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Gravitational-wave probe of effective quantum gravity
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All modern routes leading to a quantum theory of gravity—i.e., perturbative quantum gravitational one-
loop exact correction to the global chiral current in the standard model, string theory, and loop quantum
gravity—require modification of the classical Einstein-Hilbert action for the spacetime metric by the
addition of a parity-violating Chern-Simons term. The introduction of such a term leads to spacetimes that
manifest an amplitude birefringence in the propagation of gravitational waves. While the degree of
birefringence may be intrinsically small, its effects on a gravitational wave accumulate as the wave
propagates. Observation of gravitational waves that have propagated over cosmological distances may
allow the measurement of even a small birefringence, providing evidence of quantum gravitational effects.
The proposed Laser Interferometer Space Antenna (LISA) will be sensitive enough to observe the
gravitational waves from sources at cosmological distances great enough that interesting bounds on the
Chern-Simons coupling may be found. Here we evaluate the effect of a Chern-Simons induced spacetime
birefringence to the propagation of gravitational waves from such systems. Focusing attention on the
gravitational waves from coalescing binary black holes systems, which LISA will be capable of observing
at redshifts approaching 30, we find that the signature of Chern-Simons gravity is a time-dependent
change in the apparent orientation of the binary’s orbital angular momentum with respect to the observer
line-of-sight, with the magnitude of change reflecting the integrated history of the Chern-Simons coupling
over the worldline of the radiation wave front. While spin-orbit coupling in the binary system will also
lead to an evolution of the system’s orbital angular momentum, the time dependence and other details of
this real effect are different than the apparent effect produced by Chern-Simons birefringence, allowing
the two effects to be separately identified. In this way gravitational-wave observations with LISA may
thus provide our first and only opportunity to probe the quantum structure of spacetime over cosmological

distances.
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L. INTRODUCTION

“Gravitational wave” is the name we give to a short-
wavelength feature of the structure of spacetime, the arena
within which all other phenomena play out their roles. As
such, the direct observation of gravitational waves offers
an unprecedented opportunity to explore the environment
that both enables and constrains the action of the broader
phenomena of nature. Here we describe how, using the
proposed Laser Interferometric Gravitational-Wave
Antenna (LISA) [1-4], to search for evidence of a correc-
tion to general relativity that is well motivated by current
models of effective (perturbative) and nonperturbative
quantum gravity.

In most corners of the perturbative string theory moduli
space in 4-dimensionall compactifications, the addition of
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a parity-violating Chern-Simons term to the Einstein-
Hilbert is required for mathematical consistency [5].
Furthermore, in the presence of the Ramond-Ramond sca-
lar (D-instanton charge), the Chern-Simons term is induced
in all string theories due to duality symmetries [6,7].

The requirement for a Chern-Simons term is not unique
to string-motivated quantum gravity theories: A Chern-
Simons correction to the classical Einstein-Hilbert action
arises as a perturbative quantum gravitational one-loop
exact correction to the global chiral current in the standard
model, similar to the anomaly-canceling correction to the
QCD path integral [8]. While the anomaly-canceling field
in the standard model case interacts with photons (leading
to significant observational constraints on its coupling), the
anomaly-canceling term considered here affects only the
gravitational sector of the theory and is mostly uncon-
strained by observation [9-11]. A Chern-Simons term
also arises in loop quantum gravity, where the coupling
is not necessarily limited to small values. In the strong
gravity sector of this framework, this term arises to ensure
invariance under large gauge transformations of the
Ashtekar connection variables [12].

An ad hoc “classical” Chern-Simons ‘“‘correction” to
the classical Einstein-Hilbert action can, of course, always
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be introduced, though the prescription for doing so is not
unique. In fact, classical realizations of Chern-Simons
gravity can generally be made equivalent classical theories
of torsion [13,14]. In contrast, when our space-time phys-
ics includes both fermions and quantum effects one is led
to a specific one-loop exact effective Chern-Simons cor-
rection to the Einstein-Hilbert action [14]. Given the ubig-
uity of a Chern-Simons correction when exploring either
perturbative or nonperturbative quantum gravitational ef-
fects, and the ad hoc and ambiguous character of its
appearance in classical theories, we characterize observa-
tional tests for the presence of a Chern-Simons correction
to the classical Einstein-Hilbert action as probes of effec-
tive quantum gravity.

Chern-Simons corrections to general relativity were first
introduced in the context of topologically massive gauge
theories in three-dimensional gravity [15]. More recently
the three-dimensional theory was generalized to four-
dimensional general relativity [16] and, since then, the
four-dimensional theory has been studied in cosmological
[7,17-19], weak [9-11], and strong gravity contexts
[20,21]. In the context of gravitational-wave theory,
Chern-Simons gravity leads to an amplitude birefringence
of space-time for gravitational-wave propagation
[7,16,22]: i.e., a polarization dependent amplification/at-
tenuation of wave amplitude with distance propagated.
Observation of gravitational waves that have propagated
over cosmological distances, such as will be possible with
the Laser Interferometer Gravitational-Wave Observatory
(LISA) [2—4], provide the opportunity to measure or bound
the magnitude of the birefringence and, correspondingly,
provide the first experimental constraints on string theory
models of gravity.

