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We study the effect of compact extra dimensions on the gravitational wave luminosity and waveform.
We consider a toy model, with a compactified fifth dimension, and matter confined on a brane. We work in
the context of five-dimensional (5D) general relativity, though we do make connections with the
corresponding Kaluza-Klein effective 4D theory. We show that the luminosity of gravitational waves
emitted in 5D gravity by a binary with the same characteristics (same masses and separation distance) as a
4D binary is 20.8% less relative to the 4D case, to leading post-Newtonian order. The phase of the
gravitational waveform differs by 26% relative to the 4D case, to leading post-Newtonian order. Such a
correction arises mainly due to the coupling between matter and dilaton field in the effective 4D picture and
agrees with previous calculations when we set black holes’ scalar charges to be those computed from the
Kaluza-Klein reduction. The above corrections to the waveform and the luminosity are inconsistent with
the gravitational-wave and binary pulsar observations, and they thus effectively rule out the possibility of
such a simple compactified higher dimensions scenario. We also comment on how our results change if
there are several compactified extra dimensions and show that the discrepancy with 4D general relativity

only increases.
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I. INTRODUCTION

Recent discoveries of gravitational waves have opened a
new window for testing general relativity (GR), especially
in the strong/dynamical field regime [1-7], in a way that is
complementary to other tests including Solar System
experiments [8,9], binary pulsars [10,11], and cosmological
observations [12,13]. Gravitational wave events have been
used to probe the fundamental pillars of GR, such as the
equivalence principle, Lorentz/parity invariance, and mass-
less gravitons [2].

One fundamental aspect of gravity that is important to
probe is the presence of extra dimensions motivated by, e.g.,
string theory. For example, in flat D-dimensional (non-
compact) spacetime, gravitational waves decay with dis-
tance traveled as 1/R(P~2)/2 [14]. This fact has been used to
measure D with gravitational wave observations [4,15]. One
can also use tidal deformabilities of compact objects to probe
extra dimensions. In four-dimensional (4D) GR tidal
deformabilities vanish for nonrotating black holes, but they
do not for higher-dimensional black holes [16,17].

In this paper we consider gravitational waves in a 5D
spacetime, with the fifth dimension being compactified on a
circle and with the matter constrained on a brane. We work in
5D GR rather than in the context of the effective Einstein-
Maxwell-dilaton 4D theory (considered in [18-21]), which
arises from performing a Kaluza-Klein (KKreduction of the
5D theory. Our motivation is twofold. First, motivation is
simplicity: it is easier to work with a single field (the metric)
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than a collection of fields. Also, by not performing the
Kaluza-Klein reduction (which assumes that fields are
independent of the compactified dimension) it allows us
to account for the effect of the massive fluctuations that arise
when integrating out the compact dimension. By working
directly in higher-dimensional GR theory we are also able to
generalize the 5D results to an arbitrary number of com-
pactified extra dimensions. Second, we hope that our 5D
analysis will be useful to assess the effect of the extra
dimensions on gravitational wave detection when consid-
ering other paradigms for the geometry of the extra dimen-
sions, e.g., Randall-Sundrum (RS) models.

Gravitational waves in higher-dimensional spacetimes
with compactified or warped extra dimensions have been
studied in the literature. Kaluza-Klein compactification
leads to an extra scalar polarization mode(s) (the breathing
mode) plus massive Kaluza-Klein modes, whose frequen-
cies are typically much higher than what can be probed
with ground-based detectors [22,23]. Such Kaluza-Klein
modes also create a stochastic gravitational wave back-
ground [24] and modify the quasinormal modes after
mergers [25,26]. Black hole and neutron star tidal deform-
abilities have been computed within braneworld models
and have been applied to GW170817 to constrain the brane
tension [27,28]. In the RS-II braneworld model [29], black
holes may evaporate classically [30,31], which changes the
orbital evolution of binary black holes and further modifies
the waveform from that in 4D GR. This fact has been
applied to the GW events, such as GW150914, to place
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bounds on the size of the extra dimension [2], though such
bounds are much weaker than those coming from tabletop
experiments [32,33]. Last, given that gravitational waves
can propagate in the higher-dimensional bulk while electro-
magnetic waves are constrained on a brane, one can
compare the propagation of two such waves to probe the
extra dimensions [34-38], which has been applied to
GW170817 [39-42]. Again, these bounds on the extra
dimension size are much weaker than those from tabletop
experiments.

Our paper is organized as follows. In Sec. II we present
our conventions, notations, and general framework. In
Sec. III, we extract the compactified 5D Newtonian
potential and the modified Kepler’s law for a binary at a
fixed position in the extra dimension. In Sec. IV we review
the Kaluza-Klein reduction of the 5D theory and point out
that 5D matter, when seen from a 4D perspective, is
nonminimally coupled. Section V contains our main result,
namely the form of the gravitational waves sourced by the
5D binary. In Sec. VI we extract the luminosity of the
gravitational waves, and in Sec. VII we compute the phase
of the gravitational waveform as predicted by the compac-
tified SD model and compare it with observations.
Throughout the paper we give generalizations of our
formulas in the case of a compactified D-dimensional
spacetime, with four noncompact dimensions. We conclude
in Sec. VIII. We relegate some of the more technical details
to Appendixes A—-FA-F.

II. SETUP

We will consider pointlike mass sources in some higher-
dimensional spacetime, and we will investigate their effect
on the spacetime geometry and on the emission of
gravitational waves from binaries, in perturbation theory.

To this end we will compute the metric perturbation 4 4w DY
direct integration of Einstein’s equations and not from the
quadrupole formula as it is customary, because the quadruple
formula actually fails when there is a compactified dimen-
sion. The reason for this is that the validity of the quadrupole
formula relies on integration by parts. When the spatial
coordinates are noncompact, the boundary terms that accom-
pany the integration by parts are zero. However, when there
are compactified extra dimensions, there are nonzero boun-
dary terms, which are not straightforward to evaluate and
which will contribute, in addition, to the usual quadrupole
integral. Please see Appendix A for the modified expression.

Thus, we need to solve the metric perturbation directly
from the Einstein equations. We will use the relaxed
Einstein equations in the harmonic gauge [43].

For simplicity in most of this paper we will consider a 5D
spacetime with coordinates x™, with four noncompact
dimensions x* and a fifth dimension, x> = w, compactified
on a circle of radius R, though we will occasionally point
out how our results change in the case of additional
compactified extra dimensions:

M= (x5, = (1L,Xw,...)

~(t,X,w+27R,...),

M=0,1,2,3,5,....D. (2.1)
We further denote the spatial coordinates by
x=(xw,..)=(xyzw,..), [=1235,..D, (2.2)
and the spatial noncompact coordinates by
x=(x,y,2), i=12.73. (2.3)

We set the speed of light to ¢ = 1.
Let us consider a perturbation of the flat spacetime

hyy =gun —tun.  mun =diag(=1,1,1,1,1,...), (2.4)
and let us also define
FMN — yMN — gMN GMN = \/_—ggMN’ (2.5)

where (g) is the determinant of the metric gpy. As
advertised, we take ZMN to satisfy the Lorenz, or de
Donder, or harmonic gauge condition:

Oy hMN = 0. (2.6)

To linear order in hyy, hyy reduces to the usual trace-
reversed metric perturbation:

ﬁMN =~ hyy — EhﬂMN' (2-7)
Then, the relaxed Einstein equations state [43]
OrMN = —162GP) MV, (2.8)

where G(P) is the gravitational constant in the D-dimensional
spacetime, (1 = 9,,0yn™", and where 7" is given by

N = (=g)(T"" + 41)

(RMP GRNC , — FPORMY o). (2.9)

+ [

162G®)

Last, 7™V is the matter energy-momentum tensor while 4V

is the Landau-Lifshitz [44] gravitational energy-momentum
pseudotensor. In a D-dimensional spacetime we have [45]
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AMN - Mp - 1 PR -
16”G(D>(—9)f1ﬁ41fv :gMN,PQPQ,Q—gMP,PQNQ,Q +§9MN9PQ9PR.SQQS,R

