsformatlpns Depending on
hmn- In this gauge thémn} components of Einstein’s equa- dimensionality of space-time, this term might or might not
tions yield give rise to additional contributions to 4D gravity. For in-

stance, in accordance with E@7), in the four-dimensional

case D=4) the expressiomWaAaAhR vanishes. Therefore,
(6—D)dad*hin=(D —4)dxd*h¥ . (27)  we recover ordinary 4D Einstein’s gravity. However, n

=5, as was shown ifi7], this extra term gives rise to the

Indices in all these equations are raised and lowered by a fl dditional scalar exchange and, as a result, the 4D theory is
' ! quati ' W y nsor-scalar gravity. Our goal is to establish which of these

space metric t(-.:‘nsor'. Finally', we come to {hev} compo- tpOSS|b|I|t|es is realized in higher dimensions.
nents of the Einstein equation. After some rearrangements As before, let us make the Fourier-transform with respect

these take the form to the four world volume coordinates. Equatit#9) can be
rewritten in the following form:

M2+N

1 1
A Al A — ~ ~
T 0™ 5 MunOnd o™ 5 Mundnd hﬂ) [M2N(p2— A+ M2y, p? TR, (P ) T

M2 5N a 1 B =T, T'#- 1T“T’B 5N —1 '*(p?—Ayn)hT,
+ M2y )| 9,00, 5 7,9p0P 0, =1Tu 5 (Ym) L(pP=Ay)
1 (3D
+§nwaﬁaﬁh —d,d,h ) T () 8N (y ).
Here, the sign tilde denotes the Fourier-transformed quanti-
(28 ties andT’*" is a conserved energy-momentum tensor in the
momentum space. As in the previous subsection there are

Here, the energy-momentum tensor for the localized on 5W0 different types of solutions to this equation. Let us start

brane source is denoted By, (x) 5N (y,). As before, there with the solution on the brane world volume, i.e., that with
v m/ - 1 j— 1
are two groups of terms on the left-hand sid#lS) of the Yn=0. Using Egs(27), (31) and the methods we used for

equation (placed in separate parenthgsi¥he first group ;Elr:]ed stﬁgltar casgthe decompositions similar to E¢L5)] we
originates from the bulk Ricci scal&,- ) and the second
one from the induced 4D Ricci scali: 1 1

In order to determine the tensor structure of the graviton ~ } (p,Ym)T'”V|y=o: T, THr— 2Ta-|-2g,8

propagator it is convenient to bring this expression to the mr 2p?
following form: (32
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This is a perfectly 4D solution. Therefore, we find that thenon-compact spaces this is also true since there is a non-
distance dependence and the tensor structure of the gravitdrivial warp-factor which makes the invariant volume finite
propagator on a delta-function type braneDir-5 is that of [ **dy\/g<o (although the proper distance in this case is

4D Einstein’s gravity. infinite). Therefore, at very high energidsr equivalently
Having this result obtained, let us investigate what hapshort distancesthe extra finite-volume space is probed.
pens outside of the brane, i.e., fg1 #0. As with scalars in The natural question to ask is whether the same phenom-
the previous subsection, there are two different physicaénon holds in infinite-volume theories discussed in the
cases to consider. present work. We will argue below that physics of the
(i) Vanishing four-momentum squang®=0 infinite-volume theories is inverted upside down compared to
After some algebra one finds the following solution: the finite-volume theories mentioned above. In fact, we will
1 argue that the extra bulk space might be probed only at ex-
T = uw ¥ Fruv_ T tremely small(close to zerp energies, or equivalently, at
Mu(OYm) Tl p20=| T, T D—ZT“Tﬁ D(OY). ultra-large(close to the present Hubble sjzdistances.
(33 To see this let us recall the results of the previous sec-

tions. There we found that the Green’s function on a brane
behaves precisely as a 4D solution. That is to say, the world
volume laws of gravity are four-dimensional up to infinite