Gravitational-wave observations have long been recog-
nized as a tool for testing our understanding of gravity (see
[23] for a recent review). Eardley and collaborators [24,25]
first proposed a far-field test of all metric theories of
gravity through gravitational-wave observations. Finn
[26], and later Cutler and Lindblom [27], proposed a means
of realizing these measurements using a space-based de-
tector in a circumsolar orbit observing solar oscillations in
the far-zone field. Ryan [28] argued that observations of
the phase evolution of the gravitational waves emitted
during the gravitational-wave driven inspiral of, e.g., a
neutron star or stellar mass black hole into a supermassive
black hole could be used to “map out” the spacetime
metric in the vicinity of the black hole horizon, testing
the predictions of general relativity in the regime of strong-
fields. There have been several proposals describing differ-
ent ways in which gravitational-wave observations could
be used to place bounds on the graviton Compton-
wavelength [29-34], the existence of a scalar component
to the gravitational interaction [32—35], and the existence
of other corrections to general relativity as manifest in
some fundamental, dimensionful length scale [36,37].
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The measurements we propose here are, we believe, the
first example of a direct model-independent probe of string
theory and quantum gravity with gravitational waves.

In Sec. II we review Chern-Simons modified gravity,
focusing attention on the scale of the Chern-Simons term
and its effect on the propagation of gravitational waves in a
cosmological background. In Sec. III we evaluate the ob-
servational consequences of the Chern-Simons term in the
context of ground- and space-based gravitational-wave
detectors. In Sec. V we summarize our conclusions and
discuss avenues of future research.

Conventions used in relativity work and conventions
used in quantum field theory work are often at odds. We
follow the relativity conventions Misner, Thorne, and
Wheeler [38] in this work: in particular,

(1) Our metric has signature — + + +;

(i1)) We label indices on spacetime tensors with greek
characters and use latin indices to label indices on
tensors defined on spacelike slices;

(iii)) We use a semicolon in an index list to denote a
covariant derivative (i.e., VyU becomes V*U,,.,)
and a comma to denote ordinary partial derivatives;

(iv) Except where explicitly noted we work in geomet-
ric units, wherein G = ¢ = 1 for Newtonian gravi-
tational constant G speed of light c.

Note that in geometric units, units of mass and length are
interchangeable [i.e., G/c? has units of (length)/(mass)].
This is in contrast to Planck units (7 = ¢ = 1), where units
of mass and units of inverse length are interchangeable
(i.e., i/ c has units of (mass) X (length)).

II. CHERN-SIMONS MODIFIED GRAVITY

A. Brief review

In this subsection we review the modification to classical
general relativity by the inclusion of a Chern-Simons term,
based on [16,22]. All four-dimensional compactifications
of string theory lead, via the Green-Schwarz anomaly
canceling mechanism, to the presence of a four-
dimensional gravitational Chern-Simons term [6]. Chern-
Simons forms are formally defined for odd dimensions,
with the 3-form of particular interest for gauge theories. By
introducing an embedding coordinate, which may be dy-
namical, Jackiw and Yi [16] described a Chern-Simons
correction to the Einstein-Hilbert action

1
Scs = —— | d*xOR*R, 2.1
¢ 647Tf x @.1)

where 6 is (a functional of) the embedding coordinate
R'R = 1Ropys€ P RIS, (2.2)

and €*A7? is the Levi-Civita tensor density. The variation
with respect to the metric of this contribution to the total
action (which includes the Einstein-Hilbert action plus the
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action corresponding to any additional matter fields) yields
[16]
1
SSCS = _F '/'d4x1/—gC055g“'B, (23)
T
where g is the determinant of the metric and C*” is the C-
tensor [39],

1
coB = — Tg[e’fefvﬁavyzef;) — V50, errr@RE?]

(2.4)

and the parenthesis in the superscript stand for symmetri-
zation. The variation of Scg, the usual Einstein-Hilbert
action, and the action of other matter fields leads to the
equations of motion of Chern-Simons modified gravity

GOI,B + CO‘,B = 87TTaB, (25)

where G, is the Einstein tensor (i.e., the trace-reversed
Ricci tensor) and T, is the stress-energy tensor of the
matter fields.

By construction the divergence of the Einstein tensor
G,p vanishes. If 6 is treated as a fixed, external quantity
then general covariance, which requires V - T = 0, leads
to the constraint V - C = 0, which is shown in [16] to be
equivalent to R*R = 0. Alternatively, if 6 is a dynamical
field, then variation of the action with respect to 8 will lead
to the same constraint on R*R. Here we are interested in the
propagation of gravitational waves in vacuum, where T =
0 and the constraint V - C = 0 is satisfied regardless of
whether we view 6 as a dynamical field or a fixed,
externally-specified quantity.

