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The first space-based gravitational-wave detectors
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Gravitational waves provide a laboratory for general relativity and a window to energetic astrophysical
phenomena invisible with electromagnetic radiation. Several terrestrial detectors are currently under construc-
tion, and a space-based interferometer is envisioned for launch early next century to detect test-mass motions
induced by waves of relatively short wavelength. Very-long-wavelength gravitational waves can be detected
using the plasma in the early Universe as test masses; the motion induced in the plasma by a wave is imprinted
onto the cosmic microwave backgrou@@MB). While the signature of gravitational waves on the CMB
temperature fluctuations is not unique, fhaarization pattern can be used to unambiguously detect gravita-
tional radiation. Thus, forthcoming CMB polarization experiments, such as the Microwave Anisotropy Probe
and Planck, will be the first space-based gravitational-wave detef&#556-282(199)01002-4

PACS numbd(s): 95.55.Ym, 04.80.Nn, 98.70.Vc

One of the most spectacular predictions of general relamonitor the oscillation modes of the test body, the CMB
tivity is the existence of gravitational waves. A gravitational photons are the electromagnetic signal upon which these
wave conveys information about the motions of mass angblasma motions are imprinted.
ripples in curvature—the shape of spacetime. Detection of One might despair because cosmological density pertur-
gravitational radiation would allow us to probe “invisible” bations generate equivalent fluctuations in the CMB tem-
astrophysical phenomena hidden from view by absorption operature, nullifying the possibility of using the temperature
electromagnetic radiation. Observations of the binary pulsafluctuations to detect gravitational wavesthough it can be
PSR1913-16, which confirm the orbital-inspiral rate due to used to place upper limits7]). To illustrate, we show two
the emission of gravitational wavgs], bring us tantalizingly ~simulated CMB temperature and polarization maps in Fig. 1.
close to this goal. However, we would still like to detect The color contrasts represent temperature fluctuations of
gravitational radiation directly. Thus, a variety of efforts areroughly one part in 10(red are hot spots and blue are gold
now under way to detect gravitational wa&J. Here, we  In Fig. 1(a), the temperature fluctuations are produced by a
show that forthcoming maps of the polarization of the cos-spectrum of stochastic cosmological density perturbations
mic microwave backgroundCMB) can be used to detect that may be expected in a realistic inflationary cosmological
very-long-wavelength gravitational radiation. scenario. In Fig. ) we have found a plausible spectrum of

Gravitational waves are detected by observing the motiostochastic long-wavelength gravitational waves that produce
they induce in test masseg3,4]. High-frequency precisely the same temperature fluctuations.

(1-1¢ Hz) gravitational waves, produced by the inspiral Y&t our hopes are restored upon realization that the mo-
and catastrophic collision of astrophysical objects, may béions in the cosmological fluid generated by gravitational
detectable by terrestrial laser interferomefersg)., the Laser waves polarize the CMB in a pattern that is distinct from that
Interferometric Gravitational Wave ObservatghyGO) [5]]  produced by density perturbatiof,9]. Roughly speaking,

or resonant-mass antennae currently under constructiothe polarization “vector” fieldP(fA) (as a function of posi-
Low-frequency (104—10 ! Hz) gravitational waves, pro- tion fi on the sky can be decomposed into a curl and curl-
duced by the orbital motion of binaries, could be detected byree part,

the Laser Interferometer Space Anter{htSA) [6], a space-

based interferometer targeted for launch circa 2015. P(A)=VA+VXB, 1)

How can one detect ultra-low-frequency (10
—10 *® Hz) gravitational radiation, with wavelengths com- _ _ s .
parable to the size of the observable Universe? The photorf!N€reA is a scalar function anB is a vector field. The curl
baryon fluid in the early Universe acts as a set of test massé¥d curl-free parts dP(f) can be isolated by taking the curl
for such waves. A gravitational wave in this frequency rangeand gradient ofP, respectively. Since density perturbations
alternately squeezes and stretches the primordial plasma. Jase scalar perturbations to the spacetime metric, they have no
as a resonant-mass detector is equipped with electronics ttandedness and therefore produce no curl in the CMB polar-

ization field. Gravitational waves, howevelp have a hand-
edness, so thego produce a curl. By decomposing the CMB