— (" gorT"® 5725 p + 9" 9orTR 5725 ) + 9o ST TV s

1

+ XD =2) (2gMF N2 — gMNGPO) (D = 2)grsgr's — Irr 9ss1T*F pT* o (2.10)
|
From the relaxed Finstein equations (2.8) and the ) 4 GOm
harmonic gauge condition (2.6) it is easy to see that 7YV VIR, w) = _gm (3.4)

obeys the conservation law

O™ = Oy ((=g) (T + 7)) = 0. (2.11)

III. MODIFIED KEPLER’S LAW

Let us first consider the scenario where there is one extra
noncompact spatial dimension. Thus D =5, the back-
ground is flat, and we assume that there is one matter
source which is pointlike, of mass m, at rest. Then, the
energy-momentum tensor is

TMN (x#, w) = msMOsNOS3 (X)5(w). (3.1)

The only nontrivial linearized metric fluctuation is 79,
and it satisfies

ORY = 162G T, (3.2)

where G©®) is the gravitational constant in 5D. The
solution is

—00 - 4G
RO (%, w) = -

= R=2=x24y?4+22
n(R* +w?) Y

(3.3)

The 5D linearized metric fluctuation A% = (2/3)A%"!
corresponds to a Newtonian potential2

'In D spacetime dimensions this relation gets modified to
hY = (D —3)/(D —2)hY, and the linearized metric is given by
ds’=(=1+(D-3)/(D-2)A)d + (1+1/(D-2)h¥)dx" dx.

2Working with a D-dimensional spacetime, Eq. (3.4) general-
1zes to

lD_?’}“IOO
2D-2"T

V(D)(R,p) = -

D=3 4 D-1\ GPm
- (D -2) z(D-3)/2 2 (R2 +/)2)D—3’

p? = x'x! = R,

If the extra dimension is not flat, but compact, with an
identification w ~ w + 27°R, an observer sees a mass m at
every w = 2nz’R, where R is the radius of compactification
and n € Z [46]. Summing over all such sources, the
resulting linearized metric fluctuation 71%0 is periodic
P (%, w) ~ KO (X, w + 22nR),

- 4G0m & 1
01, X, w) = ., (35
T (6% w) P n;wfca + (w—2nzR)? (3:5)

and, correspondingly, the Newtonian gravitational potential
is given by

4G0m & 1
VEI(R,w) = —= . (3.6
*w) 3 Z R? + (w—2naR)? (3.6)

n=—00

If the observers are located at the same w coordinate as
the source (think of the matter source and observer living
on the same brane at w = 0, and ignore for simplicity the
backreaction of the brane on the geometry), then we are
interested in V(> (X,w = 0).” Setting w = 0 and evaluat-
ing the sum over n in (3.6) yields

IR I
1 -
= —gh%O(t,x,w:O), (3.7)
where
[ =27R (3.8)

denotes the length of the compactified extra dimension. For
a generalization of (3.7) to the case when the observer and
the source are located at different positions in the compact
dimension, please see Appendix B.

There are two useful limits of (3.7): one is the decom-
pactification limit, when /> R, and the other is the

*For an investigation whether localized matter can arise in the
context of the effective field theory see [47].
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opposite, with / < R. In the first case, the Newtonian
potential assumes the form of a 4D noncompact space

4GOm
VE(R, w R/1
(Row=0) = S + OR/D),
R = X2 = xix!, [> R, (3.9)

whereas in the second case it is equal to the Newtonian
potential in a 3D noncompact space plus exponential
corrections’

4GOm
3 IR
| < R.

V<5‘C)(R,W:0): (1—|—2€_2”R/l—|-0(e_4”R/1)),

(3.10)

The exponential corrections look like a Yukawa potential
and can be interpreted as being due to massive gravitons.
From a 4D perspective, these massive gravitons correspond
to nonuniform Fourier modes of the massless 5D gravitons
on the circle w ~ w + [. We will have more to say about this
in the following sections.

Next, let us consider a quasicircular binary with com-
ponent masses m; and m, and binary separation r;,, with
rio > [. The matter energy-momentum tensor is given by

/dr
a= 12 1/_gPQ .xxa

TMN

(3.11)

where x¥ () is the trajectory of the pointlike mass m, with
7 representing an affine parameter on the worldline. We can
use reparametrization invariance to identify x°(z) = 7 and,
assuming that the matter sources are located at wy(r) =
w,(t) =0 (i.e., confined to the same brane), to leading
order we have

Xia(1) = X, (1) = %2 (1)

= (ripcos(Qr), ri, sin(Qr),0).  (3.12)

Further using (3.10) yields the effective potential of such a
binary

GNMM
12

1
Verr =5 urh, Q> — (1 4 2¢727r/l), (3.13)

*For a D-dimensional spacetime R>!'x TP~*, with three

noncompact spatial dimensions and the compact space being
torus, the generalization of (3.10) is

2(D-3) GPm 1
D —2 Vol(Compact Space) R

V) (x) = — (1+0(e72R/),

where [ is the length of the largest of the cycles of the torus.

where

M=m;+m, (3.14)
is the total mass of the binary and

0= (mymy)/M (3.15)

is the reduced mass, while Q is the orbital angular
frequency. Gy is the 4D Newton constant, with’

(3.16)

The distance between the two sources is solved from the
condition of the local extremum of V ; with respect to r,.
This leads to the following modification to Kepler’s law:

G\M 1/3
Fip= (F)
142 (Gl) " 2 g2 ()]
3\ Q? [ [ Q2
+ zexp [— 2n (GNM> 1/1 }
3 l Q2 ’

where we have retained the first order correction to 4D
Kepler’s law.

(3.17)

IV. PERFORMING THE KALUZA-KLEIN
REDUCTION WITH 5D POINTLIKE
MATTER SOURCES

One might be tempted to think that the physics of the
binary system in a 5D spacetime is that of a binary (two
pointlike masses) coupled to the fields obtained via the
Kaluza-Klein reduction of the 5D metric, namely gravity,
dilaton, and Maxwell fields, and with the latter two being
set to zero. Then, to leading order, neglecting all corrections
coming from massive modes on the fifth-dimensional
circle, one recovers the 4D matter (the binary) plus gravity
setup. However, this is not the case. To better understand
this issue, we take a quick detour and review the Kaluza-
Klein reduction of the 5D system composed of gravity plus
pointlike sources. This is a self-contained section of the
paper, and for the purpose of performing the Kaluza-Klein

For a D-dimensional spacetime R>!'x TP~*, with three

noncompact spatial dimensions and the compact space being
torus, the 4D Newton constant is given by

2(D-3) G
D —2 Vol(Compact Space)’

GN:

with GP) the D-dimensional gravitational constant.

044031-4



PROBING COMPACTIFIED EXTRA DIMENSIONS WITH ...

PHYS. REV. D 103, 044031 (2021)

reduction we introduce the notation G,y for the 5D metric
and g, for the 4D metric.
Consider five-dimensional gravity

1
Ik

Sip =g [ @1/ =0AGunRGun). (&)

where ¥ = 162G (we work in units where ¢ = 1) and
G = GV /1. The Kaluza-Klein reduction ansatz to 4D is
(see, for example, [48])
, +Kke?A A, Kke?A
B i ) NS
Vke?A, e’

where all the fields in (4.2) are functions of the 4D
coordinates, x*, only.

Substituting (4.2) into the 5D Einstein-Hilbert action
yields the 4D Einstein-Maxwell-dilaton action

K

Skx = %/ d*x\/=g <R[gﬂy] 1 e’F,, F*" — éﬁﬂrpa"(p).
(4.3)

Note that we can find solutions with a vanishing dilaton
as long as the Maxwell field is pure gauge. (The dilaton
equation is sourced by the Maxwell field, so setting the
dilaton to zero in general would lead to an inconsistent
Kaluza-Klein truncation.)

By introducing the rescaled dilaton and Maxwell field as

p=-2v3p, A (4.4)

2 -
= ﬁAw
we can rewrite the Einstein-Maxwell-dilaton action as
1 -

Sk = [ r/TGRIg) = e IE F -20,09)
K

(4.5)

This agrees with (I.1) of [19]. We will use the rescaled
dilaton (4.4) to make contact with [19] in Sec. VI.