B. Linearized Chern-Simons gravitational waves

Focus attention on gravitational-wave perturbations to a
Friedmann-Robertson-Walker (FRW) cosmological back-
ground in Chern-Simons gravity. Following [22], we can
write the perturbed FRW line element as

ds* = a*(n)[—dn* + (8;; + h;)dx'dx’], (2.6)

where 7 is conformal time, y' are comoving spatial coor-
dinates, §;; is the Euclidean metric, and h;; is the metric
perturbation, which—for gravitational-wave solutions—
we can take to be transverse and traceless [40].
Introducing this perturbation into the field equations
[Eq. (2.5)] leads to

) 1 .
Ogh!y = —— elIK[(0" — 23 6")d ,hy,; + 6'9,0,hy;]
2.7
where we have introduced the notation
f= (- (2.8)
O, = 0% — 89,0, +2H9,, (2.9)
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H =d/a.

Conformal time 7 is related to proper time measured by an
observer at rest with respect to the cosmological fluid via

dt = a(n)dn; 2.11)

(2.10)

correspondingly, the conformal Hubble function JH is
related to the Hubble function H measured by an observer
at rest with respect to slices of homogeneity via

i1
H=2="4
a a

(2.12)

where we have use dots to stand for derivatives with respect
to cosmic time .

Focus attention on plane-wave solutions to the wave
equation [Eq. (2.7)]. With the ansatz

hym(m, X' = &e—i[db(n)—mu{k]’ (2.13)
a(n)

where the amplitude A, the unit vector in the direction

of wave propagation n; and the conformal wave number

x>0 are all constant, we find that ¢, , and A; ;j must

satisfy

DA; = —a2e’*n, A (0" —2H )P — iH )«
+ 0’k D], (2.14)
where

D =—i¢" —(¢p')? — H' — H? + (2.15)

Since the Chern-Simons correction breaks parity, it is
convenient to resolve A ;; into definite parity states, cor-
responding to radiation amplitude in the right- and left-

handed polarizations ef and ef;,

A= Ageli + Apel, (2.16a)
where
1 .
ef = \/—E(e,?, + ie))), (2.16b)
L — 1 + . X
ey = J_E(ekl — ie}), (2.16¢)

and ek+1,x are the usual linear polarization tensors [38]. It is
straightforward to show that

RL

nieike = idgy(e/ RL, (2.17a)

where
AR = +1, (2.17b)
AL =—1 (2.17¢)

With this substitution Eq. (2.14) becomes two decoupled
equations, one for right-hand polarized waves and one for
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left-hand polarized waves
ipp T (pp ) + H' + H? — i
_idg (0" =23 0)(¢' — iH)k/a?
(1 — AgLk0'/a?) '

(2.18)

The terms on the right-hand side of Eq. (2.18) are the
Chern-Simons corrections to gravitational plane-wave
propagation in a FRW spacetime. To understand the rela-
tive scale of these terms, we rewrite the equation in terms
of the ratio ¢'/k,

/
Y+ i(1 — T2 — 5A — y?)

K
ArL(€E = 2y{TZ) :
=— —iyl), 2.19
T i lZ (v —iyD) (2.19a)
where
/
y= i (2.19b)
K
H, H
=— d I'=s—, 2.19
Y K an .7-[() ( C)
! 5_[/
_Jto _
6= K2 and A = ﬁé, (219d)
0// 9//
=2 and E=—, (2.19)
ag a‘e
RUA A
= — d Z=—, 2.19
pr an 27 (2.191)

and a subscript 0 indicates the present-dayvalue of the
functions 6', 0", H, H', and a.
If we assume that @ and H evolve on cosmological time

scales (i.e., f/ ~ H f) then

e’ ~ (v < y* ~|él. (2.20)

Treating the terms in € and y{ as perturbations, write the
solution to Eq. (2.19a) as

y=yote€yo1+y{yio+..., (2.21)

where y, = ¢(,/« is the solution to the unperturbed equa-
tion [i.e., the dispersion relation in an FRW cosmology,
given by equation (2.19a) with vanishing right-hand side].
The first corrections y,; and y;, owing to the Chern-
Simons terms satisfy

(2.222)
(2.22b)

You — 2ikyoyo1 = ArLKEY(,

Yio — 2ikyoyio = —2Ag Lk Zy,.

Requiring that the perturbation vanish at some initial (con-
formal) time 7); the perturbations y,; and y, ¢ satisfy
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yo1(m) = A L YIE](n),
yio(m) = —2Ax LY[TZ](n),

(2.232)
(2.23b)

where
YIgl(n) = ke2b@ [7 dxe 20y (x)g(x). (2.23c)
ni

Finally, the Chern-Simons correction to the accumulated
phase as the plane wave propagates from 7, to 7 is

Sy = kAry | dn{€YLEN(n) — 2yZYITZY(n)}.
ni
(2.24)

When y < 1, i.e., kg is very much greater than the
Hubble constant H,, the rescaled frequency |yo| ~ 1. In
this limit we can use integration by parts to find an asymp-
totic expansion for Y[g],

Yigl(n) ~ iew;m[e—zm i(;{)%l d )€g]n

fr Yo dn m

0 1 \nt+1
+0(=—) .
(2iK)

In the next section we explore the observational con-

sequences of gravitational-wave propagation in Chern-
Simons gravity.