*Electronic address: caldwell@dept.physics.upenn.edu polarization field into its curl and curl-free parts, one can
"Electronic address: kamion@phys.columbia.edu unambiguously detect gravitational waves. Again, to illus-
*Electronic address: leven@phys.columbia.edu trate, the headless arrows in Fig. 1 depict the orientation and
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tor k oriented in thez direction. The curl component of the
polarization pattern induced by this wave will have expan-
sion coefficients

asm (k) =—(2a%)h\ 2/ + 1(8m o= Om - 2)
AD(k,h=1). 4

The functionsA(CT)(k,h= 1) describe the perturbations to an
isotropic photon distribution induced by a gravitational wave
of initially unit amplitude h=1); they are obtained from
equations for the photon distribution in an expanding Uni-
verse with this gravitational wave. The precise form of

(T)(k h=1) is only weakly dependent on the cosmological
model. Onlym= *+2 modes contribute since the effect of the
gravitational wave is symmetric under a 180° rotation about
the direction of propagation.

Figure 2 shows the curl component of the polarizatias

well as the temperature fluctuatjoproduced by such a
gravitational wave, a record of the effect of the wave on the
spherical surface of last scatter. The direction of propagation
as well as the polarization are clearly visible in this pattern;
the wavelength and the phase can also be inferred. In this
regard, the CMB resembles a spherical resonant-mass detec-
tor [11] more than it resembles LISA or LIGO.

FIG. 1. Simulated temperature-polarization maps of the cMg ~ What is the smallest dimensionless amplitudeof a
sky for (a) density perturbations angh) long-wavelength gravita- 9ravitational wave of frequencl that can be detected with
tional waves. Notice that the temperature anisotropy maps, indiSUCh an experiment? Suppose a CMB p0|arlzat|0n experi-
cated by the color patterns, are identical, e.g., the same cold, blu®ent measure®); and U; at each ofi=1,2,...,N small
patches occur in botkg) and (b). However, the polarization pat- regions on the sky, each of arear®N. Then we have R
terns, indicated by the headless arrows, are distinct. For exampléndependent measurements lof one for eachQ; and U;,
the orientation of the polarization vector along the border of theeach with an instrumental noise The minimum-variance
projection maps differs ifie) and(b). (A color version of this figure  estimator ofh for the map is obtained from the weighted
is available at http:/xxx.lanl.gov/abs/astro-ph/9807319. average of all of these measurements, and the variance with

_ o ) which h can be determined is therefose,, given by
magnitude of the polarization at each point on the sky. We

see that density perturbations and gravitational waves that h\? [Qi(h=1)]?+[U;(h=1)]?
produce identical temperature maps can be distinguished by (—) :Z P
the polarization pattern.

More precisely, the Stokes paramet&@&) andU(n), as N
a function of directiomi= (6, ¢) on the sky, are components IZﬁ Z IaE/m)|2. 5)
of a symmetric trace-fre€STF) 2X 2 tensor, T /m

Oh

1 Q(f) —U(h)sin 6 In Fig. 3, we plot the results for the smallest amplitudes that
Pap(h)== e o , (20  can be detected at ther2evel by the Microwave Anisotropy
2| —U(f)sing  —Q(R)sin’o Probe(MAP) [12], and the Planck Survey$i3], CMB sat-

ellite experiments scheduled for launch, respectively, by
NASA in the year 2000 and by the European Space Agency
five years later. The amplitude detectable by a given CMB

in spherical polar coordinates, with metricg,
=diag(1,sif 6). The polarization tensor can be expanded

N / experiment is proportional to the instrumental naisi the
ab\ '/ _ > [a® G A c c A detector. If we extrapolate the rate of progress in detector
= acmY (A +a Y )] p prog
Ty fams,tTUm i (/mab (“m) * (£m)ab technology the past few decades—roughly an order of mag-

