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We discuss a Brane World scenario where we live on a 3-brane with
massive gravity in the infinite-volume bulk. The bulk graviton can be much
heavier than the inverse Hubble size, as heavy as the bulk Planck scale,
whose lower bound is roughly the inverse of 0.1 mm. The 4D Einstein—
Hilbert term on the brane shields the brane matter from both strong bulk
gravity and large bulk graviton mass. Gravity on the brane does not become
higher-dimensional at large distances. Instead, at distance scales above the
bulk Planck length, gravity on the brane behaves as 4D gravity with small
graviton mass roughly of the order of or below the inverse Hubble size.
Unlike the massless case, with massive gravity in the bulk one can have:
(i) 4D tensor structure on a codimension-1 brane; and (i4) no infrared
tachyon for smoothed-out higher codimension branes. The effects of the
brane dynamics on the bulk are exponentially suppressed away from the
brane. One consequence is that there are no “self-accelerated” solutions. In
codimension-2 cases, there exist nonsingular solutions with a flat 3-brane
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for a continuous positive range of the brane tension. In higher codimension
cases, as in the massless case, higher curvature terms are required to obtain
such solutions.
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1. Introduction and summary

One motivation for massive gravity is the currently observed accelerated
expansion of the Universe |1, 2]. Small graviton mass might lead to a large-
scale modification of gravity at Hubble distance scales with an accelerated
expansion sans a tiny cosmological constant. Another motivation is string
theory description of QCD, where massless spin-2 modes present in all known
consistent string theories would somehow have to acquire mass [3].

In this note we propose another application of massive gravity. In the
Brane World scenario, we live on a 3-brane embedded in a higher-dimensional
bulk. The infinite-volume bulk is particularly interesting for a multitude
of reasons, including the cosmological constant problem [1-6]. One aims
at infinite-volume solutions with a non-inflating (or very slowly inflating)
brane and the property that such solutions exist for a continuous range of
positive 3-brane tension'. One difficulty is that, when bulk gravity is mass-
less, the tensor structure of the graviton propagator on a codimension-1
brane is 5-dimensional [4]. The correct 4-dimensional tensor structure can
be obtained on codimension-2 and higher branes [6]. In these cases, sin-
gularities in the graviton propagator, even if the brane tension vanishes so
the background is nonsingular, must be smoothed out [7, 8], which intro-
duces “unconventional” states, e.g., a tachyon, albeit with small negative
mass-squared or the order of (sub-)inverse-Hubble-size-squared [7]?. Solu-
tions with flat brane exist for a continuous range of positive brane tension in
the codimension-2 case; however, precisely in the codimension-2 case there
is an upper limit on the brane tension such that it does not improve the
experimental bound on the 4-dimensional cosmological constant [9]. This is
circumvented in higher-codimension cases, which, however, require inclusion
of higher-curvature terms in the bulk to avoid naked singularities [10].

Our proposal is to have massive gravity in the bulk. The bulk graviton
can be much heavier than the inverse Hubble size, as heavy as the bulk
Planck scale, whose lower bound is roughly the inverse of 0.1 mm. The
4D Einstein—Hilbert term on the brane shields the brane matter from both

! Such solutions do not exist for codimension-1 branes [4].

2 Such a tachyon may not necessarily be problematic, and may further be an artifact
of neglecting an infinite series of non-local terms on the brane, which are expected
to arise once we smooth out the brane and be suppressed by powers of the brane
“thickness” [7].
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strong bulk gravity and large bulk graviton mass. Gravity on the brane does
not become higher-dimensional at large distances. Instead, at distance scales
above the bulk Planck length, gravity on the brane behaves as 4D gravity
with small graviton mass roughly of order or below the inverse Hubble size.
Unlike the massless case, with massive gravity in the bulk one can have:
(i) 4D tensor structure on a codimension-1 brane; and (i) no infrared
tachyon for smoothed-out higher codimension branes.
Our basic proposal can be summarized by the following action

S:]\/fi/d‘lx\/—»@[é—f—k...] +M£_2/dD$m[R—u2V] , (1)

X

where Mp is the 4-dimensional Planck scale, f= M P f is the 3-brane tension,
GW =y Mg, GMN\Z (zt, p = 0,1,2,3 are the coordinates in the brane

worldvolume X'), the brane scalar curvature R is constructed from GW, the
ellipses stand for brane matter terms, Mp is the bulk Planck scale, p is a mass
parameter®, and V is a dimensionless “potential” for the metric Gsn that
makes bulk gravity massive (™, M = 0,1, ..., (D—1) are the coordinates in
the bulk, and the bulk scalar curvature R is constructed from Gpsn; M not
to be confused with the bulk graviton mass). A priori D is arbitrary, albeit
in this paper we will mostly discuss codimension-2 solutions (both point-
and string-like 3-branes in 6D bulk), and also other cases.

Conceptually, for our proposal here it is not critical what the “potential”
V' is or how it arises. For the sake of concreteness, however, here we assume
that V' arises via the gravitational Higgs mechanism, where the graviton
acquires mass via spontaneous breaking of diffeomorphisms by scalar vacuum
expectation values®.

The simplest model of the gravitational Higgs mechanism is that of [3].
In this model, upon gauging away the scalars, the “potential” V is given
by [11, 14]°

V ="y — (D -2), (2)

where nyrn is the Minkowski metric. We use this model to construct ex-
plicit codimension-2 Brane World solutions of (1), where a flat (Minkowski)

3 Not to be confused with a worldvolume index. Typically, the bulk graviton mass
M~p

4 Here we deliberately will not delve into the ongoing debate in the literature on con-
sistency of massive gravity for this is outside of the scope of this note. The author’s
current view on this subject is summarized in [11], which also contains many relevant
references. For a general review of the Brane World scenario in the string theory
context, see, e.g., [12] and references therein.

5 In this model, the naive perturbative mass term is not of the Fierz—Pauli form.
Nonetheless, non-perturbatively the theory “resums” and the Hamiltonian is positive-
definite [13, 14].
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3-brane exist for a continuous range of the brane tension 0 < f < f., where
fe = 47rM§. The bulk graviton mass can be as large as Mp. We also discuss
the graviton propagator on the brane in various codimensions for other po-
tentials V', including with the Fierz—Pauli perturbative mass term, in which
case perturbative expansion actually breaks down.

2. Non-perturbative static solutions

In the next three sections, we focus on the model (2)
SMgzﬂgha/#%M—G{R+MQOD—2—GMN§MN”, (3)

where Gz is the background metric. The equations of motion read

Ryn = pi° [éMN - GMN] (4)
with the Bianchi identity
aM[v—GGMNéN4«—%V—GGMNaﬂhﬁvzo, (5)

which is equivalent to the gauge-fixed equations of motion for the scalars.
In (3) we have deliberately omitted any source terms. The background
metric Gy is assumed to be Ricci-flat (so Gy = Gy solves (4)) away
from the sources.

Despite its apparent simplicity, the “mass term” (i.e., the r.h.s.) in (4)
makes it even more nontrivial to solve exactly. Exact massive time-depen-
dent vacuum solutions (mostly in D = 3 and some for all D) were recently
constructed in [11]. In this note, we discuss non-perturbative static solutions,
first in D = 3 for point-like sources, and then codimension-2 Brane World
solutions for 3-branes in D = 6.

