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■ Abstract The existence of gravitational radiation is a direct prediction of
Einstein’s theory of general relativity, published in 1916. The observation of gravi-
tational radiation will open a new astronomical window on the universe, allowing the
study of dynamic strong-field gravity, as well as many other astrophysical objects and
processes impossible to observe with electromagnetic radiation. The relative weak-
ness of the gravitational force makes detection extremely challenging; nevertheless,
sustained advances in detection technology have made the observation of gravitational
radiation probable in the near future. In this article, we review the theoretical and
experimental status of this emerging field.
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1. INTRODUCTION TO GRAVITATIONAL WAVES

The detection and study of gravitational waves have the potential to revolutionize
our understanding of the universe. Gravitational radiation arises in regions of strong
and dynamical gravitational fields from astronomical or cosmological sources. Its
character describes the nature of gravity in the extreme, testing the predictions of
Einstein’s theory of gravity and providing information about its sources unobtain-
able through other means. In contrast to the electromagnetic waves of conventional
astronomy, which arise from the incoherent superposition of emission from the ac-
celeration of individual electric charges, gravitational waves result from coherent,
bulk motions of matter. Also, because gravitational waves interact only weakly
with matter they are able to penetrate the very densely concentrated matter that
produces them. In contrast, emerging electromagnetic waves are strongly scat-
tered and attenuated by intervening matter. Whereas electromagnetic waves offer
a surface impression of their astronomical source—the surface of last scattering—
gravitational waves cut to the (high-density) core.

Among the wealth of new insights in both physics and astrophysics that the
study of gravitational waves will bring are:

■ Direct confirmation of the existence of black holes, including a test of the
fundamental “no-hair” theorem

■ Tests of general relativity under extreme strong-field conditions
■ Measurement of the propagation speed of the graviton
■ Detailed information on the properties of neutron stars, including the equation

of state
■ Insights into the earliest stages of the evolution of the universe through the

measurement of primordial gravitational waves
■ Studies of galactic merging through the observation of coalescing massive

black holes at their centers

Finally, because strong gravitational wave sources are so different in character
from strong photon sources, the potential for discovering new and unanticipated
astronomical phenomena is high.

In this article, we describe the present status of the emerging field of gravitational
wave astronomy. Section 1 gives a brief history of the theoretical and experimental
development of the field and introduces the physics of gravitational waves. In
Section 2 we describe anticipated gravitational wave sources, and in Section 3 we
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describe the experimental techniques and facilities that will attempt their detection.
Section 4 summarizes the data-analysis efforts to date.

1.1. History of Field

This brief introduction to the development of the field of gravitational radiation
includes both theory and experimental efforts.

1.1.1. THEORY In the early part of the twentieth century, Albert Einstein embarked
on a course of theoretical activity that greatly impacted our understanding of the
physical world. He was guided by the motivation to express physical law in a form
that was independent of the reference frame of the observer; in so doing, he showed
that the classical Newtonian viewpoint of the absolute nature of space and time
was inadequate.

In his special theory of relativity (1), Einstein postulated two principles: All
inertial observers are equivalent, and the velocity of light c is the same in all inertial
reference frames. The consequence of these two postulates was the redefinition of
space and time in accordance with the Lorentz transformations:

x ′ = γ (x − vt)

t ′ = γ (t − vx/c2)

whereγ = 1/(1−v2/c2)1/2 and (x, t) and (x′, t′) are coordinates measured in inertial
frames moving with relative velocity v. The experimental predictions of this theory,
from time dilation (moving clocks appear to run slowly) to the equivalence of mass
and energy, have been extensively tested and in all cases found to be in excellent
agreement with theory.

Special relativity addressed the nature of space and time, the stage on which
other physics, such as electromagnetism, thermodynamics, hydrodynamics, etc.,
plays its role. Shortly after the formulation of special relativity, however, Ein-
stein realized that gravity could not be accommodated within the framework of
special relativity because of the apparent equivalence of gravitational and inertial
mass. Elevating the equivalence of gravitational and inertial mass to the status of
a fundamental physical principle—the equivalence principle—led Einstein to an
understanding of gravity as the physical manifestation of curvature in the geom-
etry of space-time. In this new theory, aptly named general relativity, space-time
curvature is associated with the stress-energy tensor of matter fields:

Gµv = 8πG N Tµv. 1.

In this equation Gµv is the so-called Einstein tensor, which is formed from the
Ricci curvature tensor and the space-time metric gµv; Tµv is the stress-energy
tensor of matter fields; and GN is Newton’s gravitational constant. Though simple
in appearance, the Einstein tensor is a nonlinear function of the metric and its
first and second derivatives; this very compact geometrical statement hides 10
coupled, nonlinear partial differential equations for the metric. In the Einstein
field equations, matter tells space-time how to curve, but the curved space-time
also tells matter how to move (2). This dual role for the Einstein equations—as
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both field equations and equations of motion—is unique among classical field
theories and is the source of many of the difficulties one encounters in describing
the interaction of massive bodies. At lowest order, the field equations imply that
matter follows geodesics of the space-time manifold (3, 4).

The form of general relativity we know today was published by Einstein in
1916 (5). In that work he described wavelike solutions to the linearized equations
of the theory. Soon after the publication of the theory, Schwarzschild published a
solution to the vacuum equations in the special case of spherical symmetry, which
described space-time and gravity outside a spherically symmetric star. The solution
also described the curious situation of a spherically symmetric gravitational “field”
without any matter source at all and with singular curvature at the center. The
Schwarzschild solution remained a poorly understood curiosity until the late 1960s,
when its relevance as an endpoint in stellar evolution began to be appreciated and
the name “black hole” was coined to describe the solution and its generalizations
(to include angular momentum and electric charge).