(2.25)

III. OBSERVATIONAL CONSEQUENCES

A. Birefringence in a matter-dominated cosmology

Current and proposed ground-based gravitational-
wave detectors are sensitive to gravitational waves in the
10 Hz—-1 KHz band [41-44]. Detectable sources in this
band are expected to have redshifts z = 1. Space-based
gravitational-wave detectors like LISA [2] will be sensitive
to gravitational waves in the 0.1-100 mHz band and, in this
band, be sensitive enough to observe the gravitational
waves from the inspiral of several ~10°M, black hole
binary systems at z =< 30: i.e., anywhere in the universe
they are expected [3,45]. For sources in the band of these
detectors

1 H
y =37 X 10—19(@)< z ) <1, @G

0.72/\kc/2m
where
H,
higo = . 3.2
190100 kms ! Mpc ! (3.2)

Additionally, for redshifts z =< 30 the universe is well
described by a matter-dominated FRW cosmological
model. In this section we evaluate the effect that the
Chern-Simons corrections described above have on propa-
gation of gravitational plane waves through a matter-
dominated FRW model.

066005-4



GRAVITATIONAL-WAVE PROBE OF EFFECTIVE QUANTUM ... PHYSICAL REVIEW D 78, 066005 (2008)

In a matter-dominated FRW model the scale factor a(r) Hok , 1o
satisfies [38] (= 0, and Z= o (3.31)

0(77) _ 7’]2 _ 1

(3.32)  Additionally,

ag 1+ Z’
where, by convention, 7 = 1 at the present epoch. In this E = L 0_” (3.3h)
model and with this convention 774 0()/ ' '
H="=2J/1+z and H,= (3.3b)
1 6
5 n" 6
y== and T'=7n"'=41+z (3.3¢)
K
H, 2
2 =—=_— .3j
6=_P and A=n?2=1+z (3.3d) “ Hy H G
7 vy With the v and I' parameters for a matter-dominated

=0 0 and E=— — (3.3e) FRW cosmological model, the unperturbed equation for y

4 plr’ .
n" Oy has solutions of the form
|

(14 Ckn — k?>n?)cos(kn) — (C — kn — Ck*n?)sin(kn)
K1 (1 + Ckm)cos(km) — (C — km)sin(kn)

Yo = — , (3.4)
where C is a constant of the integration. In the limit of large « the evolution of « should decouple from the universal
expansion; thus, we are led to choose C = =i, which eliminates the oscillatory terms in our general solution for yj,

+K3n3 —

k(1 + «*n?) ©-3)

Yo =

Consistent with our ansatz [cf. Eq. (2.13)] we choose the solution with positive i (y): i.e., C = +i. Solving this equation
for the phase ¢(, = ky, we find

Ado(n) = ¢do(1) — do(n), (3.6a)
k(1 —mn) i 1+ «2n?
= [K(l - 7]) - arctanm] - 5 ln[m], (36b)
2 J1+z—1 2y(V1+z—1) i Y2z
= |- —F=——=—arctan—————= Inf1+———5| (3.6¢)
vy 1tz 4+ v/l +z 2 4+
|
In the absence of the Chern-Simons correction an observer ~ which may be integrated to find A¢ g 1),
at rest with respect to slices of (cosmological) homogene- . ,
ity will observe a passing gravitational plane-wave to Adiwr) = i)‘RLE j‘l[ei 0"(n) 2 {i 0 (ﬂ):ld
undergo a change in phase A ¢((7) between cosmological L 2 ), 0t 6) S 6
time 7 and the present epoch. + O(y), (3.82)
With y, and Egs. (2.23) we can evaluate the Chern- 1
Simons contribution to the phase change owing to propa- = ilpL 20 &(n). (3.8b)
gation from cosmological time 7. Making use of the Hy
asymptotic expansions for yo; and y; o [Eq. (2.25)] we find 1 i onvenient to rewrite & as a function of z,
i .
YoIRL) ~ — E(mq)e 2 1A d0(n0)=Ado(m)]] £(z) = aA(z) + BB(2), (3.8¢)
+ O(y), (3.7a)  where
yrowrr ~ —iAr LT (1) Z(n) = T'(n9)Z(n,) do/dz
~2i[Ado(m0)—Adbo(m)] Alz) = dZ(l + 7)Y (3.8d)
X e otm)=Aeml] + O(y), (3.7b) (d8/dz),’
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z d*6/dz?
B(z) = '/;) dz(1 + Z)sz, (3.8¢e)
_ 3e (d6/dz),
@ = Y S S PeiaD), + 3dejd, oD
2 2

2(d*0/dz?), + 3(d6/dz),’

and the subscript zero denotes present-dayvalues of the
subscripted quantities. The leading-order Chern-Simons
correction to the accumulated phase is thus pure imaginary,
corresponding to an attenuation of one circular polarization
state and an equal amplification of the other. The attenu-
ation/amplification is linearly dependent on the wave num-
ber. The function &(z) may be thought of as a “form-
factor” that probes the past history of the coupling 6.