2.1. Massless case

Let us set up our framework by considering the massless case in D = 3.
The equations of motion

Ryn =0 (6)
admit the following solution

ds? = —dt* + exp(2w) d;;dx'da? (7)

where z¢, i = 1,2 are the spatial coordinates, w is independent of t and away
from the origin (see below) satisfies the following equation

00w = 0. (8)
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A non-trivial solution is given by

_ 2
w:—éf In (;) . (9)
2 _

Here 22 = z'z; (the spatial indices are raised and lowered with 6% and dij,
respectively) and a is an integration constant. The meaning of f becomes ev-
ident from the observation that w satisfies the following equation, including
at the origin

o =15 f oD (ah). (10)

This implies that there is a point-like source at the origin. The corresponding
source term in the action reads

Ssource = _f/d77 (11)
P

where the integral over the proper time dr = dty/ —aoo is over the world-

line X, aoo = Gooly, and f = Mpfis the mass of the point-like source®.

The metric (7) is actually flat except at the origin. Let x' = pcos(¢),
22 = psin(¢) and

r= a’pt=", (12)

where v = f/47r and we are assuming v < 1. In the (7, ¢) coordinates the
metric

ds? = —dt* +dr* + (1 — v)*r?d¢* . (13)

In the spatial directions, we have a 2-dimensional “wedge”, which is flat away
from the origin (and all the curvature is localized at the source)’, with the
deficit angle § = 27 = f/2. This implies that 0 < f < f., and the deficit
angle 6 = 27 for the critical mass f. = 47w Mp.

2.2. Massive case

Let us now turn to the equations of motion for the massive case (4). They
still admit a solution of the form (7). Away from the origin, the equation
for w reads

'O = p* [exp(2w) — 1]. (14)

6 We use f instead of m to avoid confusion with the graviton mass.
"For 1 — v = 1/N, where N is an integer, the “wedge” is nothing but the R*/Zxn
orbifold with the origin identified with the orbifold fixed point.
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Here, we are interested in ¢-independent solutions, which satisfy
1
Oy + — 0oy = exp(y) — 1, (15)

where y = 2w, and 0 = v2up = Mp is a dimensionless variable (M is the
perturbative graviton mass). We will analyze this equation in two steps.

2.8. Naive linearized approzimation

First, let us consider a naive linearized approximation where one assumes
that y is small and keeps only linear terms in y

1
0%z + ;(%z =z, (16)

where we use z instead of y for a solution to the linearized equation. Two
independent solutions to (16) are given by the modified Bessel functions
Iy(o) and Ko(o), where the former grows exponentially at large o (and con-
sequently must be discarded), and the latter decays exponentially at large o
(and therefore is physically relevant). The physical solution is given by

z= %f Ky(o). (17)

Noting the small o behavior Ky(o) ~ —In(o/2)—~ (v is the Euler constant),
w = z/2 satisfies the following equation including at the origin

'O — 2pPw = -1 fo@ (ml) . (18)

As in Subsec. 2.1, this implies that there is a point-like source at the origin
with the source term in the action given by (11), where, again, f = Mpf.

Near the origin (0 < 1), the space is a 2-dimensional “wedge” with the
deficit angle § = f/2 (so we have the critical mass f. = 47 Mp, the same
as in Subsec. 2.1). At o > 1, we have the following leading asymptotic
behavior

/ exp(—o)
4/ 2mo ’

so the space is asymptotically flat with no deficit angle.

~

(19)

2.4. Non-perturbative analysis

We now turn to the full non-perturbative equation (15). We are inter-
ested in solutions where y — 0+ at large o. It then follows that y is positive
for all 0. Indeed, if y flips sign at some finite o1, then at some o9 > 01 we
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must have d,y(02) = 0 and y(o2) > 0, which according to (15) would imply
02y (o2) > 0, which, in turn, is incompatible with y < 0 at ¢ < o1 and y > 0
at ¢ > o09. So, the solutions we are looking for are positive at all o and
decay to zero at large . Such solutions indeed exist and can be constructed
numerically by noting that at large o (15) is well-approximated by the lin-
earized equation (16), so the values of y and 0,y at some ¢ = o, > 1 can
be taken to be y(oy) = (f1/2m)Ko(o«) and dpy(os) = (f1/2m)K{(0x), and
the second-order ordinary differential equation (15) can be solved using the
standard numeric methods (Euler, Runge-Kutta, etc.). Here, however, the
relation of fi to the mass at the origin is not as simple as in the linearized
case (see below).

While the behavior at large ¢ is well-approximated by the solution to
the linearized equation, the near-origin behavior is affected by the exponent
on the r.h.s. of (15), which grows more rapidly than the naive linearized
mass term in (16) near the origin, where y goes to infinity. However, pre-
cisely because the exponent dominates in the near-origin regime, we can
analyze it analytically. Near the origin, the relevant solution to (15) is well-
approximated by a solution to the following equation

O2u + éagu = exp(u) . (20)
Let 0 = exp(—() and u = 2(v + ¢). We have
28?1) = exp(2v) . (21)

The relevant solution is given by

V2b
v=In|— VY | 22
[smh<b<c %) 22)
where b > 0 and (, are integration constants. (For b = 0, v = —In[(¢{ —
¢+)/v/2].) For the b > 0 solution the near-origin behavior is as follows
u~ —2(1-0)In(o). (23)

This implies that at the origin we have a point-like source with the mass
f = Mpf, with f = 4r(1—b). Therefore, the b — 0 limit corresponds to the
source with the critical mass f, = 4rMp (for which the deficit angle near
the origin, as in the massless and linearized massive cases, is 6 = 27).
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Recall that at large o we have y ~ (f1/27)Ko(c). In the linearized case,

fl and f are the same. However, in the nonlinear case fi is nontrivially
related to both f (which is fixed by b) and (.

3. Codimension-2 brane world

In the previous section, we discussed non-perturbative static solutions in
D = 3, where we have a point-like source at the origin, the space near the
origin is a 2-dimensional “wedge” with a deficit angle, and at distances much
larger than the inverse perturbative graviton mass the space is flat with no
deficit angle. Such solutions actually exist for all D.

Thus, consider a delta-function-like p-brane with p = (D — 3) and the
brane tension f > 0 in D-dimensional bulk. The source term reads

Ssource = _f/dDQx V _@7 (24)
X

where the integral is over the worldvolume X', and @W = 5MM5,,NGMN\2,
where z#, = 0,1,...,(D — 3) are the coordinates on the brane, and the
transverse coordinates are z?, i = 1,2: 2™ = (z#,2%). The bulk action is
the same as (3). Then, we have a static solution with the metric

ds® = nydatdz” + exp(2w)d;jda’da’ | (25)

where w is given by exactly the same non-perturbative solution to (14) we
discussed in Sec. 2 with the only difference that we now have

f=r/Mg (26)
So, we have a flat brane (with the Minkowski metric 7, on the brane) for
a continuous range of the brane tension 0 < f < f. = 47TMPD ~2. Gravity on

the brane is not D-dimensional but (D — 2)-dimensional — once we add the
Einstein-Hilbert term on the brane, that is (see Sec. 5 for details)

Strane = MD1 / P2/ —CR. (27)
by

where Mp is the (D — 2)-dimensional Planck scale and R is the scalar curva-
ture on the brane constructed from the metric G w- The (D—2)-dimensional
Einstein—Hilbert term can be induced on the brane via loop corrections so
long as the matter on the brane is not conformal [4, 6]. Alternatively, the
Einstein—Hilbert term on a positive-tension brane can effectively be present
classically if we include higher curvature (e.g., Gauss—Bonnet) terms in the
bulk [9].
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Finally, let us comment on higher-codimension d > 3 cases. From (4), we
have the scalar curvature R = u? [GM¥nyn — D]. One can show (as in [15])
that, with massive gravity in the bulk, d > 3 solutions with positive brane
tension are always singular — unless one includes higher curvature terms as
in [10]. Then one expects to have flat brane solutions for a continuous range
of the brane tension as in [10].