In 1918 Einstein expanded on his initial work with a calculation of the en-
ergy carried by gravitational waves (6). The question of the physicality of the
waves—whether they carry energy or are instead a “gauge” effect—would re-
main controversial into the 1960s. Eddington showed that the wave solutions to
the linearized equations included pure gauge solutions and correctly identified the
physical degrees of freedom, while also noting that the linearized equations were
inadequate for treating wave sources, such as binary star systems, where gravity
itself plays a significant role in the source structure. Einstein himself seriously
questioned the physicality of gravitational waves in the mid 1930s (7). Landau &
Lifshitz presented an influential calculation of the effect of gravitational radiation
emission on a binary star system in their textbook Classical Theory of Fields (8).
The uncertain state of the radiation problem in general relativity attracted the at-
tention of a new community of theoretical physicists, notably Bondi, in the 1950s.
Bondi was influenced by a calculation by Pirani (9) that showed that gravitational
waves would exert tidal forces on intervening matter, producing a strain in the
material with a quadrupole oscillation pattern. The question of whether the waves
were physical was settled rather quickly; however, the correctness of the calcu-
lation, and, in particular, whether the results obtained from the linearized theory
were correct to leading order for the nonlinear theory, remained matters of contro-
versy into the 1980s. These issues would ultimately be settled by the observation
of the radiation-driven decay of the Hulse-Taylor binary pulsar system in accord
with the predictions of the linearized theory (10). (For an overall history of the
radiation problem in general relativity, see Reference 11.)

1.1.2. EXPERIMENT The history of the experimental search for gravitational radia-
tion begins with the work of Weber (12). Stimulated by predictions of the possibility
of earth-incident gravitational waves with amplitude of order 10−17 at frequencies
near 1 kHz, Weber set out to build a detector sufficiently sensitive to observe
them. His idea was to use an aluminum bar 2 m in length and 0.5 m in diameter,
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whose resonant mode of oscillation (∼1.6 kHz) would overlap in frequency with
the incoming waves (12). The bar, built at the University of Maryland, was fitted
with piezo-electric transducers to convert its motion to an electrical signal, and it
provided a strain sensitivity of order 10−15 over millisecond time scales. In 1971,
with the coincident use of similar detectors in Illinois, Weber claimed detection
of gravitational waves from the direction of the galactic center (13). Although he
insisted on the correctness of his data, many attempts to independently reproduce
this finding were unsuccessful, and Weber remained a controversial figure until his
death in 2001. Nevertheless, Weber is rightly credited with undertaking the first
real experimental effort in the search for gravitational radiation, and demonstrat-
ing that experimental sensitivity to motion at a level much smaller than a nuclear
diameter is feasible.

With the increasing theoretical confidence that gravitational wave strains were
likely to be of the order of 10−21 or less and could encompass a wide range of
frequencies, experimentalists sought a more sensitive and wider-band means of
detection. Such a means became available with the development of the laser inter-
ferometer, proposed by Forward (14)—and independently by Weiss (15), who also
did a detailed noise analysis. This device used the configuration of the Michelson
interferometer, described in detail below, to achieve differential sensitivity to the
instrument arm length changes caused by an incident gravitational wave. The key
idea was that the speed of light accessed in an interferometer, being so much faster
than the speed of sound accessed in a bar, enabled the implementation of a much
greater measurement pathlength over a cycle of a gravitational wave, which offered
correspondingly greater strain sensitivity. The first working laser interferometer,
built by Forward (16), was 2 m in arm length and achieved 10−16 strain sensitivity
in a 1 Hz bandwidth at 1 kHz. Subsequent advanced versions, using improved
laser stability, optics, and isolation from background seismic noise, were built at
Caltech (17), the University of Glasgow (18), and Garching (19). They were 40,
10, and 30 m in length and achieved strain sensitivities at several hundred hertz in
a 100 Hz bandwidth of about 10−19, 10−18, and 10−18, respectively.

After the above prototype demonstrations of high strain sensitivities, funding
agencies in the United States and Europe committed to the construction of large,
kilometer-scale laser interferometers (described below): LIGO (United States,
4 km), GEO (United Kingdom and Germany, 600 m), and VIRGO (France and
Italy, 3 km). These facilities employ the same basic design as the prototypes, but
their greater length allows strain sensitivity of order 10−22 over a 100 Hz band-
width, an astrophysically interesting value. All three of these facilities are now
undergoing commissioning to reach their full design sensitivity. Advanced de-
tectors of higher sensitivity are being planned in the United States, Europe, and
Japan.

The search for gravitational radiation has also secured the interest of the Euro-
pean and American space agencies. An interferometer in space, first proposed by
Faller & Bender (20), could be operated at substantially lower frequencies than
on the ground. A space-borne detector named LISA (Laser Interferometer Space
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Antenna) is now funded for technology development, and launch is scheduled for
2013. LISA will use three spacecraft to form a constellation that will orbit the sun,
and will use laser interferometry to sense their relative motion. With a spacecraft
separation of 5 × 109 m, LISA will have strain sensitivity at 1 mHz of order 10−23

over a one-year integration period (corresponding to a 3 × 10–8 Hz bandwidth).

1.2. Physics of Gravitational Waves

Here we summarize the physics of gravitational radiation in the weak field limit,
where considerable insight can be gained. We then use a “back-of-the-envelope”
approach to estimating the strength of the radiation and provide references for a
complete and rigorous derivation.