B. Binary inspiral at cosmological distances

The proposed LISA gravitational-wave detector is ca-
pable of observing coalescing binary black hole systems at
cosmological distances; for example, the gravitational
waves associated with a pair of 10°M, black holes will
be observable at redshifts z approaching 30. Over the year
leading up to the merger of two such black holes the
binary’s period will decrease by two orders of magnitude,
leading to a corresponding decrease in the radiation wave-
length and increase in the magnitude of the Chern-Simons
correction. The time-dependent relationship between the
radiation amplitude in the two polarization states thus
carries with it the signature of Chern-Simons gravity and

|

(my + my)'/3

We “hat” all these quantities to remind us that, as ex-
pressed above, they are appropriate descriptions only in the
neighborhood of the source where the Chern-Simons and
cosmological corrections to the propagation of the waves
may be neglected.

To describe the radiation after it has propagated to the
detector we first describe the near-source radiation in terms
of circular polarization states

h = NRhger + hye; ] (3.13a)
. M ME\2/3
hgr = \/57(7> (1+ A )?
X exp[—i(D(F) — k(Dd)]. (3.13b)

We are interested in the radiation incident on our detector
today (z = 0, n = 1) from a source at redshift z. Matching
the near-source description of the radiation [Eq. (3.13)) to
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can be used to characterize the functional @ that describes
the Chern-Simons correction to classical general relativity.

To calculate the signature left by the Chern-Simons
correction on the gravitational waves from a coalescing
binary system at redshift z, we begin with the radiation
near the source. Treating, as before, the Chern-Simons
correction as a perturbation, the quadrupole approximation
to the radiation from the binary system in the neighborhood
of the source is given by

h=N[h,e, +hees] (3.9a)
e =220 PP k2P expl—itb(d) — k(D))
(3.9b)

e = M LM k2P expl—i(D) — K], (3.90)

where d is the proper distance to the source and

R T —1A5/8 .
D7) = —2( = ) + 9, 3.10
(1) < (3.10)
2[5 M\

® M(256T—f) .11

The constants 7 and & , which determine when coalescence
occurs and the phase of the gravitational-wave signal at
some fiducial instant, are set by initial conditions. The
quantities M and X are constants that depend on the binary
system’s component masses (m;, m,) and orientation with
respect to the observer

X = (cosine-angle between the orbital angular momentum and the observer line-of-sight), (3.12a)
. ETEMTE
M= L 2 = (“chirp” mass). (3.12b)

|
our ansatz [Eq. (2.13)] we find the description of the

radiation after propagating to the detector from a redshift z,

h = m[ﬁReR + ﬁLeL], (3143)
2/3
hg1 = ﬁﬂ(MkO) (1+ Ag %)
d; 2
X exp[—i(Py(r) — k(1 — 1) + A1)
+ A¢1(R,L)(t))]y (3.14b)
where
T — 1\5/8
By 1) = —2(—5 M) v s, (3.14c)
2 (5 M \3/8
ko(2) = W(ﬁ T t) , (3.14d)
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d; = agn(1 + z) = (Luminosity distance to source),
(3.14e)

M=010+7M,

2(1+z—-1)
Hyv1 + 2
Ji+tz—1

(3.14f)
Apy = ko(r) — arctan2y(z)

% ln[l + 92(t) L]

x 4+ 1+ z29%(1) a 4+ (1)
(3.14g)
_ Ho
v(t) = o) (3.14h)

and A¢ ) given by Eq.. (3.8) above. Here ¢ is proper
time as measured by a detector at rest with respect to the
cosmological fluid at the present epoch (n = 1), ky(?) is
the instantaneous wave number of the wave front passing
the detector at observer time ¢, and T and J are, as before,
constants of the integration. The correction A ¢, which is
the same for all polarizations, embodies O(k,/H,) correc-
tions to the wave phase owing to the wave propagation
through the time-dependent cosmological background.
The correction A¢ gy, is of opposite character for the
two polarization states and embodies the (first-order) cor-
rections to wave propagation owing to the Chern-Simons
corrections to the Einstein field equations.

Focus attention on the argument of the exponential in
Eq. (3.14b). The term «(1 — n) cancels the first term in
Eq. (3.14g) for A ¢y, leading to

M ( Mky\2/3
hgy = \/§—< 0) (1 + Az R)?

4, \ 2
x exp[—i(cpo(t) - ?(\/_1 I )
+ A¢1(R,L)(¢))]- (3.15)

The observational effect of the Chern-Simons is readily
identified by looking at the ratio of the polarization ampli-
tudes hy and A,

he _(+3) 20
S Xp[ H, ] (3.16)
_1tx (3.17)
1 —x

where £ is given by Eq.. (3.8) and x may be interpreted as
the apparent inclination cosine-angle. The effect of the
Chern-Simons correction on gravitational-wave propaga-
tion is to confound the identification between polarization
amplitude ratios and binary orbit inclination cosine-angle.
In the same way that we say that the curvature of spacetime
“bends” light passing close to strongly gravitating body
we may say that the effect of the Chern-Simons correction
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is to “rotate” the apparent inclination angle of the binary
system’s orbital angular momentum axis either toward or
away from us.