4. String solutions

In Sec. 2, we discussed static solutions for point-like sources in D = 3,
which in higher dimensions generalize to codimension-2 branes. In this sec-
tion, we will first discuss string solutions in D = 3 and then their general-
izations to higher dimensions.

4.1. Massless case

As in Sec. 2, let us start with the massless case, which we discussed in
Subsec. 2.1. There we found a solution with a point-like source term at the
origin. There also exist solutions with sting-like sources. Thus, consider the
following solution

1 ~ p
- —fm(2), > o, 28
w el n(p()) P> po (28)

w =0, P =< Po, (29)

where pg is a parameter. This solution satisfies the following equation (the
(p, ) coordinates are defined in Subsec. 2.1)

in.,, _ Lo
00w = 47Tpof 5(p—po) - (30)

This implies that we have a closed circular string of radius pg with its center
at the origin. The corresponding source term in the action reads

Ssource = _f/d2x\/ _éa (31)
X

where the worldvolume ¥ = R! x S' (R! corresponds to time ¢, and S*
has radius pp), and @ab = 5aM6bNGMN\g, where x* = (t, po¢). The string
tension f = Mpf/ 2mpg. For p > po, the space is flat but has a deficit angle,
and we have 0 < f < f., where f. = 2Mp/py. For p < pg, the space is flat
with no deficit angle.
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4.2. Massive case

In the massive case, in the presence of the string source term (31), the
full non-perturbative equation of motion for w reads

00+ 1 [1 — exp(2)] =~ F 3(p— po) (32)
PO

where, as in the massless case, fE 2mpo f/Mp. As in the case of a point-like
source, we will analyze this equation in two steps.

4.8. Linearized approrimation

As we will see below, for small brane tension, the linearized approxima-
tion is actually valid everywhere. The linearized equation reads

LI TR (33)

1
0224+ —0pz — 2= —
Uz—l—a zZ—z 2

where 2z = 2w, 0 = Mp, 09 = M py and M = +/2u. The solution is given by

z = QJ;IO(QUO)KO(J), o> oy, (34)
- % KOCS’O) Lio), o<oo, (35)

where Q = oq [I}(00)Ko(oo) — K{(00)Io(c0)]. Note that Ip(0) = 1 and for
small o we have I)(c) ~ 0/2, Ko(0) ~ —In(o), and K{(c) ~ —1/o, so
Q — 1 for og — 0. If f < 1, then the linearized approximation is valid as
z is finite and small for all ¢. This is to be contrasted with the point-like
source case, where the linearized approximation breaks down near the origin,
where the solution blows up.

4.4. Non-perturbative solutions

Solutions to the full non-perturbative equation (32) have a structure
similar to the linearized case. There are two independent solutions to equa-
tion (15) without the source term. One, call it K (o), blows up at the origin
and decays to zero at infinity. Another, call it I (o), blows up at infinity and
is finite at the origin. The solution to the full non-perturbative equation (32)

then reads

y = % I(gjo) K(o), o> op, (36)
y = % K(go) I(0), o <oy, (37)
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We discussed how to construct K (o) numerically in Subsec. 2.4. Simi-
larly, we can also construct (o) numerically by setting 1(0) = f2/27 and
I'(0) = 0, where fy is a parameter. The second-order ordinary differen-

tial equation (15) can then be solved for (o) using the standard numeric
methods (Euler, Runge-Kutta, etc.).

4.5. Codimension-2 brane on a string

Earlier in this section, we discussed string solutions in D = 3. Such
solutions actually exist for all D. We have a brane with a worldvolume
¥ = RYP73 x 81 embedded in D dimensions. The source term reads

Ssource = _f/dD_lx V —@, (38)
)

where G = 6 Mo NGyn|s, #* = (zM,pod), and the z#, p = 0,1,...,
(D — 3), correspond to R’~3. The metric is given by

ds? = N daxtdz” + exp(2w)5ijdxidxj , (39)

where w is given by exactly the same non-perturbative solution to (32) we
discussed earlier in this section in the D = 3 case with the only difference
that we now have f = 27rp0f/MFj?_2. As in Sec. 3, we can include the
Einstein—Hilbert term on the brane and obtain (D — 2)-dimensional gravity
in the noncompact part of the brane worldvolume (see Sec. 5 for details)®.

Finally, let us comment on higher-codimension d > 3 cases. As in [10],
the brane worldvolume can be taken to be R"P~4~1 x §9=1 Once higher
curvature terms in the bulk are included, we expect to have nonsingular
solutions as in [10].

5. Brane gravity

In this section, we discuss gravity in the Brane World (1) in the presence
of matter fields on the brane. To do this, let us first discuss coupling of
massive bulk gravity to a general matter configuration

S = MP?_Q/CZDCCV —G [R - [,LQV] + Smatter . (40)

8 Depending on a detailed structure of the gravitational part of the action on the brane,
gravity can be (D — 1)-dimensional at distance scales below po, which is assumed to
be suitably small.
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We will assume that the energy-momentum tensor defined as

0 Smatt
TMN = 2 ﬁ (41)
is conserved
VMTyun =0. (42)

This is because in the gravitational Higgs mechanism (which we are assuming
here as the origin of the “mass” term p2V in (40)) diffeomorphisms are
broken spontaneously, and the D scalar fields that give rise to V are all set
to their background values, so they do not contribute to Thsy. The matter
can (but does not have to be) localized on a brane. In this case, for the
sake of notational convenience, we will include the contributions from the
Einstein—Hilbert term on the brane (as in (1)) into the definition of Smatter
(see below).

For our purposes here, it will suffice to consider the cases where V is a
function of X = GMNéMN, where éMN is a solution to the equations of
motion without the matter fields. Because of (42), even in the presence of
the matter fields, we have the Bianchi identity

Ot [\@V’(X)GMNG*NS} — LVEGVI(X)GMN9sGyn = 0. (43)

In the followin& we will focus on the cases with the flat Minkowski back-
ground metric Gy = narny. This requires that

V(D) =2V'(D). (44)
We then have
O \/—Gv’(X)GMN} =0 (45)
which follows from (43).

5.1. Linearized analysis

Let Gy = nun + huy and h = 9™V hjyn. Then, in the linearized
approximation, we have the following perturbative graviton mass term in

the action
M2

- (A b™MY — B 1% (46)

where
M? = 2,2V'(D), (47)
g= L VD) (48)

2 V(D)
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When V/(D) = —2V"(D), we have 8 = 1 and the Fierz-Pauli mass term.
However, we will keep 8 arbitrary for now. The linearized Bianchi identity
(45) reads

OMhyn = BNk, (49)

and the linearized equations of motion are given by

—8L6LhMN + (25 — 1)8M3Nh + (1 — B)UMNaLﬁLh
+M2 [hMN — 5"7MNh] = Mng Tun - (50)

The energy-momentum tensor conservation condition reads OM Ty ny = 0.
The trace equation of motion reads

—(D-2)(1 - B)d*arh + (DB —1)M*h = —MZ P T, (51)

where T' = nMNT),;y. The perturbative mass squared for the traceless part
of hyn is M?, while for the trace h it is given by M? = (DB — 1)M?/
(D —2)(1 — ). When 8 — 1—, we have M? — oo, so naively the trace h
decouples. However, at 5 = 1 we have nonzero h so long as T is nonzero,
and if T is singular (see below), so is h, which means that the perturbative
approximation breaks down altogether. Another “special” point is § = 1/2,
where the dy;0nh term in (50) vanishes. This term becomes important when
we consider singular matter sources, that is, lower-dimensional sources of
nonzero codimension d.