The expression fob (0,y) is given in Eq.(21). This is just a
N-dimensional solution with a D-dimensional tensor struc-
ture. Furthermore, this solution gives rise to interacti®®  jistances. We also have found that the solution with zero
between the matter which is localized on the brane and thg) . i ensional momentum squa®=0, has the depen-
matter which is placed in the bulk. This mode should beyance on the bulk coordinates. On the other hand, any other
produced with a nonzero three-momentum directed along thgolution withp2#0 is zero in the bulk. Thus, we say that the
braqe ’\\/Ivorld vo_Iuhme. ¢ ¢ B0 bulk is transparent only for thp?=0 mode. This phenom-
(ih) Non-vanishing four-momentum squape 0. enon holds as long as the brane is a delta-function type
As is expected, this case is similar to that with scalars,Source
Here we find However, the brane at hand might have certain finite
B JF4Y L 0=0 (34) transverse width. This could be set by the size of the core of
AP Yn y#0 the brane if it appears as a smooth soliton in the bulk, or by
rihe effective size of the transverse fluctuations of the brane.
In any case, if the brane has a finite width, there could exist

Let us note that in the world volume theory there arethe modes with tiny but still nonzen’ which would be able

remaining components of the high-dimensional metrjg,, to Ieak ir.nt'o the bulk. In this respect, one COUld. define a
which from the four-dimensional standpoint look as scala/ce"t@in critical momentum, let us callpt, below which the
particles with no mass gap. In the full quantum theory therg"€0ry could become higher-dimensional. Above this mo-
is no symmetry which protects masses of these states agaif@entum the world volume theory behaves as a 4D model.
radiative corrections. Therefore, they are expected to acquirg'9ner we go in momenta farther we are from

on the brane potentialénassesof order the cutoff of the (4+N)-dimensional theory, and the world volume physics
world volume model. becomes more- and more four-dimensional. This is precisely

Summarizing this section we conclude that the four-OPpPosite to what one obtains in theories with finite-volume

dimensional gravity on the delta-function type brane with the€xtra dimension§. , o
In terms of distances, we define the critical distance

induced 4D Ricci scalafin D>5 caseg is consistent tensor
gravity with correct Newtonian potential and the correct Ein-
stein tensor structure of the graviton propagator. 1

Thus, thep?#0 mode cannot produce interactions betwee
the brane world volume matter and the bulk matter.

IV. INFRARED TRANSPARENCY OF EXTRA SPACE

The bulk of this paper is devoted to the study of a de“a_Beloyv this dist_ance physics i_s four-dimensional. However,
function type brane. A similar consideration for a “fat> for distances bigger than gravity changes. On phenomeno-
brane, which turns out to be much more involved and rich!ogical groundsy . should at least be of the average size of
will be given elsewheré21]. In the present and next sec- clustt_ars of galaxies or so. The shorter _dlstan_ces we probe,
tions, however, we will discuss some qualitative feature®nysics becomes more and more four-dimensional. _
which should emerge when “fat” branes are considered. L€t us try to make these arguments a bit more quantita-

In higher-dimensional theories one usually expects thafiVe- For this let us look at the plane wave solutions of equa-
extra space can be probed in very high energy acceleratdions of motion(for simplicity we drop the tensor structures

experiments or, in very short distance gravity measurement§9a-

This is certainly true when there is no induced kinetic terms

on the brane. In the scenarios where the extra space is com-

pact, or, alternatively, if it is warped as [2] the invariant 8Note that due to the specific nature of the=5 case this phe-
physical volume of the extra space is finite. In the formernomenon takes place in 5D models even for a brane which has a
case this is true by definition, while in the case of warped bukero width(a delta-function type brang11—14.
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(M2N(p2— A )+ M2p25(N)(ym))eipr(y):0. (35) The natura] question is whether the h.ier.ar.chy problem could
be solved if the extra space has an infinite volume? Let us