IV. DISCUSSION

A. What can be measured?

Over the course of a year-long observation the LISA
spacecraft constellation will measure the radiation in both
polarizations of an incident gravitational-wave train asso-
ciated with an inspiraling coalescing binary system. The
relative amplitude of the two polarizations will be deter-
mined by the orientation of the binary systems orbital plane
to the observer line-of-sight and the form factor &(z). A
nonvanishing ¢ leads to a time-varying apparent inclina-
tion angle that, by nature of its time dependence, can (in
principle) be measured directly from the apparent inclina-
tion angle’s time variation.

Other properties of an inspiraling binary can lead to an
evolution of the (apparent) inclination cos-angle. Spin-
orbit coupling leads to a real precession of the binary’s
orbital plane and a corresponding time-dependence in the
actual inclination cos-angle j. Referring to Eq. (3.14b), it
is apparent that for small | §| ~ 0 an incremental change u
in ¥ will lead to changes in hg that are indistinguishable
from an increment in x associated with ¢. Following
Vecchio ([46] Eqs. 27-31) we note that, at first nonvanish-
ing post-Newtonian order, spin-orbit interactions in an
inspiraling binary system lead to

dx 2/3

(dt>so o)
This is a different dependence on k than the O(k;) depen-
dence associated with ¢£. Thus, it remains in principle
possible to distinguish the signature of Chern-Simons
gravity in the signal from cosmologically distant coales-
cing binary black hole systems. The accuracy with which
such a measurement can be made is the topic of the next
subsection.

.1

B. How accurately can & be measured?

The most general astrophysical black hole binary system
can be described by eleven independent parameters, which
may be counted as two component masses; component
spins and their orientation (six parameters); orbital eccen-
tricity; orbital phase; and a a reference time when the
phase, spins and eccentricity are measured. The
gravitational-wave signal in any particular polarization
will depend on the description of the binary and six addi-
tional parameters that describe the binary’s orientation
with respect to the detector. These six additional parame-
ters may be counted as orbital plane orientation (two
angles); source location with respect to the detector (dis-
tance and two position angles); and orbit orientation in
orbital plane (one angle) [47]. To these seventeen parame-
ters we now add &, which describes the effect of propaga-
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tion through the birefringent Chern-Simons spacetime, for
a total of eighteen parameters that are required to describe
the signal from a coalescing binary system.

To-date, all analyses of expected parameter estimation
errors have been made under a set of approximations that
focus attention on the measurement of component masses,
source location (both distance and angular position), and
the expected time of binary coalescence. Even the most
sophisticated of these analysis ignore all but the leading-
order contribution to the gravitational-wave signal ampli-
tude at twice the orbital frequency [48] and assume that the
orbital eccentricity is known to vanish. These approxima-
tions are quite appropriate for their purpose (estimation of
component masses, source location, and expected time of
coalescence); however, by ignoring all but the leading-
order contribution to the signal magnitude they are inade-
quate starting points for exploring the accuracy with which
&, which affects only the signal amplitude in the different
polarizations, can be bounded [49]. Evaluating and pre-
senting the errors associated with the measurement of ¢ via
a full covariance matrix analysis is thus a formidable
enterprise, to be addressed in a future work.

Nevertheless, through a series of plausible approxima-
tions it is possible to make a crude estimate of the accuracy
with which & can be determined. To begin, assume we have
two gravitational-wave detectors such that, via a linear
combination of observations made at each, we can can
synthesize two other detectors with one exclusively sensi-
tive to hr and and one exclusively sensitive to /; . Write the
scalar detector response of each of these detectors as

mg (1) = explug () + ithg ()], 4.2)

for real wg 1 and ¢ 1. Next, note that the parameters that
describe a coalescing binary system can be divided into
two groups: those that principally affect only the signal
amplitude (i.e., u(7)) and those that affect only or princi-
pally the real part of the signal phase (i.e., /(). The first
group includes distance, source orientation with respect to
the observer line-of-sight, and ¢. The second group in-
cludes the orbital phase, sky location (through its affect on
the Doppler correction to the signal phase as the detector
orbits about the sun), the instantaneous binary period at
some fiducial moment, and the parameters associated with
spin and orbital angular momentum [50]. If we approxi-
mate each detector’s noise as white with one-sided noise
power spectral density S, then the elements of the inverse
covariance matrix I'—the so-called Fisher matrix—are
given by [51,52]

G GY)
dt,
k= RLSO ,/. ax!

where the integration is over the observation period (¢;, )
and the x* are the parameters that characterize the incident
gravitational wave, which we have divided into two
groups. Matrix elements I';; where x' and x/ belong to
different groups will be much smaller than elements where

4.3)
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x' and x/ belong to the same group. Setting the cross-group
elements to zero we obtain an approximate I' that is block
diagonal, with one block corresponding to I';; with (x', x/)
drawn from the first group, and the other block correspond-
ing to I';; with (x',x/) drawn from the second group.
Estimation uncertainties of parameters in either group
can now be determined independently of the parameters
in the other group.