Thus, consider matter localized on a hypersurface 3 of codimension d>1,
i.e., X is a p-brane with p = D —d — 1. Let the coordinates transverse to 2
be x*, while the coordinates along X be z#. Then we have T, =0, Ty =0,
T =n"1T,,, and

~0"Oihy — 0Oy + MPhy + (28 — 1) [0,00h + 1 M?h)

_ 1
= MEP | T — 5T (52)

Let us Fourier transform the coordinates z# on the brane and rotate to the
Euclidean space. We have

(D —2)(1 — B) [-0"0;h + p*h] + (DB — 1)M>h
= —MFQ,_D 75 (xz — xi) , (53)
—0"0ihy + (p° + M?) hyy + (28 — 1) [0 M? — pupy] b

%nuuf 5(d) (xl - 1’1) ’ (54)

= M2 P\T,, -
P 12 D
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where 2% are the coordinates of the location of the brane X in the transverse
space, T\W is independent of z° (i.e., it is the energy-momentum tensor on
the brane), T = n“”fu,,, p“fu,, =0, and IA“W includes the contribution from
the Einstein—Hilbert term on the brane

Smatter = Omatter + ]/\ZPD_d_2 / dfrDid \/ _éﬁa (55)
b))

where Spatter 18 the pure brane matter contribution. We, therefore, have

T = T+ MD-42/_G (G R =28 | (56)

where T, = 208matter/0G 1w, G = 6,M08,NCrrn|s, and the (D — d)-di-
mensional scalar curvature R and the Ricci tensor R,, on the brane are

constructed from CAJW. In the linearized approximation, after the Fourier
transformation, we have

T;Au:,ﬁw_MpD_d_Q [pQHuV_2p/\p(;¢Hy))\+pupuH_nuu <p2H_PAPUHAo>] .

(57)
The d =1 and d > 1 cases require separate treatment as in d > 1 we must
smooth out the singularity at the origin.

5.1.1.d=1
Let the transverse coordinate be y. Then, we have

M2-DT exp <— p? + Mﬁ\y[)
h=-— . , (58)

DO-20-5 9 fprar

and

1 +] &P (—\/p2 + MQ!yI) MEPT
D—2 ] o/t 02 (D-1)M?
exp (—y/p? + MElyl)  exp (—/p? + M2y

X (nuuM2 _pupu)
2,/p? + M? 2V p* + M?

hy = M2~P [ﬁw -

(59)
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where we have used M? — M? = (D — 1)(28 — 1)M?/(D — 2)(1 — j3). Let
H,, = hu(y=0), and H =n"*"H,,. On the brane, we have

2—-D
1 _ MEPT

— T
D—Qn“V]Q 2+ (D—1)M?

Hy, = MZP [ﬁw -

1 1

X M? —p.p — , 60
(WV NV) QM 2\/p2 + M2 (60)
and
. MEPT L (D= —p? | P M2
2P+ M2\ D -2 (D —1)M? p?+ Mp '
(61)

Recall that ﬁw itself depends on H,,, via (56). Our goal is to solve for H,,
via 7, which is the energy-momentum tensor of the pure brane matter. To
do this, let us note that

T=T-MP™3D -3) [p'p"H, — p°H] (62)
where 7 = n*7,,, and
2—Dm
o M2 PT p-2

o H = p M G (6s)
e = D1 |\ a2 |

The 5 =1/2 and 8 # 1/2 cases require separate treatment.

e The 8 =1/2 case
In this case, we have M, = M, p*H,,, = p,H, T =T, and

SR S A
P2+ man/p? + M? D-2 m./p? + M?

(64)

MEPT

H = — :
2y/p? + M2(D —2)

(65)

where m, = 2MI§)_2/]\/4\§_3. Note that in the massless case, r. = 1/m,
plays the role of the cross-over scale below which gravity on the brane is
(D —1)-dimensional, while above this scale it becomes D-dimensional. How-
ever, in the massive case the situation is different. Assuming the graviton
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mass M > m,, at momenta p?> < M? the graviton propagator on the brane
behaves as 1/(p? + m?2), where m2 = m,M. The actual “cross-over” scale,

therefore, is
D3
My

et 66
2MEP2M (66)

re =1/me =

In D =5 (i.e., in the case of a 3-brane in 5 dimensions), we can have the
bulk graviton mass as high as the bulk Planck scale, M ~ Mp, in which
case the “cross-over” scale L
Mp

T oMm2
which is of the order of the current Hubble size when Mp ~ (0.1 mm)~?.
Note, however, that just as in the massless case [4], here too the tensor struc-
ture of the graviton propagator is D-dimensional and not (D—1)-dimensional
in that it couples to T, — 17T /(D — 2) and not to T — 0T /(D — 3).
As we will see in a moment, this is not the case for other values of 5. We
also note that the term proportional to p,p, in the graviton propagator does
not affect the gravitational coupling on the brane as is does not couple to
the conserved energy-momentum tensor on the brane, albeit a priori it does
couple to the bulk matter. It is this term that causes H in (65) to be purely
D-dimensional, which is suppressed exponentially at distances r > 1/M be-
cause bulk gravity is massive. Finally, we have been using quotation marks
when referring to the “cross-over” scale r. because, unlike in the massless
case, at distances r > r. gravity actually does not become D-dimensional.
Instead, the momentum structure of the graviton propagator on the brane
has the form of a massive propagator with mass squared m?.

(67)

Tc

e The 8 #1/2 case
In this case, we can solve for the graviton propagator on the brane as
follows. We have the following general tensor structure

Huu = anu + bn;u/T + cpupVT- (68)
The value of a is evident from (60) and (56)
—~3-D
a= P (69)

B p2+m*\/p2+M2 ‘
It is independent of 3. The value of b can be deduced by noting that
puHuu -pH = —p, [CL + (D - Q)b] T, (70)

~

T=1T (1 + MP3(D = 3)p[a+ (D — 2)b]) .1
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Using (63), we have

—~3-D
M -1
b=—ptg (P +mi0R)

My . m*(D—l) p2+M2\/p + M,
—_— p .
(72)

Recall that M?/M? = (DB —1)/(D —2)(1 — B), so M, > M for 3 > 1/2,
My, < M for f < 1/2, and M}, = M for = 1/2. Therefore, the allowed
values of § are between 1/D and 1, and for § > 1/2 the second set of
round brackets in (72) may have a pole, which would imply presence of a
tachyon. Let us, therefore, discuss the § > 1/2 and § < 1/2 cases separately.

o The < 1/2 case
In this case, there is no tachyon pole. Assuming m, < M ~ Mp,
my < My and 1 — M}, /M is not small, we have for p? < M?

b~ —

M3P [ D-3 1 ] | 3)

D-2)D-3) |Z+me  Fimd

where m? = m2(D-1)M,,/(D—-2)(D-3)(M—Mj,) ~ m2. This implies that at
p? > m? we have b ~ —MS’_D/(D—{B), i.e., we have the (D —1)-dimensional
tensor structure

Hy~ ———

173-D
M [ 1
p "

_ _D_?)n#VT:| + ..., (74)

where the ellipses include the terms proportional to p,p, along with the
subleading terms. We do, however, need to make sure that the terms pro-
portional to p,p, do not have a tachyon pole, i.e., we need to show that ¢
in (68) has no tachyon pole.

To see that this is indeed the case, note from (68) that H = (a+ (D —1)
b+ cp?)T. This implies that, since a has no pole and b has no pole, then ¢
has no pole so long as H has no pole. From (61), it follows that H has no
pole so long as T has no pole. On the other hand, (71) implies that T has
no pole since neither a nor b does.