There is only one plane-wave solution to this equation withnote that the scalbl can in principle take any value between
f(0)#0, that is the wave Witrpzzo,f(y):const. The rea- the 4D Planck scale, 3dGeV, and the fundamental Planck
son for such a behavior is that the term witf\’(y,,) in Eq.  scale of the frameworkl], that is a few TeV. In theories
(35) dominates over the first term ?+#0 andD>5. Thus, With infinite-volume extra dimensions there is no phenom-
the resulting intrinsic 4D nature of the theory fof#0. On  enological motivation for any particular value bf in that
the other hand, fop?=0 the second term in E¢35) can be ~ domain. Thus, we keeM as a free parameter. M is of
made small and physics is determined by the first term whici@rder the 4D Planck scale, then there is no hierarchy between

naturally gives rise to D-dimensional restits. M andM to explain. However, one should still elucidate how
Let us now suppose that the brane has a very small buhe Higgs boson mass term is stabilized.
finite width B. In this case, th&™)(y,,) function in Eq.(35) On the other hand, if the scal is in a TeV region, then

should be replaced by some_smooth sp_read function. As behe big hierarchy betweeM and M should somehow be
fore, there are two competing terms in E@5), one is jystified. In fact, there are two issues to be addressed in this
D-dimensional and another one is 4-dimensional. Qualltarespect;

tively, the effects of these terms in the vicinity of a brane are  Gjyen the high-dimensional fundamental scile how

weighted respectively by the quantities can we obtain the scale on the braﬂﬁ, which is much
. 1 bigger thenM?
and szzﬁ. (36) How does one stabilize the standard model Higgs boson
mass against quadratically divergent radiative corrections?
At large momenta and\>2 the second term dominates The answer to the first question is based on the fact that in

sinceB is very small. Therefore, the theory is 4-dimensionalth€ories which allow for brane solutions, there is a nonper-

in that regime. However, as we discussed above, there is {rbative mass scale which is inversely proportional to the
critical value of the momentunp,, at which the two terms coupling constant of the theory. If the coupling is very small

in Eq. (36) could become comparable. This value can pethen the nonperturbative scale could be much bigger than the
i ' fundamental scale of the model. Then, it is rather natural that

2

1
M2+N p _@

estimated:
the brane energy densitiension is related to the fundamen-
M2+NBN-2 tal scale of the world volume theory as follows:
2
P~ —TneN =3 (37)
c M 2+ NBN +M 2 M 4
. L , Too —, (39

Assuming now that the brane width is of the order of inverse A

M, B~1/M, and, furthermore, assuming th&t>M, we
arrive at the following estimate for the critical momentum where \ is the coupling constant, or some other positive

and distance: power of the coupling constant of the fundamental theory.
o Let us ask the following question: What would be the value
(2o -2 M 39) of the induced Planck constaiM, on the world volume of
¢~ Pe M2HN this brane. In this simplest setup this constant is determined

by the mass of the heaviest world volume particle that could
A simple estimate withM=TeV and M =10 GeV gives propagate in the loop Which induces the 4_D world vo_lume
the following result for theD=10 case .~ 10? cm. For Ricci scalar(see_Appendlx A Generlcally, if one studies
smaller numbers of dimensions the valuer ptlecreases. At duantum fluctuations of the brane in the field theory context,
the distances smaller that, we will observe the four- one finds that there |sahea_V|est fluctuation Qf the brane with
dimensional world. However, at distances bigger thethe ~ the mass determined by thieverse brane widthSuppose
laws of gravity would chang® that for §|mpI|C|ty of arguments this scale_ is related\/loe_\s

follows (in general, the power of the coupling constant in the
expression below can be different, however we would like to
discuss a qualitative effect which is independent of this as-

In the brane world scenarios with large comppt} or sumption):

warped extra dimensions with two braney the hierarchy
problem is solved due to the finite size of the extra space.

V. COMMENTS ON THE HIERARCHY PROBLEM

_ M
M oc (T) Yo NG (40)

%This suppression is similar to the one found in R&g]. . . ) .
10 _ ) Thus, in the weak coupling approximation, whena-0, we
Note that these two regimes should be matched at the dlstan%tain that

scaler.. This is non-trivial task for gravitons, since the number of
physical degrees of freedom for them can change. Thus, the match-
ing for the case of a “fat” brane needs detailed investigatidig. M>M. (41
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In order for this hierarchy to be big, the coupling constantactions in the brane world volume theory. Something similar
should be really tiny. Such a small coupling could not be ato the “little string theory” could do the job of the second
coupling of the world volume field theory which should have sector[24].