1.2.1. GRAVITATIONAL RADIATION In general relativity, space-time is regarded as a
four-dimensional manifold with a Lorentzian metric, and gravity is a manifestation
of the manifold’s curvature. For our purpose it is sufficient to consider weak
gravitational waves as a perturbation on an otherwise Minkowski space-time, i.e.,
as a perturbation on the space-time of special relativity. Letting xµ = (t, x, y, z)
denote the time and space coordinates, we can write the proper distance between
events xµ and xµ + dxµ as

ds2 = gµvdxµdxν ≈ (ηµv + hµv) dxµdxv. 2.

Here ηµν is the usual Minkowski metric and hµν represents the linearized gravita-
tional field. Upon linearization, the coordinate invariance of full general relativity
is replaced by global Lorentz invariance and local gauge invariance under infinites-
imal coordinate transformations xµ → xµ + ξµ:

hµv → hµv − ∂µξv − ∂νξµ. 3.

The linearized Einstein equations are gauge-invariant, and the gauge freedom
can be used to simplify the form of the field equations (21). In the Lorentz family
of gauges, ∂µhµv = 0, the Einstein equations (Equation 1) reduce to a simple
wave equation that relates the trace-reversed field h̄µv = hµv − 1

2ηµvhα
α to the

stress energy tensor:(
∂2

∂t2
− ∂2

∂x2
− ∂2

∂y2
− ∂2

∂z2

)
h̄µv = 16π G N Tµv. 4.

When dealing with gravitational waves, it is convenient to fully gauge-fix the
gravitational field so that only physical degrees of freedom remain. A popular
choice is the transverse traceless (TT) gauge, in which a plane gravitational wave
propagating in the z direction can be written as

hµv =




0 0 0 0
0 h+ h× 0
0 h× −h+ 0
0 0 0 0


 . 5.
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Here hxx = h+ and hxy = h× describe the two polarizations of the gravita-
tional wave. The wave equation (Equation 4) can be solved perturbatively via an
expansion in (v/c) where v is the characteristic velocity of masses in the system.
When we specialize to TT gauge, the lowest-order contribution yields the so-called
quadrupole radiation formula

hi j (t, �x) = G N

c4

2

r

[
d2

dt2
Qi j

]TT

ret

, 6.

where

Qi j (t) =
∫

d3x

(
xi x j − 1

3
x2δi j

)
ρ(t, �x) 7.

is the trace-free quadrupole moment of the source energy-density distribution and
r is the distance to the source. The subscript “ret” in Equation 6 reminds us that the
time derivatives should be evaluated at the retarded time t −r/c, and the superscript
“TT” reminds us to take the transverse projection and subtract the trace. Note that
no gravitational wave contribution arises from the source monopole or dipole. The
source monopole is, of course, the system’s total mass-energy, which is conserved
at linear order. Similarly, the source dipole is related to the system’s center of mass;
momentum conservation ensures that a closed system’s center of mass cannot
accelerate and, correspondingly, there is no dipole contribution to gravitational
waves. As the contribution to the wave amplitude from each ascending multipole
term drops in amplitude by a factor c, the absence of the first two terms ensures a
very small final amplitude.

The total power radiated by a gravitational wave source can be found by integrat-
ing the energy flux through a sphere surrounding the source. Using the quadrupole
formula, the luminosity of a source is given by

L = 1

5

G N

c5

d3 Qi j

dt3

d3 Qi j

dt3
. 8.

The quadrupole formula and Newtonian gravity can be used to produce simple
yet reasonably accurate predictions for the frequency, duration, and strength of
gravitational radiation from astrophysical sources.

The effect of a gravitational wave on matter can be described in terms of a
tidal acceleration, since what can be measured is not the acceleration itself but
its difference across an experiment. The h+ polarization component of a plane
gravitational wave with frequency f propagating in the z direction has the form
h+(z = 0, t) = h0e2π ift. The tidal acceleration between two points on the x axis
separated by 
x = L will vary according to

δ L̈ = (2π f )2 L h0 e2πi ft . 9.

Thus, the wave imparts a time-varying strain h = δL/L . According to Equation
5, the plus polarization h+ will momentarily lengthen distances along the x-axis
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while simultaneously shrinking them along the y-axis. The cross polarization h×
has its principal axes rotated by 45◦ relative to the plus polarization, which is a
consequence of the spin-2 nature of the gravitational field.

1.2.2. BACK-OF-THE-ENVELOPE ESTIMATES Here we follow the approach of Schutz
(22) and use Newtonian gravity, supplemented by the Einstein quadrupole formula
(6), to estimate the frequency and strength of gravitational waves from astrophys-
ical bodies.

Self-gravitating systems have a natural dynamical frequency associated with
the mean mass density ρ of the system:

fdyn = 1

2π
(π G N ρ)1/2 ∼

(
G N M

16π R3

)1/2

. 10.

Here M is the mass of the system and R is its characteristic size. For example, if
the object in question is a binary star system, R would be the size of the semimajor
axis and Equation 10 would be a statement of Kepler’s law. The time variation of
the quadrupole moment can be related to fdyn by

|Q̈i j | <
d2

dt2

∫
ρ x2d3x ∼ (2π fdyn)2 MR2. 11.