Consider now adding a pointlike source of mass m to the
5D action:

Snaaso == [ e/~ (@ (DG (x(2).  (@46)

where 7 is an affine parameter on the source’s worldline and
iM =4 M This will source the 5D metric in the usual
way, leading to the 5D perturbative analysis performed in
the previous section and continued in the next.

Here we would like to point out that the 4D dilaton is
also being sourced by the SD matter (4.6). Specifically, for
a source that is not moving in the fifth dimension (note that

this is a solution to its equation of motion in the context of a

5D metric which is independent of the fifth coordinate), the
reduction of the 5D action (4.6) yields

S == [ dse 00\ [ (D3 (0) (g1 + x4,
(4.7)

where the 4D fields are evaluated on the worldline.
In contrast, adding a 4D neutral source of mass m to the
Einstein-Maxwell-dilaton action is done by considering

R / doy (@) (g (45)

The main message here is that 5D matter couples not only
to the 4D graviton but also to the dilaton and Maxwell field.
Most importantly, while we can find solutions with a
vanishing dilaton to the 4D action with a 4D matter source,
we cannot find solutions with a vanishing dilaton to the 4D
Kaluza-Klein reduced action when the matter source is a
5D pointlike source; this can be understood by noticing that
in (4.7) there is a linear coupling between the dilaton and
the matter source, when expanding in small fluctuations
about a vanishing dilaton. In effect, the 4D mass in the
Kaluza-Klein reduced action is modulated by the dilaton,

Meffective = M exp(—(p/6), (49)
as evidenced by (4.7).

Last, in the context of Kaluza-Klein reduction of a
higher-dimensional gravitational theory, the 4D gravita-
tional coupling constant is 1/(16zG), as we can see from
(4.3), with

G =GVl (4.10)
However, G and Gy [which shows up in the Newtonian
potential and is given in (3.16) for D = 5] are not equal:
they differ by a factor. This is different from 4D GR, where
G and Gy are equal to one another. The explanation for this
mismatch stems from the fact that in an effective 4D theory,
the interaction between two masses is not only gravita-
tional, but there are additional contributions mediated by
4D scalars (e.g., dilaton) as well.

V. METRIC PERTURBATIONS

We now return to our main problem, namely finding the
5D metric fluctuations sourced by a binary in a spacetime
with one compact dimension of radius R.

We separately find the contribution of the matter energy-
momentum tensor and of the Landau-Lifshitz pseudotensor
to the metric fluctuations: we denote these by A¥"Y and
hMN  There is one more contribution to the metric fluctua-
tions from the remainder of the relaxed Einstein equation
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source 7™V [see (2.9)]. However, to leading order, the extra
terms in 7" contribute only to the 00 component of the
metric fluctuations, 2°°. We will compute the 0 components
of the metric fluctuations not by direct integration, but by
using the harmonic gauge (2 6). So for the remaining
fluctuations A" = (kY i

contribution from the matter source, and then use this in the
Landau-Lifshitz pseudotensor to evaluate the nonlinear
metric fluctuations. Despite 7/ being nonlinear, it is
actually of the same order as fl’TJ in a velocity expansion.
Last, we add the two contributions to find the metric
perturbation to second order in velocities, i.e., leading order
in post-Newtonian expansion.

A. Metric perturbations: Contribution from
the matter sources

We begin by computing the perturbations sourced by the
matter stress-energy tensor. The energy-momentum tensor
TMN of a system of point masses at w = 0 is given by

SR TE
7

a

TMN (1,3, w) X,(1))6(w), (5.1

where PY = miM/
the momentum of particle a. We parametrize the particles’
trajectories with X, = ¥,(¢) and take x = ¢. For a binary

source, we specifically use (3.12).
From (2.8), the linearized fluctuations are given by

~gpoitiS is the M component of

RN (1,3,w) = =162G®) / dt 3 dw' G5 (1,5, wit X W)

< TMN(¢ 7 w'), (5.2)

where Q<5~C)(t, X,w;t', X', w') is the (scalar) retarded com-
pactified Green’s function in 5D. The retarded Green’s
function in flat 5D can be represented as [49]

_0@=1)0 6(t—1—r)
4m’r Or /(=12 =7

(5.3)

— (F-F) 4 (w—w), (5.4)

and where 6 denotes the Heaviside step—function.6

®For the reader accustomed to 4D expressions, we want to
point out that even though the 5D retarded Green’s function does
not have support only on the light cone (as opposed to the
massless 4D retarded Green’s function which has support on the
light cone only), it does have support inside the light cone, and it
is therefore causal. This is one of the peculiar features of odd
dimension spacetimes.

Then, starting from (5.3), we can write the compactified
5D retarded Green’s function, G(5-¢) (x,y),

0(t—1) 0 O0(t—t—r,)
47[27'” arn (l—l/)z—}"%’

(5.5)

[Se]
GO (1, Zwit ¥ W) ==

n=—oo

where 72 = (¥ — ¥')? + (w — w’ — nl)?. For practical pur-
poses, the compactified Green’s function expression
given in (5.5) is not very useful.” Instead, we will use
the equivalent representation of the compactified retarded
Green’s function in terms of a sum/integral over Fourier
modes® (see also Appendix D):

GO (x#, wy X, W)

Z/

n=—00

eip (x—x’)einm(w—w')/Z
—(po + i€)* + p* + (2zn/1)*’
(5.6)

where ¢ is an infinitesimally small positive number.
In (5.6) each term in the sum can be interpreted as the
4D retarded Green’s function of a massive particle of mass
mg = (2zn/1). These massive particles are nothing else but
the massive Kaluza-Klein graviton states. Thus we expect
that in the limit when r > [, and for slow moving sources,
Eq. (5.6) will reduce to the 4D retarded Green’s function
of a massless particle, corresponding to n =20, plus
exponentially suppressed corrections, with the leading order
correction coming from the least massive mode, correspond-
ing to n = 1. Indeed, the n =0 term in the sum above
corresponds to massless 4D excitations, and the retarded 4D
Green’s function 6(r—17)6(t -1 — |x = X'|)/ (47z|x x').
The nonzero n terms are associated with massive 4D
excitations. The retarded Green’s function for a massive
4D scalar of mass m; is

d4p ei[r(x—x/)
(2n)* =(po + i€)2 + p> + m2
o 0(-T1) [5(r— ¢ —]x=X|)

4r |X —X|
myJ,(mg\/(t—1)? -

V(e=1) -

- X-X'P)

— (-1 —|F-F|) _

- x-¥|

(5.7)

"However, for the purpose of demonstrating how one could use
(5.5) in an explicit calculation, please see Appendix C for another
derivation of the Newtonian potential in 5D GR.

The Dirac-delta function, written as a distribution on the
space of periodic functions with period [/, is 6(w—w') =
(1/1) exp(i2zn(w —w')/1).

n*—oo
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Consider next the propagation of a periodic signal e’ f ('),
with f(X’) localized near the origin (similar to the case
encountered with the binary sources). In the leading multi-
pole expansion, for |X —X'|~|X| =R we are left with

evaluating
t 8(t—1 —R)
df{ ——=
/—oo { R
J t—1¢?=R»)) ..,
— e(t _ [/ _ R) mS 1(mS ( ) )}ela}t
(t _ t/)2 _ R2

io(t—R) ) R
_¢ —mge ' |~ (\/mg -w* - ico)
R 212
R
XK1|:— (\/mg—a)z—i—ia))}
212

el(u[

— I e—R\/m\ —w?

(5.8)

If mg > w (which is the case for slow moving binary sources
since m, = 2”” I K rp, Qry, < 1), the approximate result
from (5.8) would be simply (1/R)e™'e=27% which is the
anticipated exponentially suppressed contribution.