at least some resemblance to the standard model. In this re- Yet another possibility is to have a huge number of par-
spect, one needs two sectors in the theory, one of thericles running in the loops which generate the 4D Ricci sca-

makes the brane with a huge tension as described above, agg on the brane world volum&.In this caseM can be much

another sector governs the world volume physics. In fact, thgjigger thanM due to the multiplicity of states which induce
situation might be a bit more tncklc_er. Th? rele}t}(ﬁag).|s R. This might be possible to realize in the constructions
exact f_or D-branes in s_trlng theo_ry if one _'dem'f'ww'th where the number of massive states increases polynomially
the string scale and with the string coupling constant. In

hi h . i b d or better yet exponentially.
this case, the string coupling constant can be expressed via | o1 s now turn to the issue of stabilization of the Higgs
an exponent of the vacuum expectation val\W&V) of a

, boson mass term. If there were SUSY on the brane, this
dilaton would be the standard supersymmetric stabilization scenario.
If we deal with a non-BPS brane, then there is no super-
- exp( @) <1. (42) symmetry on the world volume, and the Higgs boson mass is
M driven by quadratically divergent diagrams toward the cutoff
of the world volume theory. If the cutoff of the low-energy
Here we assume a certain mechanism for the dilaton stabilfield theory on a brane is1~ (a few Te\), then this would
zation which guarantees that the corresponding string theorgo the job of cutting the divergent diagrams and the Higgs
is in a weak coupling regime. One expects that the fieldboson mass would not need additional stabilization. On the
theory cutoff of the brane world volume theory to be definedother hand, if the cutoff is huge, then to avoid phenomeno-
by M, since above this scale the string theory description seti®gical difficulties, the Higgs boson field should be thought
in. This is certainly true, and at scales abdvethe higher of as a composite field. The compositeness scale can be
stringy modes should be taken into account. However, thisomewhere in a few TeV region. In particular, this composite
does not eliminate the fact that there exist some states whidHiggs could be coming from the properties of the bulk.
have masses that are much bigger that the string $2d]e Summarizing these discussions we emphasize that there
The simplest example would be DO-branes with mags are possibilities for solving the hierarchy problem using the
=M/\. The heavy states could also come from fluctuationsrery generic feature of the brane physics: In the presence of
of the brane itself. For instance, generically there is a local{D)branes there emerges a nonperturbative scale in the
ized massive mode on a solitonic brane the mass of which itheory which can be much bigger then the fundamental scale
determined by the inverse width of the brane. As we goof a given model. The detailed study of this issue should be
below the energy scale determined by this mass, the heayerformed within the framework of concrete examples of
state induces an appropriate world volume Ricci scalar. Ibranes and world volume field theories. This task is beyond
this particular case, one can say that the 4D Ricci scalar ithe scope of the present work.
induced after integrating out the width of the brane. This will
take place regardless of the fact that other stgiessumably
perturbative string stategan be entering the problem at a
lower scaleM. Thus, one way or other, the constant in front  The unnatural small value of the cosmological constant is
of the induced 4D Ricci term on the brane could in principleg problem shared by any theory of gravity which at low
be determined by this nonperturbative scale: energies flows t@ =4 non-supersymmetric theory. Such is
any high-dimensional model with broken supersymmetry
— p( (o)
MoM exp — —-

VI. ON THE COSMOLOGICAL CONSTANT PROBLEM

andfinite volumeextra space.
AM Apart from a tree-level fine-tuning there is an important
issue of stability against quantum corrections. The effective

As long as the dilaton VEV is not a logarithmic function of 4D cosmological constant is power-law sensitive to the
a scale parameter, this gives rise toeponentiahierarchy ~ cutoff of the theory since it gets renormalized (3t least

between the 4D scal®l and the fundamental scaM. For quadratically divergent loops.