This expression is only an upper limit, as we have ignored the projection and
trace removal. Moreover, the quadrupolar nature of the waves implies that only the
nonspherical component of the mass distribution should be considered in Equation
11. For highly nonspherical mass distributions, such as a binary star system, it is
enough to reduce the estimate in Equation 11 by a factor of two. Combining
Equations 10 and 11 with the quadrupole formula (Equation 6) yields the estimate

h ∼ 2

(
G N M

Rc2

) (
G N M

rc2

)
12.

for the amplitude of a gravitational wave. The first term in brackets is just the
internal gravitational potential of the system, while the second term in brackets,
where r is the distance to the source, is the gravitational potential of the system
at the observer’s location. The combination RG = G N M/c2 is the gravitational
radius of the system (∼1.5 km for the sun), and R must be greater than RG or
else the entire system is inside a black hole. Because the first factor in Equation
12 cannot exceed unity, and because the typical distance to a gravitational wave
source greatly exceeds 1 km, it is clear that even the brightest gravitational wave
sources will have extremely small amplitudes.

The gravitational wave frequency f is typically equal to twice the dynamical
frequency fdyn because quadrupole distributions are reflection-symmetric. The du-
ration of a source can be estimated by comparing the luminosity to the gravitational
potential energy. The time derivatives in Equation 8 bring down two additional fac-
tors of 2π fdyn, leading to a luminosity estimate of
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L ∼ π c5

G N

(
G N M

Rc2

)5

. 13.

The factor πc5/G N = 1.1 × 1053 W sets the upper limit for the luminosity of
any gravitational wave source, since the second factor, (RG/R)5, cannot exceed
unity. The gravitational wave frequency increases on a characteristic time scale,
τ gw, which can be estimated by calculating the time for the system to radiate half
its gravitational potential energy:

τgw = 1

L

G N M2

2R
= R

2π c

(
G N M

Rc2

)−3

. 14.

The factor R/c is the light crossing time for the system, and the factor (R/RG)3 is
a measure of the compactness of the system. As a radiating system becomes more
compact, the amplitude of the wave increases, as does its frequency and the rate
of change of its frequency. These increases result in a characteristic “chirping”
signal. It is interesting to note that the observation of h, f, and τ gw allows us to
derive the distance r to the source, as well as the source mass M and size R.
Thus, a system decaying through the emission of gravitational radiation provides
a standard candle for distance measurement (23). (Gravitational wave observations
are unable to measure the redshift of a source, so an optical counterpart is needed
to probe the redshift-distance relation.)

It is instructive to apply our back-of-the-envelope estimates to promising sources
of gravitational waves, such as a binary star system consisting of two 1.4 solar mass
neutron stars separated by 90 km at a distance of 15 Mpc (i.e., the approximate
distance to the center of the Virgo Cluster of galaxies). The evolution of a binary
system driven by gravitational wave emission is divided into three main phases:
inspiral, merger, and ringdown. The inspiral phase sees the orbit shrink as the
gravitational waves carry off energy and angular momentum, eventually driving
the two components of the binary to merge. The end product of the merger is either
a highly distorted star or a black hole that relaxes by emitting gravitational waves
in the ringdown phase. We find that the amplitude, frequency, and duration of the
source are given by

h ≈ 10−21

(
15 Mpc

r

) (
M

2.8 M�

)2 (
90 km

R
,

)
15.

f =
(

M

2.8 M�

)1/2 (
90 km

R

)3/2

100 Hz, 16.

τgw =
(

R

90 km

)4 (
2.8 M�

M

)3

0.5 s. 17.

A set of numerical examples is shown in Table 1. The first example gives the
strain amplitude of a supernova burst from a stellar collapse to a neutron star, where
we have assumed 0.1% of the collapse energy is nonspherical. In this case we use
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TABLE 1 Strain amplitude estimates for supernova and binary inspirals

Source H f (Hz) M (M�) R (km) r (Mpc)

Supernova 10−21 — 1.4 — 10

NS-NS Inspiral 10−21 100 2.8 90 15

MBH-MBH Inspiral 10−16 10−4 107 10 1000

Equation 12 and assign the first factor (expressing the internal potential) a value
of ∼0.2 for a neutron star. The second example gives the strain amplitude and
frequency (Equations 15 and 16) from the inspiral of a neutron star binary system,
sought by the ground-based gravitational wave detectors. In this case all the source
energy is nonspherical. The third case describes a supermassive black hole binary
inspiral, within one year of its merger, which will be sought by a space-based
detector. These sources and detectors are described in the following sections.

The calculations described above are accurate to within an order of magnitude
or better of a full relativistic treatment, which is beyond the scope of this article.
For a comprehensive treatment, including the subject of strong-field gravity, the
reader is referred to References 21, 24, and 25.

1.3. Basic Analysis Concepts

We present here a number of basic concepts related to the detection, analysis,
and interpretation of gravitational wave signals and noise, which will be used
throughout the article.

The output of a gravitational wave detector is a time series s(t) that includes
instrument noise n(t) and the response to the gravitational wave signal h(t):

s(t) = F+(t)h+(t) + F×(t)h×(t) + n(t). 18.

The instrument response is a convolution of the antenna patterns F+, F× with
the two gravitational wave polarizations h+, h×. The antenna patterns depend
on the frequency and sky location of the source; for wavelengths that are large
compared to the detector, the antenna patterns are simple quadrupoles.

The information contained in the time series is usually represented in the Fourier
domain as a strain amplitude spectral density, h( f ). This quantity is defined in terms
of the power spectral density Ss( f ) = s̃∗( f )s̃( f ) of the Fourier transform of the
time series

s̃( f ) =
∞∫

−∞
e−2π ift s(t) dt. 19.

The strain amplitude spectral density is then defined as h( f ) = √
Ss( f ). In an

analogous manner, we can describe the noise power spectral density Sn( f ) and the
signal power spectral density Sh( f ). Another important quantity is the characteristic
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strain, hc( f ), which is defined as

hc( f ) =
√

f Ss( f ). 20.