So, putting everything together, the signal propagating
from a source that is localized near the origin f (X', w')e’"
to a spacetime coordinate (7, X, w) is

I .
/dt’/d3)_c"/ aw'GO (1, %, wit X, W) f (X, w)e"
ta)t R)
~ R /dg’/dw’fxw
n

elot
Ry/(27n/1)*—a? /d3*/

l : /
% / dW/f()_C)/, W/)eZer(w—w )/l (59)
0

In the limit of a small extra dimension and a slow moving
source (i.e., 27/l > w), we find that the leading contribu-
tion is

32 / iw(t— R)
47rlR d°x /dwfx w)e (5.10)

which corresponds to a signal that propagates uniformly in
w and radially in the noncompact space. The massive
Kaluza-Klein gravitons give an exponentially suppressed
contribution of the form

_zi e’ e—27mR///d3i’/
o 4rzlR

I
x/ dw' f(X',w') cos(2zn(w —w')/1).

0

(5.11)

At large distances R > [ these massive state contributions
can be safely ignored.

In particular, from (5.2), sourced by the binary equa-
tions (3.11) and (3.12) energy-momentum, and using the
approximations in (5.10) and (5.11) in the far-field slow
motion limit, we find, for example, the (x, y) component as

Ry (1,%,w=0)

3G N o,
—5%” 2,02 <sin[29(z —R)]+ ; e sm(2£2t)> ,
(5.12)
where R = |X| is the 3D distance between the sources and

the observer and p is the reduced mass defined in (3.15).
The leading correction due to the extra compact dimension
to the part of the metric fluctuation that is sourced by the
matter energy-momentum tensor is given by the n = 1 term
in the sum in (5.12), and it is an exponentially suppressed
correction. Since [ < R, the correction exp(—2E) is
extremely small and can safely be ignored (after all we
have already ignored corrections of order r|,/R, and we
expect [ < rqp).

B. Metric perturbations: The nonlinear contribution
from the Landau-Lifshitz pseudotensor

We denote the nonlinear metric perturbations sourced by
MV in (2.8) as i}V In the slow motion limit (v < 1), since
B ~O(1), By ~O(v), B ~O?), and W5 ~0, the
leading order contribution for /,J = 1,2,3,5, ..., D comes
from

R (x) = 162G / yGP) (x, )1l (3)

D -3 -
_ & (D,c) .y)0 hOO
=5 | 9 )i )
% 8Nfz°°( )2y™MyIN — gt gMN), (5.13)
where G(P-) (x,y) is the compactified retarded Green’s

function in D dimensions. Specializing to the case D =5,
we get

1 (2]11M JN

h[]( ) 1J MN)

—-n'n
x / FyG5) (x, )0y FL()ONFL (). (5.14)

where G©-¢) (x,y) was previously defined in (5.5) and (5.6).
As discussed in the previous subsection, in the far field
limit (when the distance to the source is much larger than
the distances between sources) with the observer and the
sources located at w = 0, and in the slow motion approxi-
mation, the compactified retarded 5D Green’s function
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reduces effectively to a 4D retarded Green’s function. The
first order correction, which is proportional to exp(— 2”R) is
negligible, and Eq. (5.14) becomes

. 11
R (£.7.0) ———— (2N /M _ pld pMN P
(X 0) 2 e (2 "”)/Y

1 - ~
« / dwdy O (1= R, 5, W)W Rt = R, 5,w).
0
(5.15)

The most striking difference in the nonlinear contribution
to the metric fluctuations in 5D with respect to the 4D case
is the coefficient 1/6 on the right-hand side of (5.15)
relative to the more familiar coefficient of 1/8 in 4D.
We now return to the specific case of a binary system at
w = 0, with masses m; and m, moving in the (x!,x?)
plane. The first observation is that in (5.15), to leading
order in velocities we only need to consider the action of
the spatial derivatives on 7100, which does not contain an
explicit t dependence. Restricting now the summation over
M, N indices to spatial indices K, L, consider the term
Ox 0, k™ in (5.15). Since Y = h(%ol + A%, there will
be four terms. However, we are only interested in the two
|

W 1.q(t,5,w) _——GS m Z

crossing terms because noncrossing terms will be simply
regularized and effectively be dropped out. In addition, we
will replace the spatial derivative on y to the derivative with
respect to the position of the sources (with a minus sign).
We can do so because of translation invariance of the flat
background which implies that the linearized ﬂuctuation

h ' only depends on y — ¥, and w — w,. We will use 8
represent partial derivatives with respect to the coordmates

of the source a, 3/dyX. With the help of this little trick, we
can simplify (5.15):

1) 5(2 2) o(1
il”(l e (2,111( JL nlJ,,,KL)(a([()aé)_i_a%)a(L))
vAhX 247IR
/A -
x[\]zd3y/0 dwh%?l(t—R,)Zw)h%?Z(t—R,)Zw),

(5.16)

where [y, d’y denotes integration in the near zone (NZ)
region (i.e., in the vicinity of the sources) which is the
region that contributes the most to the volume integral
f d’y [43]. Because of the near-zone approximation, the
wave propagation is almost instantaneous and we can use
for h ., in the NZ region the result from (3.5),

1

. 5.17
+(w=—w,+nl)? (5:17)

Substituting (5.17) into the integrand (5.16), we can use the infinite sums to extend the integration region over w first, and

then we can perform the remaining sum exactly:

16m1m2(G<5))2
dw'h £y, w)h t,y,w) / aw'
/ NZTl( y.w ) NZT2< ¥ rgn:z R2+(w’—w, +n,l)2)(R§+(w’—w2+nzl)2)
/+°° Z 16m1m2(G(5>)2
7 (R2+w?)(R3 4+ (W +wy —wy + nyl)?
TR|R, "~ (Ry + Ry)> + (wy = wy + myl)?
B l9m]m2G§ sinhw
~ RiR, cosh 2”(R11+R2) — cos 2”<W‘I_W2)
9 G? Ry+R 2 -
o 2GR () e 2r(wy = wa) ) (5.18)
R.R, I
[
where Ry = [y —X(r)|, where R, =[y—X%(7)], and ., 3mimyGy 1k S AV A S P
where Gy was previously defined in (3.16). In the last hi (x)zi 2R (2n =0 ) (9 0 + 0k 0L
step in (5.18) we used [ < rj < R| + R,, with r|, the s 27(wy —wn)
binary separation distance. It is important to keep the X (—ﬂrlz—%le‘lcosf). (5.19)

explicit w; dependence because we will still have to
take derivatives with respect to the position of the sources
in the 5D spacetime. Substituting (5.18) into (5.16) we
obtain

For more details on how the integration was performed in
(5.19), please see Appendix E.
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In particular, from (5.19), for a binary at w; = w, = 0 as
in (3.11) and (3.12), we obtain, e.g., the (x,y) component
of the metric perturbation as

b (1,%,0)

3m1m2G

[ o
~ T IPEEN e
=~ 2 (8 +a (9 )<r12 ”6 )

_EmlszN 1+2 2’"12
2 Rr12

47rr12

e—z”#> sin[2Q(1—R))].
(5.20)

We can further use the modified Kepler’s law Q2 =

GM (1 + 2e __+4’"‘2 ‘_) to cast it into a more

familiar form:

3G
B (1,3,0) = — 2 2NE 12 02 6in20(r — R))].

S (5.21)

C. Gravitational waves from a binary source
in a 5D spacetime

Similar calculations to the ones we presented in explicit
detail in the previous sections yield the following expres-
sions for the other nonzero linearized fluctuations 7%/
(sourced by the matter energy-momentum tensor), as well
as the leading order nonlinear fluctuations, 2/ (sourced by
the Landau-Lifshitz pseudotensor):

- N G .
Wy (1, X,0) ~ 3Mr%2£2251n2[9(t—R)],

h*(1,%,0) = =3 M r1,Q%cos?[Q(t — R)],

o G
W (1,%,0) = 3 ;" r2,Q%c0s2[Q(1 — R)),
L Gt .