: . In a minimalistic scenario in which the low-energy theory
instance, the huge hierarchy betwadn- (a few Tel) and is standard mode{SM) plus Einstein’s gravity(GR), one

M~ 10" GeV could be explained by a dilaton VEV which is may conventionally split the loop contributiofdenote it by

only a 1/100 part of the fundamental scdle This latter A A) 1o the 4D cosmological constant in the following two
relatively small hierarchy could in principle be obtained as 3parts:

result of some world volume coupling constant suppression
of the corresponding terms. Note that as we discussed above,
the coupling in the world volume theory should not be de-
termined by the string coupling constant since this latter is
extremely small. Thus, one needs again two sector in the
fundamental theory: One sector would create a brane with a'*This possibility was independently mentioned to us by D. Fur-
big tension and another one should be responsible for intesaev.

>M. (43

AA:AASM+AAGRY (44)
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where AAgy, parametrizes the pure SM contribution, As a result, even if supersymmetry is broken on a brane, it
whereasA A g includes graviton loops. Such a split may be could still be preserved in the bulk. At all energy scales the
useful in theories with large extra dimensions in which thetheory remains to be a (4N)-dimensional supersymmetric
SM patrticles are localized on a brane and gravity propagatasodel (at least forD>6). The reason for this is that a lo-
in the bulk. In this caseAAgy can be understood as the calized brane ilD>6 gives an asymptotically flat metric in
renormalization of the brane tension by the SM loops. Intransverse directions. On such a space there are infinitely
such a setup\, in general, gets contributions from both the many Killing spinors (any constant spinor is a Killing
brane tensio and the bulk cosmological constahg,,, so  spinorg. This fact plays a crucial role in exact cancellation
that we can write of quantum gravity loops in renormalization of the bulk cos-
mological constant.
A=F(T, Aguw, (45) Given the fact that we have tHgupeisymmetry reason
for vanishing of the bulk cosmological constant, it is time to
whereF is some model-dependent function. In particular, inask what is the role of the brane tension for an observAble
t_he approximation of flalN compact extra dimensions one \ye shall argue now that due to an infinite volumecould
finds[1] vanish for arbitraryT, providedD>6 (D=6 case is also
ossible, but is somewhat subtle due to the conical structure
A =T+ AgukVexta, (46) |F:1 the transverse space
Suppose there exists a 3-brane solution to the

whereVg,,,is the volume of extra space. For non-flat SPaCe$y_yimensional Einstein equation:

the form of F may be more complicated. However, the net
result is that in theories with finitég,y,,, the brane tensiom
and A, must conspire with an extraordinary accuracy in M2+N
order to giveA=0. One may try to mak€& insensitive to a
brane tension by introducing extra bulk degrees of freedom

Brane

(perhaps coupled conformally to the brane figl85-27.  \hore TBaMe 5 the brane energy-momentum tensor and
However, even if this is the cas&A gg remains a big prob- %Otherfields

— Tiréane_’_ ngwer fields, (50)

1
Rag— EgABR

. : AB stands for the energy-momentum tensor of other
lem. One may expect naively that graviton loops are at lea ulk and/or brane fields
1/M32-suppressed, due to bulk SUSY. However, this is not :

; . . As long asD =6 this equation can have a static solutions
true as it can be seen from the following simple argument; . - ,onzero tension brane. That is to say, the four-

The lowest s_cale at which we have to break_ Supersymmetnyiansional world volume of the solution is flat. The line
on a brane in the conventional approach~isTeV. The element for these solutions takes the form:
Fermi-Bose mass splitting induced in the bulk by KK modes '
is then _
ds*=A(|y))g,,(x)dx*dx"+B(|y]) Smady™dy", (51)
(Tev)*

AmP~ ——| (47 .
VegaM 2N whereA andB are the warp-factors which go to constants at

infinity. The statement that the solution has a flat four-
Summing up one-loop contributions from all KK states dimensional world volume means that
lighter thanM and using the relatiof47) we get

solution_

AAgr~(TeV)4. (49 9. Nuvr Rlsolution=0- (52)