Focus attention now on those parameters that affect only
(1), the signal’s amplitude evolution. The leading order
dependence of the amplitude |Ag | on the binary systems
parameters is given by

AgL = lhg ]
2M T ko(r) M 72/3 ko(2)
= (1 + ALk =— [ - > ] (/\RLf ) )
dy

(4.4)
where M is assumed known. Setting aside the antenna
pattern factors associated with the projection of the signal
onto the LISA detector (which depend only on the known
source sky position and the LISA orbital ephemeris), as-
suming that there is no real precession in the binary system
under observation (i.e., %), and that k(7) is given by
Eq. (3.11) the inverse of the covariance matrix—the so-
called Fisher matrix, I'—associated with the amplitude
measurements is a symmetric 3 X 3 matrix with elements

1
Tpp =< / (A% + AY)dr
SO 1

~8(1 + 642 + A4)(M) I+ 06 (4.52)

. 1frf[ 2 o 2
Do — So l—g % 1+ %

2
~ —1670(3 + )?%)(d—L) I+ 0,

1 [ ko(r)
Tpe = — ["500 42
PEse ) Ho (AL

L 64%0(1+ %) (5\4)2
i G,) 7o,

1 4A% 4A?
Ff(of(o o ftf[ l} 7 T I: Z]dt
So Ji, LA+ %0)* (1 = %o)

~3(1 + g)<M) I+ 00
1 (1 2k () A A2
P = | e T
321 +332)
- MH,
1 Iy k2 (l)

., = —
€8, ), H?

i

Aﬁ]dr
(4.5b)
— A2)dt

(4.5¢)

(4.5d)

(fl\f)zj +0@) (4.5¢)

-~ (A} + A?)dt

320+ 6% + 1)
(MH,)?

( ) K+0E), @sh
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where
D = Ind,, (4.5g)
I— [ff<k0(t)3\/l)4/3 dr _ 5 kmux(@)m M?dk
So 192 Ji,. \ 2 So
21/3
= M i(kjw) 413 [fmss (4.5h)
SO min
7= /tf(ko(t)m/l)m dt 5 mdx(kjvl)m M2dk
So 192 Ji. \ 2 So
21/3
_ Mi(kjvl) ]/%lkmdx (451)
SO min
XK = ftf(ko([)M)10/3 dt
So
mdx<k3vl) 1/3 M2dk
192 ko \ 2 So
21/33\4 5 ,
( M)Z/’%lkmax (45J)
Sy 128

and we have taken advantage of the fact that for inspiraling
compact binary systems in the quadrupole approximation
k(r) is monotonic in ¢ to reexpress the integrals over the
interval (z;, t/) as integrals over [k(t;), k(t)] = (kmin» Kmax)-
In the particular case of a binary seen plane-on (y, = 0),
the (Dyx,) and (DE) blocks of T are diagonal, leading to

1 KXI

Viko = 2 TK - 72 (4.6a)
(MH,)? I?
= , 4.6b
Vet 4p> IK - J? (4.6b)
where v;; is the ensemble average covariance
v =" —x) —x) =), (4.6¢)

and we have expressed the v;; in terms of the ensemble
average amplitude-squared signal-to-noise ratio p>

1 t
p? = o jf di(A% + A2).
0 Jt

Focus attention on a binary system of two black holes at
redshift z, each with mass M = 105M (1 + z)~!. Over the
final year before coalescence the radiation wavelength
27w/k observed at the detector will range from
c(107* Hz) "' to ¢(10~2 Hz)~!. For such a system,

10°h49 (10—4°Hz—1)1/z @

(4.6d)

Py —JTrz\ S
V§§=3.1X10_40< 0" 40H 71)(1‘1’2_\/14‘ )2
4.8)

Observation of binary systems like these at z = 15 by
LISA will be capable of placing a *““1-sigma” upper bound
on ¢ of order 10717,

PHYSICAL REVIEW D 78, 066005 (2008)
C. How large might £ be?