R (1,%,0) ~ =3 % r2,Q2%sin?[Q(1 — R)].
R (,%,0) ~ 0, h#(1,%,0) ~ 0,

R (1,%,0) >0,

2rryy 2
e

7 ) (5.22)

B G
(e, %,0) = —3 2 N” 292<1—4

—4 912, Q% cos2Q(t — R)]  —4 913,07 sin[2Q(t — R))]
495 12 2 cos[2Q(t — R)]

ROV = | _468 2 Q2 6in2Q(t - R)]
0

Last, the remaining metric fluctuations 7Y

where we recall that y is the reduced mass of the binary
(3.15). [As a caveat, we would like to point out that we
cannot set 7; = z, = w; = w, = 0 until the derivatives in
(5.19) have been taken, and the vanishing of hZ is not
trivial.] As advertised, both 7Y/ and h!/ are of the same
order in velocities.

To second order in velocities, the nonzero metric
fluctuations 7'/ are obtained by adding the linearized /iy
and nonlinear 7,:

B (1,%,0) = by + Y ~ 3Tr12§22 sin[2Q(t — R)],

- R ~ ~ G
W (1,X%,0) = h{ + b =~ =3 = r12$22 cos[2Q(t — R)],

- . ~ Gnu
Y (1,%,0) = by + Y ~ 37;"1292 cos[2Q(t — R)],

(7.0 = R+ e

G 2
-3 —;" 2,02 <1 - 4—”; 12 e—2+> . (5.23)

According to our discussion in Secs. VA [see (5.11)] and
VB [see (5.19)], the metric fluctuations i’ (x*,w) are
equal to 2" (x*,w = 0), up to exponentially suppressed
corrections. However, the biggest change to the luminosity
of the gravitational waves and the phase of the gravitational
waveform comes from the leading order terms retained
in (5.23).

The extension of the results given in (5.23) to a
compactified D-dimensional spacetime is straightforward:

o _ D=2 <h<4>” 0 )
“2D-3)\ 0 (—4%2.0%)6m )

i,j=123 and p,q=5,6,...D (5.24)

where 7Y denotes the 4D gravitational waves sourced
by a binary with the same characteristics as ours: reduced
mass y, separation distance r;,, angular frequency €, and
location z = O:

0
01, i,j=1,2,3.
0 0

can be obtained either by direct integration or, more easily,

by using the harmonic gauge (2.6) condition. In the next sections we will use the latter.
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VI. THE LUMINOSITY OF
GRAVITATIONAL WAVES

In this section we compute the luminosity of gravita-
tional waves. We work in the harmonic gauge (2.6), without
specializing to the more commonly used transverse-trace-
less gauge (for a comparison, see Appendix F).

There is one more subtlety we would like to comment on
before we begin. In the D-dimensional gravitational theory,
the only coupling constant is the gravitational constant
GP) of the Einstein-Hilbert action. After performing the
Kaluza-Klein reduction, the effective 4D theory has the
gravitational constant G = G) / Vol(Compact Space) and
Newton’s constant is Gy = (2(D —3)/(D —2))G. In con-
trast, in a strictly 4D theory of gravity coupled to matter, we
would have G = Gy.

In our subsequent comparisons between the predictions
of the compactified higher-dimensional gravity theory and
4D GR we will identify Newton’s constants in the two
theories.

We use the gravitational energy-momentum pseudoten-
sor MV given in (2.10). Since /%N is already second order
in the metric fluctuations, we can use the linearized
approximation for 2V, Eq. (2.7), to obtain

162GP) 1N

~ ~ ~ ~ 1 ~ ~
~ hMN’phPQ‘Q _ hMP,thQ,Q 4 EnMNhPR,QhQP,R

_ (ilMP’Q}“lPQ,N + }”INP’Q}”IPQ,M)

- - 1. - ~ ~
+ hMP’QhNP’Q + E hPQ.MhPQ N MNhPQ’RhPQ,R

1
2

1 -
- (2hMhN -

MNP, Y.
4(D - 2) 1 2

(6.1)

where the indices are raised and lowered with the Minkowski
metric. Further imposing the Lorenz gauge (2.6) and per-
forming short-wavelength averaging,” Eq. (6.1) becomes

(1))

ppPo =

(6.2)

The total energy carried away by gravitational waves is given
by the following volume integral:

Egw = /dp/ awt® (¢, x!) ~ l/detLL(t X), (6.3)

where in the last step we used that, to leading order, the
metric fluctuations propagate uniformly in w. Then the rate of
change of the radiated energy is

*When performing short-wavelength averaging, integration by
parts is permitted [50].

dEGW

Egy =

/ &7 / dwd
0
!
= 7{0114/ dw(tL)on'
0

where we recall that our index conventions defined in (2.2)
and (2.3)arel,J = 1,2,3,5andi,j = 1,2,3.In(6.4),dA is
the differential area element on the 2-sphere at spatial infinity
and n' is the unit vector along the direction of propagation of
the gravitational waves. From (5.10) and (5.23) we saw that
the gravitational waves propagate radially in the noncompact
directions and uniformly in w to leading order. The nonuni-
form propagation along the direction of compactification is
due to the massive Kaluza-Klein modes which yield expo-
nentially suppressed corrections. So, to leading order, the
only nonzero components of n! are n’. Then, the rate of
change of energy in a 2-sphere at a distance R from the source
becomes

(6.4)

oy = 1 7{ Q1 )o 1 R2. (6.5)

Using repeatedly the harmonic gauge and the fact that the
perturbations in the far zone depend on the retarded time, we
obtain the following identities to leading order in 1/R:

3k}~lu = _;lljnk’

oo =~ —}Lz» n'ning,

Ohor ~ h] niny,
hoo ~ h in int,

h()] jad —hljn],

(6.6)

where a dot denotes a time derivative. In more detail, in

writing Ohyy ~ —hyyn;, we used the fact that the metric
fluctuations are spherical waves [see (5.23)], and to leading
orderin 1/R, we can ignore the action of the 0, derivative on
the 1/R factor. Then, when acting on the periodic function of
t — R, we can trade off 0, for n, 0 and the latter for —n,0,.

Substituting (6.6) into (6.2) we derive the following
result:

1 o2y D-=-3: : .
<t0kl’lk> ~ —W <h1Jh + mhijhkln’n/nknl
LoiTk . | Y
—2h[]h n-’nk—D_zh Ih‘]

(6.7)

2
+ﬁh Ih nn/>

We are now ready to compute the luminosity of the
gravitational waves from a binary source. For D =5,
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substituting the perturbations derived in (5.23) into (6.5),
and noting that to leading order we have dyh!; =0,h'; =0,
we find'"®

(6.8)

where we recall that G is the effective 4D theory gravi-
tational constant (4.10), and we used the isotropy of the
gravitational waves together with the following identities:

o Ax
/dQQn’nf :?ﬂ(ﬁ”,
- 4, . o
/ d*Qninin*n! = % (898K + §lsik + 5. (6.9)

Substituting the metric perturbations derived earlier in
(5.23) into (6.8), and keeping terms only to leading order
in velocity, the compactified 5D GR luminosity is

(5. 304 76
Eﬁ;vf/) ~ ——Gﬂzr‘fzﬁé _ _EG;/3”2M4/3910/3‘

5 (6.10)

In contrast, the luminosity of gravitational waves in a
purely 4D gravitational theory, with the gravitational waves
sourced by a binary with the same characteristics as ours, is
equal to

. (4 32 32
Eé}\gv = __GN/lzr?296 = 5

s GN7/3/12M4/3910/3. (611)

We conclude that the luminosity of gravitational waves in a
5D spacetime with a compact fifth dimension differs by
20.8% from the corresponding 4D GR luminosity.

Let us now compare the luminosity derived earlier in
(6.10) with the predictions of Einstein-Maxwell-dilaton
theory studied in Refs. [19-21]. For neutral matter (i.e., the
electric charges are zero), the energy of a binary is
dissipated via gravitational and scalar (dilaton) radiation.
We refer to them as Eg and E¢, respectively. The luminosity
depends on the scalar charge through the quantity

dinm,(¢)
0 _ a
Op = > 6.12
a de ( )
For general D dimensions,
H(D.c) 7D —16 R> 2(D-3) : :ij
E ~— — h.:-h
oW 15(D-2)8Gy D -2 (hijh™)
7D —-16 D-2 773
=— 16 2 )Mg4/3010/3
15(D—2)2(D—3) POV ¥
1D -16 o)
T 12(D-3) W

where E5), is defined in (6.11).

where the superscript “0” refers to the quantity being
evaluated at ¢, (a constant corresponding to the scalar field
at spatial infinity), and where m,(¢) is the effective 4D
mass of a source a, which may depend on the dilaton. In
general, for a circular binary, the leading order term in E s 18
dipolar and depends on the difference in scalar charges of
the binary constituents [51].