We cannot simply ignore this contribution, or attribute it to Before proceeding further let us summarize the main ingre-
our pure knowledge of quantum gravity, since it appears at dients of the framework:

scale lower thafM where graviton loop contributions can be () The bulk cosmological constant should vanish due to
evaluated in effective field theory. Quantum gravity theorythe bulk supersymmetry ariRlsymmetry{when the model is
sets in only above the scaM. While a miraculous cancel- embedded in supergraviBUGRA) frameworK;

lation in Eq. (48) a priory cannot be excluded, it would (I1) The brane world volume metric is flat, becauseDin
imply some form ofnon-decouplingof a very high energy =6 spaces there are flat brane solutions foraabitrary
physics for low energy observables. This possibility will be tensionT:

disregarded in the present discussion. To summarize, the fi- () The induced curvature terR on a brane world vol-

nite volume theories face at least a potential problem of rayme guarantees that gravity is four-dimensional on a brane.
diative instability of the bulk cosmological constant. To fulfill (11I) we have to introduce the four-dimensional

Infinite volume theories, on the other hand, provide 8nicei termR on the world volume in E (50). The question
loop-hole from the above argument due to the fact that inIS whether the 3-brane solution discusqéed .aboveqstill ersists
these theories Eq47) is violated P

after the induced term&) are taken into account. We will

i argue that the answer is positive in the case at hand. Indeed,
—— #Viyga= . (49)  With the induced terms included as in E@) the Einstein
M2*N equation of motion takes the form
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N a brane world volume due to the induced 4D Ricci scgdqr
+M25M(y,)A(0) We showed that if the number of extra dimensions is two or
bigger, then the induced gravity on delta-functiontype

1
M 2+N( Rag— EgABR

11— — 1 _ brane is a four-dimensional relativistic tensor theory. In par-

X1 7 A9 | Ry 59,R ] O 0B ticular, the tensor structure of the graviton propagator in this
_ case is equivalent to that of Einstein’s gravity.

=Thiney Tomer fields (53 In the present framework the extra space exhibits the phe-

nomenon of infrared transparency. That is to say, the bulk
Let us assume thak(0) is a nonzero finite quantityd(0)  can only be probed by the signals with zero 4D momentum

<. Since on the solution with a flat world volunte=0,  Square. -

then the induced terms in E(p3) (all except the cosmologi-  This approach offers new opportunities to study the cos-
cal constantvanish on the solution. The induced cosmologi- Mological constant problem. In particular, the bulk cosmo-
cal constant, on the other hand, can be re-absorbed into th@gical constant in this framework can be controlled by the
brane tension on the RHS of E(3). This rescaling of the bulk symmetries, while the brane cosmological constant can
tension changes parameters of the solution but not the forf€ re-absorbed into the brane tension. The generalization for
of the solution itself(similar to the change in the Schwarzs- the case of a “fat” brane and the question whether this
child solution caused by the rescaling of the mass of thdr@mework could lead to a unique brane solution with a flat
spherically symmetric body Therefore, we conclude thif 4D world volume will be discussed elsewhere.

A(0)<=] Eq. (53) also has a static solution which differs

from the solution of Eq(52) by the redefinition of the brane
tension: ACKNOWLEDGMENTS
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volume gravity.

This, however, is not the solution to the cosmological
problem yet. To reglly solve the p_roblem, one should at least APPENDIX A
address the following three vital issues:

Why the solution with the flat brane world volume is  In this Appendix we summarize the mechanism by which
unique? In general there might be a number of other soluexpressior(6) can emerge on a brane world volufiig. It is
tions with an inflating world volume. As was suggested ininstructive to consider two different possibilities. If the brane
[14,15, it could be bulk SUSY which might pick a single is “rigid” then quantum fluctuations of the matter fields
solution with a flat world volume. which are localized on the brane can induce the t@nvia

Why is the flat solution stable against phase transitions otoop diagrams. On the other hand, if the brane is allowed to
a brane world volume, let us say against the QCD or elecfluctuate then generically there is at least one massive state in
troweak phase transitions? the spectrum of fluctuations of this brane. This state could

Does the matter localized on a non-zero tension brane ifpr instance correspond to the breathing mode of the trans-
the infinite-volume extra space gives rise to conventigaal verse size of the brane. From the point of view of a world
least at some distande§reedman-Robertson-Walker cos- volume observer this state looks as a massive mode of the
mology? world volume theory. Therefore, this mode can also run in