()  nitude per decade—into the future, then it is plausible that
the sensitivity could be improved by a factor of 100 over that
in terms of a baSIy(/m)ab* for the “gradient” (or “curl-  of planck within the timescale for flight of LISA. Thus, we
free”), andY{, yyap. for the “CU” " components of a STF  also show in Fig. 3 the smallest amplitutiethat could be
2X 2 tensor field, anah( ~m and a( m) are expansion coeffi- detected by such a future CMB polarization experiment. The
cients[10]. smallesth detectable by LIGO and LISA are also plotted.
Consider a single gravitational wave with amplitualén For reference, we show the amplitude of the largest scale-
the early Universe+ polarization, and comoving wave vec- invariant stochastic gravitational-wave background consis-
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FIG. 2. The temperature and curl component of the CMB polar- Q. T i
ization pattern produced by a single gravitational wave with wave
numberk=4H,/c, whereH, is the Hubble constant, propagating o \
in the 2 direction with + polarization. Density perturbations gener- 10} \‘;-2 \ s
ate no curl polarization. Hence, such a pattern is a unique signal of \"’Q'\ '\‘/
gravitational waves(A color version of this figure is available at 0% ‘\'
http://xxx.lanl.gov/abs/astro-ph/9807319. 1072 107 107 10° 10° 10°
frequency [Hz]

tent with the Cosmic Background Explor€COBE) [7] (the
short-dashed curyeand an upper limit from pulsar timing FIG. 3. The smallest amplitudie of a gravitational wave that
[14] (the triangle. can be detected at a frequentyfor LIGO, LISA, MAP, Planck,

Are there any promising sources of such long-wavelengttand a putative future CMB polarization experiment with 100 times
gravitational radiatiof15]? And if so, what could we learn the Planck sensitivity. The short-dashed line shows the largest
from them? The most encouraging and intriguing source i§c_:ale-invariant stochasti_c gravitational-wave back_grpund consistent
the spectrum of gravitational waves produced from quantunyith COBE, and the triangle shows an upper limit from pulsar
fluctuations in the spacetime metiianalogous to Hawking tMiNg.
radiation during slow-roll inflation. If detected, these waves
would allow us to probe the early Universe well beyond thelarge-scale structure. But as we have shown here, these sat-
epoch when it became opaque to electromagnetic radiation aflite experiments, which will precede LISA by 10 to 20
z=1100, out to the inflationary epoch at redshifts 10°%,  years, may also provide the first direct detection of gravita-
roughly 10 2% seconds after the big bang. It can also betional radiation. The primordial plasma will provide the test
shown that the amplitude of the stochastic gravitational-wavenasses for this detector, and these gravitational-wave-
background depends on the energy scale of inflation. If inynquced motions are isolated unambiguously in the CMB
flation has something to do with grand unification, as manysolarization. Just as the early Universe is the poor man’s

; ; ; -5
theorists surmise, then the amplitude shouldbel0 >, ,4qicle accelerator, the CMB polarization will be the poor
possibly within reach of these CMB experiments. Other pos-

. o _~man’s gravitational-wave detector. If these experiments reg-
sible sources of ultra-low-frequency gravitational waves iy o positive result, the implications for general relativity,
clude bubble collisions during a first-order phase trans't'o%arly—universe cosmology, and quantum theory in curved
in the early Universg16] or the action of topological defects spacetime will be staggeri;']g
[17]. Thermal gravitational waves might be left over from '
the Planck erd18], and string theory-inspired alternatives  This work was supported at Columbia University by the
and/or extensions to inflation predict a unique spectrum ofJ.S. DOE contract DEFG02-92-ER 40699, NASA ATP
primordial gravitational radiatiof19,20. grant NAG5-3091, and the Alfred P. Sloan Foundation, and

The primary stated goals of MAP and Planck will be to at the University of Pennsylvania by U.S. DOE contract
determine the geometry of the Universe and the origin oDEFG02-95-ER 40893.
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