In our compactified (Kaluza-Klein) higher-dimensional
gravity picture, the effective 4D mass of source a is
given by

my(p) = mae=?/V3, (6.13)
as in (4.9), and where we used the dilaton rescaling as in
(4.4). Since in our theory masses are coupled to the dilaton
universally,

) =a) =—-1/V3, (6.14)

the dipole radiation is zero (because a) — a3 = 0), and so
the leading contribution in E(/, is quadrupolar. Therefore,

both E , and E¢ are quadrupolar, and so is their sum, which
is in agreement with our earlier findings (6.10). More
precisely, given the Kaluza-Klein scalar charges (6.14), the
leading order contribution to the luminosity in Einstein-
Maxwell-dilaton theories [20,21] becomes

Ey~ (1+aad) ™ By

. 1 _ (4
Ey =2 (1 +aja) TadadES,. (6.15)
Thus, in total, we have
; ; 0,0\-1 Ly o) p®
E,+Ey~(14ajay)~"( 1 +eaid EGw
19 . 4
= ﬁEgg,, (6.16)

which matches with our result in (6.10).

VII. CONSTRAINTS FROM GRAVITATIONAL
WAVE OBSERVATIONS

In this section we compute the phase of the gravitational
waveform in the frequency domain and compare it with
observations. We restrict ourselves to the leading post-
Newtonian contribution. We begin by deriving the fre-
quency evolution of the gravitational waves from the
energy-balance law

dE

£ _ g 7.1
= kg 7.1)

which simply states that the rate of change of the binding
energy of the binary E is the same as the luminosity Egw of
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the energy radiated by gravitational waves. For a circular
binary, the binding energy is the same as the effective
potential, which is given in (3.13). However, since we are
interested in calculating the leading post-Newtonian effect,
we can ignore the exponentially suppressed correction.
We can further use Kepler’s law to rewrite the binding
energy as

1
E= —E,u(GNMQ)ZB. (7.2)
Substituting (6.10) on the right-hand side of (7.1), and (7.2)
into its left-hand side, we find

_ Eﬂ8/3f11/3G15V/3M5/3’

#(5.¢)
! 5

(7.3)

where f = Q/x is the gravitational waves frequency [this is
manifest in (5.23)] and M = (mym,)>> /(m + my)'/3
denotes the chirp mass. On the other hand, the frequency
evolution in 4D GR is given by

96

jr(4) _ ?”8/3]011/36;15\]/3/\/12/3’ (7.4)

which differs from the compactified 5D result in (7.3) by a
numerical factor independent of the size of the extra
dimension.

We now compute the gravitational wave phase in the
frequency domain. The observed waveform is given by a
linear combination of the 4+ and x modes. In stationary
phase approximation, the phase of gravitational waveform
as a function of the frequency f is [52,53]

W(f) = 2nf1(f) = 9(f) = 5. (7.5)
where
S dt VN |
= df — = df ~ 7.6
=0+ [Largi=r+ [[ar5 00
and
o 2zxf
= [ dRzxf = df —. 7.7
o(f) /tﬂf ¢0+L) ff (7.7)
Further using (7.3) we obtain
. 9 T
YEA(f) = WJF 2xfty = @o e (7.8)

where 7, and ¢, are the time and phase at the coalescence,
respectively, and u = (zMf)'/3 is the effective relative
velocity of the binary components. On the other hand, the
4D GR result for the phase of the gravitational waves in the
frequency domain is [52,53]

YW (f) = WJF 2xfty = @o —%- (7.9)
Thus, we can rewrite (7.8) based on (7.9) as
‘P<5~C><f>=m<1+6¢)+2nfro—<po—§, (7.10)
with
5¢Ei~0.26. (7.11)
19

We note that our results agree with those derived in the
context of Einstein-Maxwell-dilaton theory discussed in

Ref. [21] (with @; = @, = —1/+/3 and the electric charges
set to zero as discussed previously) to 0.3%. The difference
arises due to a series expansion in luminosity in Ref. [21]
which assumes that the scalar energy flux is small com-
pared to the tensor energy flux. If one performs the
calculation without making such an approximation, the
result in Ref. [21] matches with ours exactly.

Let us now compare the predictions of our model, with a
compactified fifth dimension with actual gravitational wave
observations. From (7.11), one sees that the leading post-
Newtonian term in (7.8) differs by 26% from that of (7.9),
irrespective of the masses of the binary components. The
LIGO/Virgo Collaborations used the events detected from
the first and second observing runs and have placed upper
bounds on |6¢| as ~15% from single events and ~10%
from combined events [5]. Hence a discrepancy of 26% is
inconsistent with the gravitational wave observations, and
thus we can rule out the simple compactified 5D GR model
considered in this paper.

We can easily generalize our previous results and
compute the phase of the gravitational waves in an arbitrary
number of dimensions D, with four noncompact dimen-
sions and the rest compactified (periodic). Using the
gravitational wave luminosity in a D-dimensional space-
time given in footnote 10, it is straightforward to derive
oQ as

~(D) __ S(D - 4)
5pP) = NI (7.12)
We plot 6(P) as a function of D in Fig. 1 and notice that 5@
increases with D. This means that our model stays incon-
sistent with the LIGO/Virgo observations even if we
increase the number of compact extra dimensions.

We now comment on some caveat in the above bounds.
We used the bounds derived by the LIGO/Virgo
Collaborations that assumed the correction to 4D GR in
the phase enters only at OPost-Newtonian (PN) order. Such
a correction partially degenerates with the chirp mass that
also enters first at OPN order, though the mass also enters at
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02 -
0 \ | \ |
5 6 7 8 9 10
Number of Dimensions (D)
FIG. 1. The fractional difference (6¢) of the GW phase with

respect to that of the 4D GR as a function of the number of
dimensions (D). The blue dashed line shows the upper bound
placed on 6¢ from the combined events of the first and second
observing runs of the LIGO/Virgo [5].

higher PN orders and thus the degeneracy can be partially
broken. In reality, higher PN corrections to 4D GR also
enter in the waveform phase. This may change the amount
of correlation between the chirp mass and beyond-4D-GR
effects and may weaken the bound on the OPN correction.
In [1], the LIGO/Virgo Collaborations carried out another
analysis for GW150914 where they included phase cor-
rections at various PN orders in the search parameter set.
This enhances the correlation significantly and the bound
on the OPN correction now becomes [6¢| < 5. If we quote
this bound, we cannot rule out the compact extra dimension
model considered here. Thus, to make a robust statement on
whether one can rule out the model with gravitational-wave
observations, one needs to compute corrections at higher
PN orders and rederive bounds on the extra dimension
effect.

Having said this, one can still rule out the model with
binary pulsar observations for the following reason. A
standard method for testing GR with binary pulsars is to
determine the masses from at least three independent
observables (such as post-Keplerian parameters including
the periastron precession, Shapiro delay, and orbital decay
rate) assuming GR and check the consistency. The orbital
decay rate P is the only post-Keplerian parameter that
depends on the gravitational-wave emission. Thus, even for
the compact extra dimension model considered here, one
can safely use the masses obtained from other post-
Keplerian parameters under the 4D GR assumption since
the conservative corrections are exponentially suppressed.
One can then use the measurement of P to constrain the
model without having to worry about the degeneracy
between the extra dimension effect and masses. Such P
measurements have been mapped to a bound on 6 as
16| < 1073 [54,55], which is much stronger than the

gravitational-wave bound. Thus, one can rule out the
compact dimension model with the binary pulsar
observations."'