A 5D model was found in Ref.28] in which bulk super- loops and produce the terni®). Below, we present our dis-
symmetry does control the world volume cosmological con-cussion in terms of the states of the localized matter on the
stant on a brane. On the other hand, the model is very rdirane. However, we keep in mind that the very same consid-
strictive so that the world volume theory turns out to beeration applies to the massive fluctuations of the brane itself.
conformal[29]. Having this said, we write the matter energy-momentum ten-

Whether these issues can be answered positively in theor as follows:
presentD>5 framework(along with the issue of the exis-
tence of different solutionss the subject of an ongoing in-
vestigation and will be reported elsewhere. T,.,(08MN(y,) 0

Tas= 0 0]l- (A1)
VII. DISCUSSIONS AND CONCLUSIONS

The main objective of the present work was to explore the

possibility of generating a relativistic 4D theory of gravita- As a result, the interaction Lagrangian of localized matter

tion on a singular brane which is embedded in a flat infinite-with ~ D-dimensional  metric  fluctuations hag(X,y)
volume extra space. Four-dimensional gravity is obtained or=Gpg(X,Y) — 7ag, reduces to the following expression:
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propagating ghosts or other unconventional states. Therefore,
the resulting expression for induced Lagrangian on the brane
is expected to be ghost free in such theotfes.

APPENDIX B

In this appendix we recall the properties of the 5D theory.
FIG. 1. The one-loop diagram which generates the 4D RicciVe follow the discussions ifi7]. At the end of the appendix
we discuss some novel features.

scalarR. Wave lines denote gravitons; solid lines denote massive . . .

scalars or fermions. Vertical short lines on scalar or fermion propa- The crucial difference from the theories in higher co-

gators indicate that they are massive. dimensions is that the Green’s function in the transverse
space in 5D is finite at the origin. In the notations of Eq.

(16):

Eint:f dVyY R (X, Y m) T, () 8N (ym) = h#(X,0) T, (%),

1
(A2) D(p.y)=55 eXP[ plyl}- (B1)

where the 4D induced metrig,,,(X)=7,,+h,, was de-  As a result, the expression for the retarded Green'’s function
fined earlier in Eq(4). Due to this interaction, a 4D kinetic (17) takes the forn{7]
term can be generated fgp (x) in the full quantum theory.
For instance, the diagram of Fig. 1 with massive scdl2@% ~ 1
or fermions[31,37 running in the loop would induce the Gr(p.y)= 2M3p+ M2p2 exp{—ply[}. (B2)
following 4D term in the low-energy action:
This gives rise to the potential which has 4D behavior at
d4xdNy 5N TR A3 observable distances, but 5D behavior at ultra-large scales
J yo(ymlg| (A3) [7]. In this model, as we mentioned above, very low energy

gravitons can leak into the bulk space even when the brane
The corresponding induced gravitational constant will be demdth is zero[12—14.

termr|]ned bYI_ﬁ correlat_lor(;fun;:tlr?n of the world- volunr:e madt_ Let us now study the tensor structure of the graviton
ter theory. The magnitude of this constant, as we have dis; opagatof7]. The (wv) components of the Einstein equa-
cussed in the text, depends on a world volume theory at ha
: S ; : n take the form

and is vanishing in conformally invariant models, or nonzero
if conformal invariance is brokefffor detailed dlscu53|_ons (M39,07+ M25(y)z9uc9")hﬂy(X,y)
seg[31-33). We assume that the world volume theory is not
conformal and the second term in E§) is generated. B 1 N —, 5

As we discussed, in general one induces on a brane the =1 Tuv™ 3 TunTa[ 8(Y) T M78(y)d,0,hs.
whole series in powers of the four-dimensional Ricci scalar