If we assume that M — Mj,, < M, then m% > m2, so the tensor structure
becomes D-dimensional at momenta p? < m% In fact, if we take the limit
g — 1/2— (My — M—), then we have D-dimensional tensor structure at
all momenta, which is consistent with what we found above for g = 1/2.
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However, we can relax the assumption that m, < M. In fact, M}, can be
as small as 0. E.g., if My, = 0, we have (at p? < M?)

MSEP D-3 1

b~ — + ,
(D—2)(D—=3) |p>+m2  p>+map

(75)

where p = \/p? and my = m.(D—1)/(D—2)(D—-3). Since mg ~ m?2/Mp <
me, for p? > m?2 we have the (D — 1)-dimensional tensor structure.

e The B> 1/2 case

Assuming 8 > 1/2, m, < M and m, < M}, we indeed have a tachyon
pole at p? = mA., where m% ~ m,MMy(D —1)/(D —2)(D — 3)(My — M) ~
m?2 — assuming My — M is not small, that is (see below). Even if we take
B — 1—, we still have a tachyon pole with m3 ~ m2(D—1)/(D —2)(D —3).
In fact, as mentioned above, in this limit the trace h goes to infinity on the
brane, so the perturbative expansion breaks down. Note that H is finite in
this limit, so it is actually the radion (i.e., the transverse component hpp)
that diverges on the brane.

Here we can ask: Is the tachyon with m?r ~ m? really bad? The presence
of a tachyon with m?r ~ m?2 does not necessarily spell a disaster. First,
mT > H, so the instability due to the tachyon is not observable. Second,
as was pointed out in |7], the presence of a “light” tachyon of this kind is
likely an artifact of dropping an infinite tower of nonlocal terms on the brane
suppressed by powers of m?2/p?. Our treatment is only valid in the range
m? < p* < M3. In fact, a tachyon pole (p*> — m3)~1, when expanded in
powers of m2/p? (assuming that mr ~ m.), would give us a clue about some
nonlocal terms that must be included on the brane. These nonlocal terms
can be safely ignored when p? >> m?2, but become important when p? < m2,
which is precisely when the tachyon pole becomes relevant.

Let us now turn to the case, where My, > M but My — M < m,, then
there need not be a tachyon pole. In fact, we expect this to be the case
on the grounds that for § = 1/2 we do not have a tachyon. Let us look
into this in more detail. Let My = M(1 + ¢€), where 0 < ¢ < 1. Then a
tachyon pole in (72) occurs at p? = mgf = M?¢, where ( is a root of the
equation ¢ — k(¢ 4+ 1)%/2 = 0, where k ~ (m./eM)(D —1)/(D — 2)(D — 3).
Actually, this equation has two roots when k < k4, one root when kK = Ky,
and no roots when & > k., where k. = (2/3)%2. If kK < 1, then ¢ ~ &,
and m4% ~ m2(D — 1)/(D — 2)(D — 3)e > m2, so the pole becomes more
bothersome”. In particular, our approximation (which includes linearization

% The other root is ¢ ~ 1 /52 > 1, which is physically irrelevant as the low energy
field theory approximation breaks down at momenta p? > M2 and we are assuming
M ~ Mp.
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and neglecting nonlocal terms) can no longer be trusted for momenta p? <
m?2/e. If Kk < ki and Kk ~ 1, then the tachyon pole(s) with mr ~ Mp is
(are) irrelevant (as the effective field theory is valid at p? < M3). If k > ki,
which occurs when € < e, where €, = (m,/M)(D —1)/(D — 2)(D — 3)k«,
then, consistently with the § = 1/2 case, there is no tachyon pole. Either
way, the tensor structure is D-dimensional.

If we can ignore the tachyon pole for the reasons mentioned above —
assuming mr ~ me, that is — then we have the (D — 1)-dimensional tensor
structure in the graviton propagator for all the corresponding values of 3 as

—~3-D
at p>2 > m? we have b~ —M p /(D — 3)p* — see (72).

5.1.2. Why is the tensor structure (D — 1)-dimensional?

Here it appears that, in the codimension-1 case, massive gravity in the
bulk achieves what massless gravity could not: In the latter case, the tensor
structure in the graviton propagator on the brane is always D-dimensional [4],
unless one introduces a scalar ghost [16-18]. What plays the role of that
scalar “ghost” in the massive case is the trace h, which perturbatively is a
ghost. However, the “ghostliness” of h is an artifact of linearization [14].
The non-perturbative Hamiltonian for the relevant degrees of freedom (that
is, the conformal and helicity-0 modes) is bounded from below even if 5 # 1
(i.e., when perturbatively the graviton mass term is not of the Fierz—Pauli
form and perturbatively the theory is naively non-unitary) [14]. The full
non-perturbative Hamiltonian in the § = 1/2 case was shown to be positive-
definite in [13]|. In fact, as we saw above, even in the 8 — 1 case we have
(D — 1)-dimensional tensor structure. Naively, this might appear to make
no sense as at [ = 1 perturbatively there is no ghost. However, as we saw
above, the trace h does not decouple from the brane matter sources even
at 8 = 1 and, in fact, the perturbative expansion breaks down altogether.
Also, in the range of the values of 8 near 1/2, we found that there is no
tachyon pole and the tensor structure is D-dimensional. This is consistent
with the perturbative arguments of [4, 16], that some “unconventional” states
are needed for the tensor structure to be (D — 1)-dimensional. However, the
difference here is that massive gravity provides such “unconventional” states
in its naive linearization without violating unitarity as the theory is uni-
tary non-perturbatively. Therefore, at least in the cases with § < 1/2 (no
tachyon), with 8 not too close to 1/2 (see above), and possibly for other

values of 3 > 1/2 with the tachyon pole at p? = m?r < m?2, we appear
to have a consistent mechanism — via massive gravity in the bulk — for

obtaining (D — 1)-dimensional tensor structure on a codimension-1 brane in
infinite-volume extra space.
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5.13.d>1

When codimension d > 1, we must regularize the d-function 6(® (2 — z%)
in the source term. This regularization was discussed in detail in [7].
One replaces the codimension-d p-brane with the worldvolume R (where
p = D —d — 1) with a partially smoothed out brane whose worldvolume
Y = R x S9! where S?! has a small radius 9. The brane is now effec-
tively of codimension 1, and the d-dimensional 6-function §(® (z* —z%) in the
source term is replaced by a singular distribution f(r) = §(r —ro)/ag_17r3" ",
where a41 is the area of a (d — 1)-sphere with unit radius, and r is the ra-
dial coordinate in the transverse space. With this smoothing out, we can
solve the equations of motion for (53) and (54). The solutions are radially

symmetric in the transverse space.

e The d =3 case

For d = 3 the solutions are elementary functions, so for the sake of sim-
plicity we will focus on this case first for explicit computations and then give
the answer for general d > 3. (The d = 2 case requires separate treatment
— see below.) Thus, assuming d = 3, let hy, = rhy, and h = rh. Then, we
have the following equations

(D= 2)(1 = ) [-0%h + p*h] + (DB — 1)M?h

M27D
=P 5 T(r — o), (76)
—83%,” + (p2 + M2) %W +(28-1) [77W]\/[2 — pupl,] h
s [T ]
=— T, — —n.,T|6(r —rp). 77
ad_1r6l*2 uw D — 27’# ( 0) ( )

Let as define ®(r,u) as follows

M2D exp <—\/p2 + u27"0> sinh <\/p2 + u2r>

P(r < = 78

(T < T07u) ad_17’372 \/m " ) ( )
M2P sinh (\/p2 + u2ro) exp (—\/p2 + u27‘>

d—2
ag—17) VP2 + u? r

&(r > ro,u) = (79)
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Then, we have

T e(r,My)
TS "
b = |Tuw = 55— T | D(r, M)
- -
- (mw(fg - 1%92”) L (@, M) — o(r, A1) (81)

As in the codimension-1 case, let us define Hy, = hy(r = r9) and H =
n*YH,,. Then, on the brane we have

" MEP [f 1 A] 1 — e 2VPHMEro N p2=Dp
= — 1 — 755" - -
" ad,lrg Lo p—2™ 21/p% + M?2 Gdfng 1

_ 2 2 _ 2 2
NuwM? — pup, |1 — e 2VP Mo — e=2Vp Mo

(D —1)M? 2,/p? + M2 2 p% + M?