The characteristic strain is essentially the rms signal in a frequency interval of
width 
 f = f centered at frequency f. Most plots showing instrument sensitivity
curves and source strengths utilize one of these quantities.

Finally, we briefly discuss the description of gravitational wave sources that
are not discretely resolvable, known as stochastic background sources. Stochastic
backgrounds of gravitational waves can be produced by processes in the early uni-
verse and by the superposition of the signals from many independent sources. The
techniques for calculating these signals, and the language for describing them, dif-
fer from those used to treat isolated sources. The gravitational waves from sources
such as binary neutron stars encode information about the coherent, bulk motion
of the system. In contrast, the phase incoherence of the stochastic background
forces us to work with quantities such as energy density. The energy density in a
gravitational wave is given by

ρgw = 1

32π G N
〈h̄2〉. 21.

Here the brackets denote a spatial average over several wavelengths. For a stochas-
tic background, the spatial averaging is equivalent to taking an ensemble average
of the fields (also denoted by angle brackets). The ensemble average of the Fourier
amplitudes of an unpolarized, Gaussian, stationary background can be described
in terms of the spectral density Sh( f ):

〈h̃∗( f )h̃( f ′)〉 = δ( f − f ′) Sh( f ). 22.

Combining Equations 19, 21, and 22, we have

ρgw = π

2G N

∞∫
0

d f f 2Sh( f ). 23.

It is standard practice to quote the strength of a stochastic background in terms
of the energy density per logarithmic frequency interval, dρgw/d ln f , scaled by
the energy density needed to close the universe:

�gw( f ) = 1

ρcrit

dρgw

d ln f
= 4π2

3H 2
0

f 3Sh( f ). 24.

Here H0 is the Hubble constant and ρcrit is the critical density. The total energy
density in gravitational waves, in units of the critical density, is then �gw =∫

�gw( f )d ln f . [To avoid the ambiguity associated with the different values of
H0 quoted in the literature, we define the factor h100 = H0/H100 where H100 =
100 km/(s Mpc), and work with the quantity �gwh2

100, which is independent of
the Hubble expansion rate.] Standard inflationary cosmological models predict a
scale-invariant spectrum with �gw( f ) = const. over many decades in frequency.
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The direct experimental bounds on �gw( f ) described in later sections are for a
scale-invariant spectrum.

2. SOURCES: MODELS, STRENGTHS, AND RATES

In this section, we review our present understanding of gravitational wave sources,
covering 22 decades of frequency from 10−18 to 104 Hz, and discuss some insights
that may be gained by their detection.

2.1. Source Modeling

Astrophysical sources of gravitational waves are expected to produce a range of
signals, including bursts, chirps, sinusoids, and stochastic backgrounds. Consid-
erable effort has gone into anticipating the types of astrophysical systems that will
produce detectable gravitational wave emissions, and into accurately modeling the
waveforms these systems produce. Precision tests of strong-field general relativity
require these waveforms for comparison with experiment; also, the identification
of a gravitational wave signal in a noisy background is significantly aided by
knowledge of the precise signal waveform (see discussion in Section 4).

However, calculation of the waveforms is difficult. Beyond understanding the
physical processes in core collapse, matter accretion, and other relevant problems,
solving the Einstein tensor equations (Equation 1) involves handling 10 coupled,
nonlinear partial differential equations subject to dynamically evolving boundary
conditions. The calculations are, of course, also complicated by the presence of
singularities. The coordinate system and gauge may be freely chosen, but in most
cases the appropriate choice is not at all obvious. Two examples may illustrate the
current issues in the modeling of gravitational waveforms.

An important computational problem is the case of stellar mass capture by a
massive black hole. To date, no one has managed to calculate the highly eccentric
orbit necessary to generate a matched filter for its detection in a noisy background.
The extreme mass ratio of this source allows perturbative techniques to be brought
to bear, with some success (26). However, a serious difficulty is the large parameter
space needed to specify a particular orbit and the propensity of certain orbits
to explore vast regions of their available phase space. A complete calculation
requires a detailed understanding of, and computational facility with, radiation
reaction forces in general relativity. Such mastery does not exist today, though much
progress has been made on this problem in recent years. A complete algorithm for
calculating the waveforms has been proposed but not yet implemented (27).

A second problem is the inspiral of an equal-mass binary black hole (BH-
BH) system. The BH-BH merger signal is particularly difficult to calculate: No
approximations apply in this case, and a comparison of observation with theory
will become possible only when we can pose relevant initial data and numerically
simulate the Einstein equations. These simulations, known as numerical relativity
(28), encounter serious difficulties. First, regardless of the form of the equations
used or the structure of the mesh on which the equations are evaluated, all current
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simulations encounter disabling numerical instabilities. Second, the correct initial
conditions for the transition from a computationally tractable to highly nonlin-
ear regime are not yet well understood. Current research in numerical relativity
involves both these topics, including adaptive mesh refinement techniques (29).

On the other hand, there are many sources for which the waveform modeling
is well understood. An example is the early inspiral phase of binary systems of
neutron stars, white dwarfs, or black holes. The techniques are similar to those
described in Section 1.2 and involve a weak-field, slow-motion expansion of the
Einstein equations. This so-called post-Newtonian expansion has now been ex-
tended to order (v/c)6 (see Reference 30).