R. The very first term in this series is the induced 4D cos-

mological constant,A = <0|T"|O) The higher-derivative This has a structure of a massive 4D graviton or, equiva-

terms can also be generated We have to deal with thedently that of a massless 5D graviton. In this respect, it is

contributions separately. Let us start with the induced fourinstructive to rewrite this expression in the following form:

dimensional cosmological constant. As we discussed in Sec. _

VI, this just renormalizes the brane tensionin>5, and (M3950*+M25(y),0*),,(X,Y)

does not change the world volume physics when the static

brane solution exists. =
Let us turn to the higher derivative terms. These are sup-

pressed by higher powers &f, thus their effects on 4D 12 5

world volume gravity should be small. The only subtlety M) 9uduhs. B4

with these terms is that in certain cases they can give rise tpere the tensor structure on the RHS is that of a 4D massless
ghosts in 4D theory. However, these ghosts are absent if thgraviton. However, there is an additional contribution due to
corresponding high-derivative terms come in certain combithe trace parb# which is nonzero. Therefore, one is left with
nations. For instance, it is known that in the second order iRhe theory of gravity which from the 4D point of view is

R the ghosts are absent if tR? terms come in the Gauss-

Bonnet combinatiof34]. We will be assuming that the bulk

and world volume theories are consistent models with no 12t might also happen that the bulk theory is ghost free, however

(B3)

1 a 1 3 Al @
T,LLV_EW;LVTD( 5(y)_EM ﬂMV&A& ha

ghosts emerge as artifacts of the truncation of the perturbative series

in R. In this case the perturbative approach with consistent subtrac-
tion schemes in each order of perturbation theory should be devel-
oped.
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mediated by a graviton plus a scalar. As before, turning tavhich has no propagating degrees of freedom. As an ex-

the Fourier images in the Euclidean space we find ample one could write in 5D the Chern-Simons te®7].
o o The terms in Eq(6) will still be induced in the world volume
~ - THYT ,,— %TﬁTﬁ theory as long as the brane is introduc#ds is true for any
h(PYy=0)T¥(p)=— 5 ——5— ( number of dimensions Therefore, the only propagating de-

N 2A2 3 !
MZp*+2M"p grees of freedom will be those of 4D gravity on a brane
Here the tilde sign denotes the Fourier-transformed quantiorld volume. These latter appear due to Eg). In terms of

ties. Thus, the tensor structure of the graviton propagator i§quations this could be seen as follows: in a model with the

4D world volume theory looks as follows: bulk Chern-Simons term the first term in E@8) is absent
[37]. Thus, the tensor structure of the graviton propagator is
1 1 1 determined by the second term in EB8). Hence, the result-

57/““77”3+§ ﬂ”ﬂﬁm—g 7" n**+0(p).  (B6)  ing tensor structure is that of four-dimensional gravity:

At short distances the potential scales aswith the loga- 1 1 1
rithmic corrections found if7]. On the other hand, at large Eﬂ””n”BJFE n“ﬁﬂ”“—i 7P, (B7)
distances the 1 behavior is recovered. The tensor structure
of the propagator is that of 4D tensor-scalar gravity. , . . . _
The presence of the extra polarization degrees of freedorn®t US Nnote that higher dimensional topological gravity could
is not acceptable from the phenomenological point of view!" _partlcular be %btalned from certain compactlflpanons of
[35,36. The light bending by the Sun and the precession oftring theory[38]. The net result of this approach_ is that the
the Mercury perihelion in this theory are incompatible with W_Oﬂd volume grgvny ona brane_ is four-dimensional to E_‘"
the existing data. The reason for this is that gravity in thes&iStances. That is to say, there is no crossover to the high-
models is mediated not only by two transverse polarizationdimensional gravitational law at large distances. The theory
of a 4D graviton, but also, by an additional polarization of al” th|§ case is intrinsically four-dimensional, that is to say no
5D-dimensional graviton. Thus, there is the excess of attrad®C@lized matter can escape from the brane to the bulk.
tion in the theory. This extra attraction should be somehow _Finally one could incorporate scalars into the consider-
removed in order to render the model compatible with thetion in co-dimension-one theorig39,28,29.
data.
A way to avoid the problem with the extra degrees of
freedom in the world volume theory is to assume that the 3we thank Zurab Kakushadze for stimulating discussions on
bulk gravity is in fact described by a topological theory these issues.
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