We will assume that the brane “thickness” r¢ is small: M < 1/ry and
My, < 1/rg. Then, we have (up to subleading terms suppressed by powers
of rp)

. (82)

H;U'V =~ Pi_ |:T/J'V — D_Qn‘”’T] . (83)

Note that the term proportional to (1, M? — p,p,) is subleading (as the
leading contributions from the two exponents cancel out) and has been omit-
ted. A little algebra gives us the following solution (up to subleading terms
suppressed by powers of rp)

— T 1
H,, ~ MXD |1 _ Nuv
H P T D—d—1] p*+m?
]\72+de7- 1
- D I D 2 2 (84)
(D—d-1)(D—d-2) p—mf
where
m? = ad_lrg%Ml?*Q/J/\ZPD*dd, (85)
ma = m2(D —2)/(d—1)(D—d—2). (86)

This result is similar to that of [7] in the massless case with the difference
that in the massive case the terms proportional to p,p,7 are subleading.
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The above result holds for all allowed values of 8. This is because the
[-dependent contributions are subleading. Just as in the massless case, we
have a tachyon pole at p? = mgf ~ m2. As mentioned above, such a tachyon
pole is not necessarily problematic as the corresponding instability is not
observable and it is likely an artifact of neglecting nonlocal terms on the
brane suppressed by powers of m?2/p?, which become important in the in-

frared, where the tachyon pole is relevant.

o The d > 3 case
The formula (85) applies to d = 3. For general d > 3, we have

m? = (d— 2)ad_17”g72MP]?72/]\7PD*d72 , (87)
mh = m2(D—-2)/(d—1)(D—d—2). (88)

The extra factor of (d — 2) compared with (85) comes from the fact that
the solution at r — ro+ in d > 3 behaves as 1/7’d_2. Note that for d > 3,
the graviton mass does not enter (87) or (88). This is because for small 7
the jump conditions on the first derivatives (due to the d-function in the
source terms) at r = ry are determined by short distance dynamics, which
is independent of M. In the rg — 0 limit, we have m. — 0 and mp — 0.
If we ignore the tachyon, at p? > m?2 we have (D — d)-dimensional tensor
structure as Hy,, couples to T, — 0T /(D —d —2), so gravity is (D — d)-
dimensional.

e Thed =2 case

In d = 2, the situation is a bit trickier than in d > 3 because the first
subleading terms in rg are only logarithmically suppressed. The solution is
still given by (80) and (81), but with @(r, ) now defined as

2D Ko (\/ p? + uzro)
D(r < ro,u) = P Ip (Vp?+u?r), (89)
d—2
ag-1ry = Q (\/p2 + u2r0>

mEP 1o (\/ p* + u?ro

O(r > ro,u) =

Ko (x/p2—|—u2r> . (90)

d—2

where Q(z) = z[Ko(2)I}(z) — Io(2)K{(2)]. Assuming 1o < 1/M and ry <
1/Mjp, we have
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M2D T 1 N 2 1 M2
Hy ~ M TW_WT] L (VP M)

ME,_DT nuuMZ — PubPv In p2 + M?

adfﬂ’g_Q (D —1)M? /p2 —|—M}f ’

where 7 is the Euler constant. Unlike the d > 2 case, in d = 2 the term
proportional to (7, M 2 Pupv) is no longer subleading. In fact, it becomes
important when M), and M are vastly different.

As in the codimension-1 case, let us write H,,, as

(91)

Hyy = aTu + 0T + cpup, T . (92)
Then, we have
]\’4\2+de
P A (93)
p? + 21(p)
]/\4\2+d—D 1 ]/\4\2+d—D 1
D—-d-1p°+(p) (D—d-1)(D—d-2) p*+ {(p)
where
d—2 3 rD—-2 5 2 -1
_agry “Mp p* + M*rg
2(p) = Y0 [— In ( A, (95)
Mp 2
) = D=2

d—1)(D—d—2)
(D—d—1)(D—2)In (\/W/\/M)
(D—1)(d—1) [— In (Wrom) - ’y]

X -1 . (96)

Note that £21(p) > 0, so there is no tachyon pole in a. At p?> < M?, we have

d—2n rD—2 —1

Aq—1T M M’I“o

2 (p) ~m? = ﬁ%_dj [—ln( 5 >—7] , (97)
P

where m¢ < H < M ~ Mp. On the other hand, whether (2(p) has
a tachyon pole depends on the values of M and Mj. First, note that
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21(p) ~m? for all momenta. If M; > M, then we have a tachyon pole

~

at p? = mgf, where

md ~

m3(D - 2) { (D —d—1)(D —2)In (My/M)) H}—l
(d=1)(D=d=2) [(D=1)(d-1)[=In(Mry/2) -] (9'8)
~ m?2, and if we can ignore the tachyon for

2 we have the

Note that in this case mgf

the reasons discussed above, then at momenta p> > m
(D — d)-dimensional tensor structure.

Next, let us assume that M, < M. Furthermore, any tachyon pole
would have to occur at p? < M2. Indeed, at p? ~ M? we have (25(p) ~ m?.
Let us rewrite §25(p) for momenta p? < M? as follows

-1

D) mm} | | ——=—— || | (99)
\/P?+ M}
where mg and mq are defined via
d—2 3 rD—2
_ M D-1
m? = 24170 P (100)

M\ng)—d—z (D—d—1)(D—-d-2)’
M (d-1)(D-1) Mrg
In{— | = —In[{—— ] — . 101
n<m0> D-2)D-d-1)| "\ 2 7 (101)
Note that, unlike the d > 3 cases, in d = 2 we have only mild logarith-
mic hierarchy between the scales m; and m¢. Even for rog ~ 1/Mp, this
logarithmic hierarchy is less than 2 orders of magnitude. Therefore, the
smallness of m. is not due to the smallness of ry, but due to the smallness

of Mp/ Mp. Thus, in D =6 (a codimension-2 3-brane in 6D bulk), we have

my = \/57r/6M1%/]\/4\p, so Mp must be roughly the inverse of 0.1 mm, as m,
is smaller than my only by an additional square-root-of-logarithmic factor,
which is roughly 8 for rg ~ 1/ ]/\4\13 and even smaller when rg is larger. This
is relevant because there is no reason to have a tiny rg as it does not help
much in lowering mc. In fact, a priori we could have r¢ as large as 1/Mp. In
this case, we would have to work with full expressions as opposed to using
the roM < 1 approximation, which would make our computations more
involved without necessarily changing any of the conclusions. Also, there
would be no reason why we should not extend the Einstein—Hilbert term on
the brane to the internal S'. For the sake of simplicity, we will therefore
continue to assume that rgM < 1, but r¢ can be only an order of magnitude
or two smaller than 1/M, which is what is important in the following.
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Thus, if rg is so small that my < M, then mg > my. This is because of
the numeric factor on the r.h.s. of (101), which for d =2 and D = 6 is 5/12,
so even if g ~ 1/ ]\//fp, it only generates roughly 12—13 orders of magnitude
hierarchy between M and mg. This implies that, if mg <« M, then for
My, > myg a tachyon pole in 1/(p? + (25(p)) occurs at p?> = m?., where
m% ~ mi/In(My/mg). If My < myg, then 25(p) blows up at p*> = m2,
where m2 = m3 — M7, and we still have a tachyon pole with m% ~ m?/2 +
Vm2/4 + 2mim? > my.