VIII. CONCLUSIONS

In this paper we performed an analysis of gravitational
waves sourced by a binary in a D-dimensional spacetime
with four noncompact dimensions and a set of compactified
extra dimensions. We worked under the assumptions that
the two binary sources are pointlike and located on the
same ‘“brane” (i.e., at the same position in the compact
coordinates). For the most part we took D = 5, but we have
provided generalizations to arbitrary D throughout the
paper. We worked within the framework of GR, and in
the limit of small extra dimensions. We computed the
gravitational waves sourced by the binary, the luminosity of
the gravitational waves, and the phase of the gravitational
waves, to leading order in the post-Newtonian expansion.
We found that the luminosity of gravitational waves emitted
in 5D gravity by a binary with the same characteristics
(same masses and separation distance) as a 4D binary is
20.8% less relative to the 4D case, to leading post-
Newtonian order. The phase of the gravitational waveform
differs by 26% relative to the 4D case, to leading post-
Newtonian order, while for general D, the fractional

difference of the phase with that of 4D GR is 57(5__14 6), which
only increases with an increase in D. While there are
exponential corrections that depend on the size of the extra
dimensions, the leading order estimates for the gravitational
wave phase we gave here are independent of size and
depend only on the number of extra dimensions. Based on a
comparison with gravitational-wave observations from the
LIGO/Virgo Collaborations [5] and binary pulsar observa-
tions from radio astronomy [54,55] we can rule out this
class of models for compact extra dimensions. The main
source of discrepancy is the higher-dimensional gravity
coupling with matter, which, when seen from a 4d
perspective, means that matter will couple not only with
the 4d metric, but with the dilaton as well. This dilaton
coupling (or scalar charge) is responsible for fifth force
effects that change the phase of the gravitational waves.
Our results agree with those derived in the context of 4D
Einstein-Maxwell-dilaton theory [19-21] provided that we
set the binary’s scalar charges equal to one another and
equal to the Kaluza-Klein value.

The same fifth force effects are responsible for the
difference between 4D Newton’s constant Gy and the

4D gravitational coupling G: Gy = 2%)__23 ) G, and for the

Shapiro time-delay discrepancy with 4D GR. In a para-
metrized post-Newtonian expansion (PPN) the 4D

A similar result was found in [56] though this reference
effectively introduces matter after the KK reduction and thus is
different from the setup we study here.
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“physical” metric (which is obtained by performing a
rescaling of the 4D metric with the dilaton in such a
way to eliminate the matter-dilaton coupling [9] that is
written as gog=—1+2U+---,g;;=6;;(14+2yU+---), with
y = 1 in 4D GR. A measurement of the frequency shift of
radio photons to and from the Cassini spacecraft as they
passed near the Sun gave y = 1 + (2.1 £2.3) x 107> [57].
On the other hand, the “physical metric” as read off from
footnote 1 has gy = —1 + %ilTOO and gij:1+%izT00+~~-,
which amounts to y ~ 1/2. Therefore this class of com-
pactified extra dimension models was ruled out based on
Solar System measurements [58,59].

In string theory the massless dilaton is one of the many
moduli (zero mass scalars) that arise in the compactification
of the higher-dimensional spacetime. Stabilization of the
moduli can be achieved, for example, by turning on fluxes
for the Ramond-Ramond potentials [60]. This gives rise to
a mass term for the moduli and eliminates the large
contribution of the scalar fifth force, by turning a
Coulomb potential into a Yukawa potential. It would be
interesting to study gravitational waves in such a setup and
place constraints on the various parameters. A somewhat
simpler scenario is the Randall-Sundrum model, where the
fifth dimension is large and warped. Our work here is
intended as a first step in understanding how to set up the
problem of solving for gravitational waves in a higher-
dimensional space with compact dimensions, or warped,
large extra dimensions. For example, we saw that quadru-
pole formulas need not apply, and we had to use a direct
integration of the Einstein equations. Also, when it comes
to the propagation of gravitational waves in spacetimes
with warped, large extra dimensions, reducing the problem
to 4D seems less appropriate, and working in the higher-
dimensional space, as we did here, presents an advantage.
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APPENDIX A: MODIFIED
QUADRUPOLE FORMULA

Here we explicitly point out why the usual quadrupole

formula
B Lo [ = 00ij
X 2580 d’X7x'x: (A1)

cannot be directly extended to higher dimensions if there
are compact dimensions.

Consider the expression 3 93 [ @*X [} dwr™x'x’, and then
use repeatedly the conservation law for " and integrate by
parts, while paying attention to the boundary terms:

1 S (!
-3 / % / dwt%x!x’
2 0

I
:/d355/ dwt!
0
1

+§/d3f(8K75Kx1xJ =l ==l (A2)

For I,J =1i,j=1, 2, 3, the quadrupole formula applies
because of the periodicity of the metric fluctuations in w.
However, if either 7 or J are along the compact dimension,
then there are extra terms relative to those expected based on
the quadrupole formula. These terms are not straightforward
to evaluate, and for this reason we rely on direct integration of
the Einstein equations.

APPENDIX B: HIDDEN BRANE SCENARIO

We generalize the Newtonian potential by having the
observer located at w = 0, and the static mass source m on
a hidden brane at w = wy:

Too(x*, w) = m& (X)6(w — wy). (B1)

The corresponding Newtonian potential evaluated by the
observer is

[se]

4 1
VEO(R, ——— GO S
(R.w) 3o n;m R? + (w; + nl)?

(B2)

Using Poisson summation, the above sum can be evaluated
to give the following result:

4G9m 27R 27R  27aw
(5.) =2 TanhT"— - !
VO (R,wy) 3 IR tanh ] <1 +sech ;T Cos— >

4G m
"3 IR

2
<1 +2e‘2”R/’cos”Twl>, (B3)

~

where in the last step we used R > [ and R > w;. When
wy =0, Eq. (B3) reproduces the Newtonian potential in
Sec. III in the limit of 2zR > [.

APPENDIX C: NEWTONIAN POTENTIAL FROM
INTEGRATING THE RETARDED 5D
COMPACTIFIED GREEN’S FUNCTION

In this Appendix we offer an alternative derivation of the
Newtonian potential obtained in Sec. III, by using the
retarded 5D compactified Green’s function. A static source
of mass m located at the origin has
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Too(x, w) = m&>(X)5(w). (C1) APPENDIX D: RETARDED GREEN’S FUNCTION
The massless scalar D-dimensional flat space Euclidean
Substituting (5.5) and (C1) into (5.2) we obtain Green’s function Gg(x,x') = Gg(x —x') is the inverse of
the D-dimensional Laplacian
t—t -
Tr o (x4, W)———G m Z / d’ ) . Ap)GPE(x —x') =8P (x = x),
iy 1=t =r; b
(D) (4 _ d”p e"*
2 G/ (x—x :—/——. D1
( ) E ( ) (271’)D pp ( )

where r, = \/x2 i y2 + 2+ (w—n l)z. The integral in Starting from the unique Euclidean Green’s function, in the
(C2) can be evaluated by reexpressing the 9, derivative in Minkowski signature the retarded Green’s function is

terms of a time derivative using obtained via the analytical continuation p{ ——i(p°+ie).
The Euclidean metric 5"V gets replaced by the Minkowski
o T o(Ar—r,) metric 7V, and the ie prescription yields the retarded
— Green’s function:
_ 0 [ 6(at=r,) O(At—r,) ~ D) (v ) _/ dPp eirx
=i | A a0 (€)@= == [ e 0

The location of the poles is in the lower half-plane, when
viewed as a function of p° as a complex variable. To evaluate
the integral one integrates over p°, using Cauchy’s theorem,
> — At dift—7 >0 icks up the contribution from the t