The gravitational wave stochastic background spectrum from the early universe
is another well-modeled source. For example, slow-roll inflation predicts an es-
sentially scale-free primordial spectrum with �gw ∼ 10−15 or less, which extends
over the entire gravitational wave spectrum discussed in the following sections.
Standard sensitivity plots for gravitational wave detectors show the square root of
the spectral power as a function of frequency (or other closely related quantities),
so a scale-invariant stochastic background will appear with a slope of f −3/2 in
these plots.

2.2. Extremely Low Frequency (10−18 Hz to 10−15 Hz)

The principal expected source for gravitational radiation in the 10−18 Hz to
10−15 Hz frequency range is primordial gravitational fluctuations amplified by
the inflation of the universe. Inflation predicts that quantum fluctuations in the
space-time metric would give rise to a gravitational wave background, with the
amplitude of the background fixed by the vacuum energy density during inflation
(31). With recent measurements of the cosmic microwave background (CMB)
supporting several fundamental predictions of inflation, such as the flatness of the
universe and the presence of coherent oscillations in the primordial plasma, ob-
servation of the gravitational wave background presents an important new test of
the theory.

The mechanism for detecting these waves in the extremely low frequency band
is via their imprint on the polarization of the CMB radiation. Gravitational waves
will produce a curl component of the polarization, whereas density perturbations
will not (32). (Gravitational lensing of the CMB due to large-scale structure along
the line of sight can cause a polarization curl component at the surface of last
scatter even in the absence of gravitational waves, but this effect can be mapped
with high-order CMB correlations.) Detection of a curl component in the CMB
would identify a vacuum energy scale during inflation of 1015–16 GeV and would
thus associate inflation with the characteristic era of grand unification.

2.3. Very Low Frequency (10−9 Hz to 10−7 Hz)

Sources expected in the very low frequency band are processes in the very early
universe, including the big bang, and topological defects such as domain walls
and cosmic strings. Another expected source is first-order phase transitions in the
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early universe, corresponding to symmetry breaking of fundamental interactions;
the collision of nucleated vacuum bubbles forming around the potential barrier
associated with the phase transition will lead to gravitational radiation in this
frequency range (33). The inspiral of supermassive black holes (mass greater than
1010 solar masses) can also lead to waves with frequencies in this range.

The wavelengths of these sources are sufficiently long that they cannot be
studied with either ground- or space-based detectors. However, their effect on
the arrival time of pulsar signals may be observable with pulsar timing arrays,
described below.

2.4. Low Frequency (10−4 Hz to 1 Hz)

This section describes sources whose strength and number are high enough to
make them candidates for detection by LISA, the space-based detector mentioned
above and described in Section 3.

2.4.1. GALACTIC BINARIES Approximately two out of every three stellar systems
are multiple-star systems. In a significant fraction of stellar binaries, both members
undergo supernova explosion during their evolution, resulting in the formation of
compact binary systems composed of neutron stars (NS) or black holes (BH).
In other cases, both members evolve through a red giant phase before forming a
white dwarf (WD) binary. In a smaller fraction of the compact binaries, the mem-
bers may be sufficiently close to emit gravitational radiation at frequencies above
10−4 Hz.

The population estimates used to predict LISA detection of the binary systems
have considerable uncertainty due to their sensitive dependence on assumptions
about mass loss during the evolution of giant stars; nevertheless, the numbers are
expected to be large. About a dozen known optical systems will be observed,
including a WD-WD binary system about 100 pc from the earth (WD 09570666)
and a low-mass x-ray binary that consists of a 1.4 M� neutron star accreting mass
from a 0.1 M� orbiting star ∼8 kpc from the earth (4U1820-30).

The number of compact binaries in our galaxy with orbital periods in the LISA
band is of order 108, most of them close white dwarf binaries (CWDBs). CWDB
orbits decay because of gravitational wave emission, which is greater at higher
orbital frequencies, leaving most systems at low orbital frequency. At frequencies
below a few millihertz, there are so many CWDB systems that only the brightest
systems can be individually resolved over the LISA mission lifetime of several
years. Thus, at frequencies below several millihertz, the gravitational wave signals
from the many CWDBs will appear to LISA as a confusion-limited background
owing to the incoherent superposition of the gravitational waves from the many
CWDB systems (34). Above a few millihertz, the number of CWDB systems drops
appreciably; there are about 3000 above 3 mHz, and the majority of these systems
will be individually resolvable. For ∼1000 of the highest frequency binaries, mea-
surement of the source frequency and its rate of change will allow its distance to
be calculated. The pointing accuracy of LISA (∼0.3 → 3◦ for these systems) will
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then allow the construction of a three-dimensional CWDB map of the galaxy. Up
to 10% of the CWDB systems observed by LISA will be seen by optical follow-ups
(35), enabling interesting cross comparisons and tests of fundamental physics. For
example, by comparing the arrival times of the gravitational and electromagnetic
signals, it will be possible to place improved bounds on the mass of the graviton
(36).

NS-NS and NS-BH binaries also populate our galaxy in substantial numbers,
∼106. They will be detectable by LISA, although the rate is highly uncertain.

2.4.2. MASSIVE BLACK HOLE BINARY MERGER Observational evidence for massive
black holes (MBHs) with mass between 104 and 109 M� is strong, including clear
evidence, from near-IR astrometric imaging, for a 3 × 106 M� black hole at the
center of our galaxy (37). MBHs have also been identified in many closely studied,
nearby galaxies; thus, their total number throughout the universe is likely to be
large. The mechanism for MBH formation is uncertain. One proposal is that a
massive star forms in the potential well of a young galaxy and collapses into a
MBH (38). Another is that collisions in dense star clusters in a galactic nucleus
build up seed MBHs to a mass sufficiently high (∼103 M�) that growth can proceed
rapidly through gas absorption and tidal disruption of stars (39).