However, if myq is close to M and M}, < my, then (2(p) blows up at
p? =m? ~ m%, i.e., close to M ~ Mp (and the would-be tachyon pole is
just above myg). E.g., if oM = 1/10, then mo ~ 0.4M. What this really
means is that our approximations (including the field theory treatment)
break down above the scale mg and there is likely additional dynamics that
must be taken into account, e.g., stabilization of the size ry of the internal
S1 via some microscopic dynamics. However, there is no infrared tachyon
in this case, which is always present in d > 2 when gravity in the bulk is
massless [7]. So, at momenta m? < p? < M?, we have {%(p) < m? and
the (D — d)-dimensional tensor structure as b ~ —]/\Ing/(D —d—2)p?. At
p? = m?2 ~ m3 ~ M?, the tensor structure becomes (D — d + 1)-dimensional
— as just mentioned, additional dynamics must be included above this scale.
So, massive gravity in the bulk helps get rid of the infrared tachyon in the
smoothed-out codimension-2 case by introducing additional terms into the
graviton propagator that counterbalance the terms that give rise to the
infrared tachyon in the massless case. Here, we should mention that if
ro ~ 1/M, then this may also occur in d > 3 as the terms proportional to
(NuwM? — pupy) in (82) are no longer subleading, albeit in this case there
w((i)uld be no reason not to extend the Einstein—Hilbert term to the internal
Sa=2,

5.2. Non-perturbative dynamics, nonzero tension branes, etc.

The linearized analysis of the previous subsection assumed that the brane
tension is 0. In codimension-1, there is no choice as there are no static
solutions with positive brane tension. In codimension-2, we constructed
positive-brane solutions in Secs. 3 and 4 for the 5 = 1/2 case. Because the
background metric in this case factorizes as in (25), just as in the massless
case discussed in |7], the linearized analysis in this background is essen-
tially the same as in the zero-tension case with all conclusions unchanged.
In codimension-3 and higher, the nonzero positive brane tension solution
should exist (for a continuous range of brane tension) once we include higher
curvature terms, which complicate computations substantially and are out-
side of the scope of this paper. However, what we would like to comment
on is non-perturbative dynamics.
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As was discussed in [14], the non-perturbative Hamiltonian is bounded
from below and the theory is unitary even for 8 # 1, i.e., when pertur-
batively the trace h is a ghost. Simply put, the Hamiltonian is a non-
polynomial function of the conjugate momentum, so for large values of the
conjugate momentum — precisely where the “ghostliness” of h becomes prob-
lematic perturbatively — perturbative expansion is not valid to begin with.
Does this mean that the above linearized analysis is invalid? The answer is
that the linearized approximation is valid so long as the conjugate momen-
tum for A is small and h itself is small — more precisely, the same must
be the case for all other components. For example, as we saw in the g =1
case, the trace h is singular on the brane, and the perturbative approxima-
tion breaks down. Another issue is that, if we consider a point-like source
on any codimension-d brane, in the massive case the full non-perturbative
solution is singular (i.e., there is no “horizon”) unless we include higher-
curvature terms. So, non-perturbative analysis of the metric of a point-like
source on the brane requires inclusion of higher-curvature terms, unless such
analysis is restricted to the asymptotic behavior far away from the source.
In this regard, one might worry that, as the bulk gravity is massive, there
might be present the vDVZ discontinuity and one might have to employ non-
perturbative description even away from the source. However, as was argued
in [19], the vDVZ discontinuity is an artifact attributable to the Fierz—Pauli
mass term, i.e., 5 = 1 (where the perturbative description breaks down
as is), and for the other allowed values of § perturbative asymptotic expan-
sion is valid and there is no vDVZ discontinuity.

Finally, let us comment on “self-accelerated” solutions. With massive
gravity in the bulk, there are no such solutions. This is because the massive
bulk gravity is a short-range force and asymptotically, far away from the
brane, whatever is happening on the brane does not affect the bulk. Let us
consider the metric of the form

ds? = exp(24)ds%_; + exp(2B)dr? + exp(2C)r?yapdatdax® (102)

where ds%_, is the (D — d)-dimensional metric on the brane, 4, is the

metric on a unit sphere S%~!, and A, B and C are independent of the brane
coordinates and depend only on the radial coordinate r in the extra space.
Because the bulk gravity is massive, far away from the brane A, B and C
must go to 0, so asymptotically the space is Mp_q x R?, where Mp_g is
described by ds%fd. So, Mp_g4 can be flat as RVP~4-1 x R? is a solution to
the bulk equations of motion. But Mp_4 cannot be (A)dS as (A)dS x R? is
not an asymptotic solution to the bulk equations of motion.
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6. Concluding remarks

Usually, massive gravity is thought of in the context of “self-accelerated”
solutions, where one tries to explain the apparent accelerated expansion of
the Universe via an infrared modification of gravity — in this case, small
graviton mass. In this paper, we propose and explore another application
of massive gravity. We consider a Brane World scenario where we live on a
3-brane embedded in infinite-volume bulk with massive gravity propagating
in the bulk.

As in the case of massless gravity in the bulk, 4-dimensional Newton’s
law on the brane arises due to the presence of a 4D Einstein—Hilbert term
in the brane world-volume action (which term can be induced via quantum
corrections or be present at the classical level due to higher-curvature terms
in the bulk). Not only does the 4D Einstein—Hilbert term on the brane shield
the brane matter from strong bulk gravity (which is the case whether bulk
gravity is massive or massless), but also from large bulk graviton mass, which
is one of the observations of this paper. Because of this shielding, the bulk
graviton can be much heavier than the inverse Hubble size (which is roughly
the upper bound on 4-dimensional graviton mass). In fact, the bulk graviton
can be as heavy as the bulk Planck scale Mp, whose lower bound is roughly
the inverse of 0.1 mm. Furthermore, gravity on the brane does not become
higher-dimensional at large distances. Instead, at distance scales above the
bulk Planck length, gravity on the brane behaves as 4D gravity with small
graviton mass roughly of the order of or below the inverse Hubble size. The
aforementioned features are universal when we have massive gravity in the
bulk, irrespective of the number of extra dimensions, or the codimension of
the brane.