To estimate £ [cf. Eq. (3.8¢c)] we must invoke a theoreti-
cal model for the functional 6] ¢(z)]. As described in the
introduction, perturbative string theory requires a Chern-
Simons correction to the Einstein-Hilbert action [53]. Here
we describe a different mechanism, that can also lead to the
presence of a Chern-Simons correction. Consider the back-
reaction of a N = 1 supersymmetric Yang-Mills theory in
a curved background (cf. [54] Appendix A]) with action

Scg = —— f d*xF1(S)(R*R), 4.9)
where S is the glueball superfield and F1(S), which plays
the role of 8 in Eq. (2.1), can be exactly evaluated by using
perturbative matrix model technology developed in [55].
Within this Yang-Mills framework, 6 is a functional 6[¢]
of some pseudoscalar field ¢, the gravitational axion, that
depends only on conformal time [22]. The functional 6] ¢]
can be expressed as

Nefz’l ¢
27 1‘4})]y

where {p = (hG/c)'/? is the Planck length, Mp =
(€p+/87) ! is the reduced Planck mass and N is a di-
mensionless constant. Through use of the low-energy ef-
fective four-dimensional heterotic string action the
constant /N can be evaluated in terms of the ten-
dimensional fundamental string energy scale M, and the
dimensionless string coupling g,

0le] = (4.10)

Mpl)z 1
- , (4.11)
(Ms Vs
leading to
1 M
olo] = » _¥n (4.12)

167 M2, My My Jgs’

Assuming that ¢, which has units of inverse length,

evolves with the Hubble parameter H = ™3 we have
A(z) = B(z) = —AZ[(1 + )'/2 = 1] (4.13)
and
— L1+ 2)"2 = 1](e — 2%0), (4.14)

with (€ — y{) of the order of

(1.8 + 3.5h%,,) X 107120 <@)<1016 GeV)
NS M; M, )
(4.15a)

The size of ¢ thus depends on the present value of the field
¢g, the fundamental string energy scale M and the string
coupling g,, none of which are constrained by present-day
theory.

The lesson to draw from the discussion of this scenario is
that the magnitude of any Chern-Simons correction de-

€ —2y{ =
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pends strongly on the external theoretical framework that
prescribes the functional 6[¢]. For nonvanishing string
coupling in the perturbative string theory scenario the
Chern-Simons correction seems undetectable owing to
the Planck scale suppression of the decay constant of the
universal gravitational axion field ¢. However, this model
and the associated expected scale of € — 2y{ applies only
to the perturbative sector of string theory and, in particular,
when Ramond-Ramond charges are turned off. If present
these additional degrees of freedom do couple and source
the Chern-Simons correction, leading to a larger decay
constant (e.g., D3 branes always excite the Chern-Simons
interaction in four dimensions). In a recent work, Svrcek
and Witten [56] noted that, due to nonperturbative gravi-
tational instanton corrections, the Chern-Simons coupling
in the nonperturbative sector is currently incalculable.
Even within the perturbative framework there are theoreti-
cal frameworks where ¢ could become significant: e.g., if
the string coupling g, vanishes at late times [57-67].
Therefore, within the full string theory framework, a larger
coupling, which would push the stringy Chern-Simons
correction into the observational window, is not excluded
and bounding it places a constraint on string theory moti-
vated corrections to classical general relativity.

As discussed briefly in the introduction, other (non-
string) theoretical frameworks lead to a Chern-Simons
correction to the Einstein-Hilbert action. In quantum theo-
ries Chern-Simons corrections to the Einstein-Hilbert ac-
tion are required in both the standard model[8] and in loop
quantum gravity (where it is required to ensure invariance
under large gauge transformations [12]). A Chern-Simons
correction can also be introduced ad hoc into the classical
theory [16], where it is related to torsion [13,14]. In any of
these scenarios—quantum or classical—there is no theo-
retical constraint on the Chern-Simons coupling to the
Einstein-Hilbert action: i.e., a coupling of order unity is
theoretically consistent. Moreover, in the presence of fer-
mions the Chern-Simons correction is actually enhanced
through axial fermion currents [14]. By bounding this
coupling, gravitational-wave observations that can discern
the unique birefringence of spacetime associated Chern-
Simons gravity thus probe quantum corrections to classical
gravity.

V. CONCLUSIONS

Chern-Simons corrections to the Einstein-Hilbert action
are strongly motivated by string theory, quantum gravita-

PHYSICAL REVIEW D 78, 066005 (2008)

tional corrections to the standard model and loop quantum
gravity. In all cases these corrections lead to an amplitude
birefringence for gravitational waves propagating through
space time. We have evaluated the correction to the gravi-
tational waves amplitude that propagate over cosmological
distances in a matter-dominated Friedmann-Robertson-
Walker cosmology. In the case of the gravitational waves
from inspiraling binary black hole systems the effect of the
spacetime birefringence is an apparent time-dependent
change in the inclination angle between the binary sys-
tem’s orbital angular momentum and the line-of-sight to
the detector. (This change is ““apparent” in the same sense
that light is apparently ‘“bent” upon passage nearby a
strongly gravitating object.) Sufficiently long observations
of a binary system will enable this apparent rotation to be
distinguished from the real rotation caused by spin-orbit
and spin-spin angular momentum interactions in the binary
system. Observations of just this kind will be possible
using the LISA gravitational-wave detector [2—4], which
will be able to observe the inspiral of massive black hole
binaries at redshifts approaching 30 for periods of a year or
more. Gravitational-wave observations of these systems
with LISA may thus provide the first test of string theory
or other quantum theories of gravity: yet another way in
which gravitational-wave observations can act as a unique
tool for probing the fundamental nature of the universe.
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