An MBH binary coalescence is believed to occur during the merger of galaxies.
In the standard picture of galactic structure formation, protogalaxies merge to
form larger galaxies. Dynamical friction then brings the MBHs to the common
center where the coalescence takes place (40). Thus, observation of the merger
can provide insight into the early formation of galaxies. Black hole mergers are
also the ultimate manifestation of nonlinear gravity, and the signal that arises from
this stage of the MBH-MBH binary coalescence provides an opportunity to test
gravity in its most strong-field, dynamical regime. The signal that arises at the end
of the coalescence, as the final, single black hole rings down into its final, stationary
state, is also very revealing. The ringdown radiation has a characteristic spectrum
that depends only on the black hole’s spin and angular momentum and can be
calculated via perturbation theory (41). This result derives from the so-called “no-
hair” theorem, which states that astrophysical black holes are characterized only by
their mass and angular momentum. The observation of a spectrum inconsistent with
that predicted by general relativity for compact, 104–107 solar mass objects will
signal new physics; either general relativity does not correctly describe gravity or
there are previously unknown matter fields that can support compact objects in this
mass range. Alternatively, if the spectrum is consistent with a general relativistic
black hole, it will reveal the black hole’s mass and spin (42).

The detectability of MBH mergers depends on the time from coalescence, as
well as mass and distance. The signal-to-noise ratio for these events is such that
LISA can see a coalescence of two 104 M� black holes 100 years before the
merger at 1000 Mpc and anywhere in the universe during the last year before the
coalescence. The event rate is very uncertain; estimates of MBH coalescences out
to z = 1 vary from 0.1 to 100 per year (43), where z is the redshift.
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2.4.3. MBH CAPTURE OF COMPACT OBJECT Massive or supermassive black holes
at the center of clusters or galaxies “capture” stellar-mass white dwarfs, neutron
stars, or black holes. The many-body dynamics of the cluster “injects” stellar-
mass compact objects into (elliptical) orbits about the more massive black hole.
Gravitational wave emission causes the orbits to decay, until the stellar-mass object
falls through the horizon of the MBH. Much of the radiation in the several years
immediately preceding the coalescence will be observable by LISA; the detailed
phase evolution of the gravitational waves will reflect the orbital evolution of the
stellar-mass compact binary, which in turn is determined by the local geometry
of the space-time about the MBH. Thus, a high-precision map of the strong-field
space-time about a black hole can be obtained from observations of capture systems
(44) and compared to predictions of general relativity, allowing it to be tested in
the strongest field regimes.

The radiation generated from the inspiral orbit will map with high accuracy the
Kerr geometry of the MBH, and will allow a high-precision test of the fundamental
“no-hair” theorem of general relativity: The black hole’s properties are completely
determined by its mass and spin. Information about the MBH mass, spin, and
position will be obtained (45).

Signal-to-noise ratios of 10–100 are possible for observations made in the LISA
detector if the exact time dependence of the signal is known in advance and optimal
filtering techniques, which require the use of signal templates, can be used (see
Section 4.1). Generating a sufficiently large bank of templates will be challenging
given the large parameter space that has to be explored. A further concern is that
capture sources may be so abundant that we will be unable to resolve individual
capture systems, leading to a confusion background similar to that of the galactic
binaries discussed above.

Figure 1 shows two segments of a waveform from the inspiral of a black hole
of 1 M� into a 106 M� hole. Both early and late times in the inspiral are shown.
A notable feature is the low frequency modulation at late times caused by inertial
frame dragging from the black hole spin (46).

The rate for this event is likely to be substantial because a significant fraction
of galaxies contain MBHs, and LISA can observe inspirals of compact objects
as small as 1 M� into an MBH out to 1 Gpc. Present estimates are ∼100/y for
∼10 M� black holes out to 6 Gpc (47).

2.4.4. COLLAPSE OF SUPERMASSIVE STAR The instability and collapse of a super-
massive star may be involved in the formation of supermassive black holes, with
mass greater than 106 M�, known to exist in the centers of many, if not most, galax-
ies. The collapse of the supermassive star may lead to substantial gravitational
wave emission, depending on the collapse asymmetry. A possible mechanism for
a highly asymmetrical collapse is the development of a dynamical bar-mode insta-
bility as the supermassive star cools. This may be likely if viscosity and magnetic
fields are insufficient to keep the star rotating uniformly during cooling. Given
enough energy and a long enough lifetime of the bar mode, a significant fraction
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Figure 1 Stellar mass capture by a massive black hole. The waveform at
late times shows frequency modulation from frame dragging by the black
hole’s spin. (From Reference 46 with permission.)

of the star’s rest energy could be lost as gravitational radiation. For example, a
106 M� supermassive star at 1 Gpc could produce a detectable source for LISA
in a year-long 0.3 mHz burst by radiating 0.1% of its mass (48). Significant work
remains to be done on the modeling of this process.

2.4.5. STOCHASTIC BACKGROUND The anticipated stochastic background in the
low frequency range is a combination of primordial and astrophysical sources,
which combine to produce a diffuse background that can only be described statis-
tically.

The astrophysical contribution to the background will be from a combination
of binary systems with main sequence stars, white dwarfs, neutron stars, or stellar
mass black hole components. The astrophysical signal from binaries will dominate
at frequencies below a few millihertz and is expected to limit the sensitivity to the
primordial signal to �gw ∼ 10−11. The primordial contribution to the stochastic
background depends on the source. Amplification of quantum fluctuations by in-
flation, for example, is predicted to contribute at a level of �gw < 10−15, which is
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too weak compared to the astrophysical confusion background at these frequencies
(49). Nevertheless, other early-universe physics may be observable. For example,
gravitational waves from phase transitions are peaked around a frequency that
depends on the temperature T of the phase transition:

fpeak ∼ 10−3 Hz

(
T

TeV

)
. 25.