There are, however, codimension-dependent features as well. Thus, in
the case of massless gravity in the bulk, in the codimension-1 case (that is, in
the case of a 3-brane embedded in 5D bulk with the infinite fifth dimension),
while Newton’s law of gravitation is recovered on the brane due to the pres-
ence of the 4D Einstein—Hilbert term in the brane world-volume action, the
tensor structure of the graviton propagator is always 5-dimensional. How-
ever, unlike the massless case, with massive gravity in the bulk we can have
4D tensor structure on a codimension-1 brane. This is achieved by con-
sidering graviton mass term in the bulk —(M?/4) [WMNhyy — BR?] with
B # 1. In fact, the trace h = h% does not decouple from the brane mat-
ter sources even at 8 = 1 and, in fact, the perturbative expansion breaks
down altogether in the case of the Fierz—Pauli mass term (8 = 1). (And
this is the case irrespective of the codimension.) For f < 1, perturba-
tively the trace h is a propagating ghost. However, non-perturbatively the
Hamiltonian is bounded from below and there is no ghost. This is how
massive gravity in the bulk circumvents the perturbative argument that to
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obtain 4D tensor structure on a 3-brane embedded in infinite-volume 5D
bulk some “unconventional” states are needed — the trace h is precisely this
“unconventional” state by the virtue of its naive perturbative “ghostliness”,
while non-perturbatively the theory is unitary. Another remark about the
codimension-1 case is that, with massless gravity in the bulk, above the cross-

—~2
over scale r. ~ M3/M p the gravity on the brane becomes 5-dimensional

(here Mp is the 4D Planck mass). With massive gravity in the bulk, there is
no cross-over to 5D gravity; instead, the graviton propagator on the brane

is modified by a small mass of the order of m, ~ \/Mf;M / ]\/4\}), so we have

Mg ~ MPQ,/J/W\p when the bulk graviton mass M ~ Mp, and the lower bound
on the bulk Planck mass Mp is roughly the inverse of 0.1 mm, which is how
heavy the bulk graviton a priori can be.

In higher codimension d > 1 cases, due to the fact that the spheri-
cally symmetric Green’s function in d dimensions is singular at the origin
for d > 1, the brane must be partially smoothed out, so the brane world-
volume becomes R x S%1 where S¢ ! has small radius 9. Because
of this, in the case of massless gravity in the bulk, there is always an in-
frared tachyon with negative mass-squared of the order of m2T ~ m?, where

m2 ~ rg_2Mg+2/J/\4\i. (Here, =2 is replaced by 1/log(R/ro) for d = 2,
where R is an infrared cut-off scale.) However, massive gravity in the bulk
helps get rid of the infrared tachyon by introducing additional terms into
the graviton propagator that counterbalance the terms that give rise to
the infrared tachyon in the massless case. (We discuss this in detail in the
codimension-2 case and comment on the d > 2 cases.) Also, in codimension-2
cases there exist nonsingular solutions with a flat 3-brane for a continuous
positive range of the brane tension.

Finally, let us mention that with massive gravity in the bulk the effects
of the brane dynamics on the bulk are exponentially suppressed away from
the brane. One consequence of this is that there are no “self-accelerated”
solutions.

I would like to thank Olindo Corradini and Alberto Iglesias for reading
an early version of the manuscript and valuable comments.

REFERENCES

[1] A.G. Riess et al., Astron. J. 116, 1009 (1998) |arXiv:astro-ph/9805201]|.
[2] S. Perlmutter et al., Astrophys. J. 517, 565 (1999)
[arXiv:astro-ph/9812133|.


http://dx.doi.org/10.1086/300499
http://dx.doi.org/10.1086/307221

Massive Gravity in Extra Dimensions 1699

[3] G.’t Hooft, arXiv:0708.3184 [hep-th].

[4] G. Dvali, G. Gabadadze, M. Porrati, Phys. Lett. B485, 208 (2000)
|arXiv:hep-th/0005016].

[5] E. Witten, arXiv:hep-ph/0002297.

[6] G. Dvali, G. Gabadadze, Phys. Rev. D63, 065007 (2001)
[arXiv:hep-th/0008054|.

[7] Z. Kakushadze, J. High Energy Phys. 0110, 031 (2001)
[arXiv:hep-th/0109054].

[8] G. Dvali, G. Gabadadze, X.-r. Hou, E. Sefusatti, Phys. Rev. D67, 044019
(2003) [arXiv:hep-th/0111266].

[9] O. Corradini, A. Iglesias, Z. Kakushadze, P. Langfelder, Phys. Lett. B521,
96 (2001) [arXiv:hep-th/0108055].

[10] O. Corradini, A. Iglesias, Z. Kakushadze, Int. J. Mod. Phys. A18, 3221
(2003) [arXiv:hep-th/0212101].

[11] Z. Kakushadze, UJPA 1, 429 (2013) [arXiv:1305.1632 [hep-th]].

[12] Z. Kakushadze, S.-H.H. Tye, Nucl. Phys. B548, 180 (1999)
[arXiv:hep-th/9809147].

. Kluson, Class. Quantum Grav. , 155 ; arXiv:1005.5458

[13] J. Kl , Cl Q G 28, 155014 (2011) |
[hep-th]].

[14] A. Iglesias, Z. Kakushadze, Phys. Rev. D82, 124001 (2010)
[arXiv:1007.2385 [hep-thl]; D84, 084005 (2011) [arXiv:1102.4991
[hep-th]].

. Kakushadze, Int. J. Geom. Meth. Mod. Phys. , 15 :

15] Z. Kakushadze, Int. J. G Meth. Mod. Phys. 05, 157 (2008
[arXiv:0711.0386 [hep-th]].

. Dvali, G. Gabadadze, M. Porrati, Phys. Lett. , !

16] G. Dvali, G. Gabadadze, M. P, i, Phys. Lett. B484, 112 (2000

[arXiv:hep-th/0002190|; B484, 129 (2000) [arXiv:hep-th/0003054|.

[17] R. Gregory, V.A. Rubakov, S.M. Sibiryakov, Phys. Rev. Lelt. 84, 5928
(2000) [arXiv:hep-th/0002072]; Phys. Lett. B489, 203 (2000)
[arXiv:hep-th/0003045|.

[18] C. Csaki, J. Erlich, T.J. Hollowood, Phys. Lett. B481, 107 (2000)
[arXiv:hep-th/0003020].

[19] Z. Kakushadze, arXiv:1402.6989 [hep-th].


http://dx.doi.org/10.1016/S0370-2693(00)00669-9
http://dx.doi.org/10.1103/PhysRevD.63.065007
http://dx.doi.org/10.1088/1126-6708/2001/10/031
http://dx.doi.org/10.1103/PhysRevD.67.044019
http://dx.doi.org/10.1103/PhysRevD.67.044019
http://dx.doi.org/10.1016/S0370-2693(01)01189-3
http://dx.doi.org/10.1016/S0370-2693(01)01189-3
http://dx.doi.org/10.1142/S0217751X0301509X
http://dx.doi.org/10.1142/S0217751X0301509X
http://dx.doi.org/10.13189/ujpa.2013.010409
http://dx.doi.org/10.1016/S0550-3213(99)00082-6
http://dx.doi.org/10.1088/0264-9381/28/15/155014
http://dx.doi.org/10.1103/PhysRevD.82.124001
http://dx.doi.org/10.1103/PhysRevD.84.084005
http://dx.doi.org/10.1142/S0219887808002680
http://dx.doi.org/10.1016/S0370-2693(00)00631-6
http://dx.doi.org/10.1016/S0370-2693(00)00632-8
http://dx.doi.org/10.1103/PhysRevLett.84.5928
http://dx.doi.org/10.1103/PhysRevLett.84.5928
http://dx.doi.org/10.1016/S0370-2693(00)00435-4

	1 Introduction and summary
	2 Non-perturbative static solutions
	2.1 Massless case
	2.2 Massive case
	2.3 Naive linearized approximation
	2.4 Non-perturbative analysis

	3 Codimension-2 brane world
	4 String solutions
	4.1 Massless case
	4.2 Massive case
	4.3 Linearized approximation
	4.4 Non-perturbative solutions
	4.5 Codimension-2 brane on a string

	5 Brane gravity
	5.1 Linearized analysis
	5.1.1 d=1
	5.1.2 Why is the tensor structure D-1-dimensional?
	5.1.3 d > 1

	5.2 Non-perturbative dynamics, nonzero tension branes, etc.

	6 Concluding remarks