00 _ and i , one picks up the contribution from the two
) = =300 3 = [Tani b=

where At = t — ¢'. Substituting (C3) into (C2) we obtain

poles, otherwise the retarded Green’s function is zero. If

\ ;*-0; D = 4, we recover the familiar expression
p 2 dp sin (t—t))
= g(4)< t— p )/ P P eiP (=¥

and the corresponding Newton’s potential V<) =

- —9t—t’—5 t—1)—Ix-=X%1), D3
(=1/3)hi1.0 matches with the one in Eq. (3.6). (=) 8t =) = F= %) (D3)
|
where we used p to denote the magnitude of the spatial vector p, i.e., p = |p|. If D =5, then
d*p sin(p(t—7 -
G6)(x - x) = —9(z_z)/ £ APU=0) i)
(27r
— dpp d@ sin GSIH ( )) zp\)?—?c’|cos0
=01~ 1) o / dppsin(p(i = 1)) (pli - 7))
1 00
=—0(r—"1 — dpsin(p(t—1))Jo(p|x =
=) =TT / psin(p(t = 1))o(pl% - ¥])
1 0 H(t -1 - |x X))
=—0(t-1 = : D4
R S ([ RV ey e ®49
|
APPENDIX E: DIRECT INTEGRATION VS sake, in this Appendix we restrict ourselves to 4D GR.
QUADRUPOLE FORMULA Specifically, we will show that if in computing the spatial

metric fluctuations 2, one uses the quadrupole formula,

Here we use post-Newtonian order counting to explain a ) :
then one can safely neglect nonlinear source terms in the

somewhat subtle aspect of our calculations. For simplicity’s
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relaxed Einstein equations. However, if one directly inte-
grates the relaxed Einstein equations, then the nonlinear
terms cannot be neglected already at the leading post-
Newtonian order. Since our goal is only to highlight
the dependence on velocities, we will write our equations
with squiggle lines, signaling that we are imprecise about
numerical factors.

The relaxed Einstein equations in the harmonic gauge are
given in (2.8), whose 4D solution is given by

I
h* ~ E/ X" (X, t — R), (E1)

where we assumed that we are working in the far-field
approximation, R is the distance from the source to the
field point, and the right-hand side is evaluated at the
retarded time.

1. Direct integration

We are interested in extracting the order of magnitude in
post-Newtonian (PN) expansion estimates of the spatial
components "/ for a compact binary. We will be somewhat
careless about the indices and numerical factors since we
only care about counting the PN order, namely powers of
the relative velocity of the binary constituents, vs Eq. (E1)
should receive contributions from both 7% and 7 .
To leading PN order, the contribution from T%/ is roughly
given by

rij Hoii M
hi ~ = viv) ~ a2, E2
TRl (E2)

where u is the reduced mass of the binary. To consider
the contribution of #/, , let us substitute §/ = "/ — A" into
(2.10) and look at one term (inside t’LJL), for example,

(—g)tﬂ ~ iloo'iiloo'j ~ I:lOO.iilOO,j’ (E3)

so that

S L
ht] Nﬁ/d:&'XhOO,ihOO.j' (E4)

To compute (E4), let us consider partitioning the
spacetime into a near zone and a far zone (FZ)12 relative
to the location of the sources. NZ is the region centered
around the source with the size of the gravitational
wavelength while FZ is the region exterior to it [43].
Within the NZ, the gravitational fields can be considered
as almost instantaneous and retardation can be neglected.

12F7 is also called the radiation zone or the wave zone.

The integral in (E4) can be decomposed into the NZ and FZ
integrals. It turns out that the former dominates the latter, so
what we need is the NZ solution for k. For a compact
binary, the leading NZ solution is given by [61]

PNz L 2T ES

00~ + P (ES)
2m 2m

N (L 225 E6

(2 22), (€6

with r, = |X — X,| and where a = 1, 2 corresponds to one
of the two sources. Thus, AN ~dm,/r, + 4m,/r, and

1 4m1

~ 4m2
hio ~ hi _thZ'Ioo Nr—1+—-

@)

We now substitute the above equation into the right-hand
side of (E4). Those terms that only depend on r; or r, will
diverge and be dropped upon regularization, so what
matters is the cross term between sources 1 and 2.
Ignoring numerical factors, we find

o 1 1
hlj lemZ/ d3 N - = 1 2
‘ R Inz 0, r % r T )
mmy 3.0 (1)1
R /de 0 (ﬁ)aj (Vz) * )

I
~m1mza§‘)a@/ Pr—— 1 (1 & 2),
R Nz

rr

(E8)

where we changed the partial derivatives to source

derivatives 8@ = 0/0x!, so that derivatives can be taken
outside of the integral. The remaining integral, is given
by [62]

1
/ dPx—— = 2zry, (E9)
NZ riry

where r, = |X; — X,| is the binary separation. Thus,

~ii mym
ij 17782
h ~

80P, + (1 < 2)

mymy 1
~ I
R rin

~Ep2 (E10)

where M is the total mass and we used the Kepler’s law in
the last equation. This scaling could, in fact, easily be
obtained from the first line of (E8) by replacing all the
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length scales inside the integral with r,. Notice that 71? is
This means that the
cannot be neglected even at the

of the same PN order as fz’T’

contribution from tiL'fL
leading order.

2. Quadrupole formula

So far we have seen that by using direct integration of the
relaxed Einstein equations, where /27 is sourced by 7%/, both
the linearized E’Tj and second order in fluctuation &/ are of
the same order in a velocity expansion. However, if we
replace our starting point for the derivation of 4%/ with the
quadrupole formula (see Appendix A)

1 &
T 3 =-—
/ YT oar

then we would be using 7% in extracting #”. In this case,
the contribution from 7% is subleading to that of 7%, as we
will now show.

Using (E11) and (E1) one derives

dPxt"xix/, (E11)

2
hi N%d_

300 i
R’ d>xtx'x/ .

(E12)

The contribution from 7% has the same scaling as in
(E2). i.e.,

R gy ~ B2,

) ~ (E13)

On the other hand, the contribution from *°

is given by
Npy 1 &
him, NEW/ dxhi g 3

1 &2

~— 3.9 (M) (M2 J
Rdr? dex8,<r1>8,<r2>xx

1 my ny mymy
~ QP =y, ~ Q2
R r%z T2 R
M
~E (rQ)* ~ a v,

El4
R ryp R ( )

where Q is the binary angular frequency and we replaced
all the length scale by r|, in the third line as noted in

Sec. E 1. Notice that 712{00)
than A" (19 Thus, once the expression for h' is turned into

the quadrupole formula, the contribution from %° becomes
subdominant and one only needs to consider 7% to
leading order.

is of higher order in velocities

APPENDIX F: GW LUMINOSITY IN
TRANSVERSE-TRACELESS (TT) GAUGE

The transverse traceless (TT) gauge for linearized
gravitational fluctuations about a flat spacetime imposes
the following conditions'’:

hoyy =0, (A", =0,  9;,(i™Y =0. (F1)
Starting from the trace-reversed metric fluctuations, 7,
one can show that the transverse traceless components
are obtained by simply acting with a transverse-tracelss

projector

1
Apykr = PPy — D—_2 (F2)

and where P, are projectors orthogonal to n’, with n’ the

direction of propagation of the waves and n'n! = 1:
Py =61 —nny, Pyn’ = 0. (F3)

Therefore, the nonvanishing (same as the trace-reversed)
metric fluctuations in the TT gauge are

hif =Apgrh . (R, =0, n'hff =hi[n’=0. (F4)

It is easy to verify that

il;f}(ilTT)IJ — ]jlljljllj _ 27[11’1]51([']711[(;1‘/1‘
D -3 - .
+ (D _2)11 nj nLh”hKL
1 ~ 2 - .
- (ﬁ) (h'))? + (ﬁ) nKnthg, ).

(F5)

In particular, working in the TT gauge, Eq. (6.2) becomes
simply

L Ty (Fe)

togn® = ————
0K 322G(0

We can nevertheless recover (6.7), starting from the TT
gauge expression (F6) and substituting (F5), which is to be
expected given that we are computing a gauge-invariant
quantity.

“The TT gauge uses the residual gauge freedom of the Lorenz
gauge to impose the additional conditions: (R™T)M,, =0,

hiY, = 0. Take n; to be pointing in the direction of propagation
of the waves, assuming they are plane waves: hMTN =
h}& (t — nyx"). Then, from the harmonic gauge one finds that
n (K™ = 9;(R""™") = 0, (A"™)!, = 0. For spherical waves
these relations remain true to leading order in 1/R.
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