If the electroweak phase transition, which occurs at a temperature of 100 GeV, is
strongly first-order, it could lead to a measurable signal at 10−4 Hz. Another source
for a stochastic background is the superposition of gravitational waves produced
by excited cosmic strings (50). This spectrum, constrained by millisecond pulsar
observations (see below), suggests �gw < 10−8. Other more exotic possibilities
include cosmic strings and brane worlds [LISA can probe extra dimensions at a
scale of 1–10−6 mm (51)]. Finally, big bang nucleosynthesis provides limits on
the amplitude of this background; gravitational waves with wavelengths shorter
than the horizon size at the time of nucleosynthesis affect the expansion rate
and thus the universal abundance of light elements (52), leading to the bound
�gw( f > 10−9 Hz) < 10−5.

Several low frequency sources are shown in Figure 2. The LISA detector rms
sensitivity curve is plotted as a characteristic strain, hn = √

Sn( f )
 f/R( f ), with
a bandwidth 
 f equal to the frequency f, and the function R(f ) which takes
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Figure 2 Signal strength of several gravitational wave sources sought by the space-
based detector LISA. Also shown is the LISA rms noise over a bandwidth equal to the
frequency. The dots on the arrow curves denote 1 year, 1 month, and 1 day before the
binary mergers. (From Reference 53 with permission.)
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into account the averaging of the detector sensitivity over all sky locations and
polarizations (53). (The LISA sensitivity is described in detail in Section 3.) The
characteristic source strains, hc = √

Sh( f )
 f , in Figure 2 have been multiplied by
a factor equal to the square root of the number of frequency bins in the bandwidth,√


 f Tobs, to represent the improvements in the signal-to-noise ratio that can be
achieved by coherent matched filtering. Without this factor, many of the signals in
Figure 2 would be at or below the sensitivity curve.

2.5. High Frequency (101 Hz to 104 Hz)

Sources in the high frequency range will be sought by ground-based gravitational
wave observatories, described in Section 3.

2.5.1. COMPACT BINARY COALESCENCE These sources include the final hours of the
coalescence of binary systems of neutron stars and black holes of mass less than
100 M� (Masses greater than this develop signal power outside the bandwidth
of ground-based detector systems.) The coalescence involves three phases: the
“inspiral,” when the orbit evolves adiabatically owing to emission of gravitational
radiation; the “merger,” when the binary components collide; and the “ringdown,”
when the final merged system settles into an equilibrium state by radiating away
its distortions.

During the inspiral, both the amplitude and frequency of the emitted gravi-
tational wave rise, producing a chirp that sweeps across the detection band (see
Figure 3). The signal amplitude from a compact binary inspiral is well approxi-
mated by a post-Newtonian analysis.

During the final 15 min of a NS-NS inspiral, the nearly periodic signal evolves
from 10 Hz to ∼1 KHz, when the neutron stars merge. A NS-NS inspiral may be
observed in the initial LIGO (using three interferometers) to a range of 20 Mpc
and in the advanced LIGO to 350 Mpc. For BH-BH inspirals, the larger masses
result in stronger signals and yield ranges of 100 and 1000 Mpc for the initial and
advanced detectors, respectively.

The rate for the stellar-mass compact binary coalescence has been estimated on
the basis of five observed binary pulsar systems in our galaxy that will coalesce
in less than a Hubble time (i.e., the present age of the universe). Binary pulsar
systems are one component of a distribution of stellar-mass neutron star and black
hole binary systems; the distribution is estimated by modeling the evolution of its
massive star progenitors. By taking into account the fraction of the entire galactic
population that is observable to us as a binary pulsar system and the number of
binary pulsar systems actually observed, we can estimate the galactic coalescence
rate. From that rate, the rate of coalescence events detectable by, e.g., the LIGO
detectors can be estimated. This leads to an event rate for NS-NS coalescences of
10–2 to 1 per year in the initial LIGO detectors (54). The BH-NS detection rate is
expected to be approximately half the NS-NS rate, whereas the BH-BH detection
rate will be ∼10 times larger than the NS-NS rate (55). The large uncertainties in
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Figure 3 Chirp signal from inspiraling neutron star binary at a distance of
10 Mpc. At the end of the waveform, the neutron stars are separated by
∼30 km.

the rate estimates are due to (a) the small number of observed galactic binary pulsar
systems; (b) uncertainties in the observational selection effects, which determine
the fraction of the total population of binary pulsar systems that we expect to
observe; and (c) uncertainties in the binary synthesis and evolution models that
predict the branching ratio of progenitor systems into NS-NS, NS-BH, or BH-BH.

The gravitational wave signal associated with compact binary coalescence de-
pends principally on the component masses and orbital eccentricity. Gravitational
radiation tends to circularize orbits, and for these systems the eccentricity will be
effectively zero. For systems consisting of, for example, a 1.4 solar-mass neutron
star on a 10 solar-mass black hole, spin-orbit coupling can lead to precession of the
orbital plane, which will leave an impression on the signal (56). From the observed
inspiral signal, many of the binary systems properties can thus be determined (57).

The transition from inspiral to merger depends on the mass and mass-radius
relationship for the binary components. For black holes the relationship is trivial;
for neutron stars the mass-radius relationship depends on the unknown equation
of state of cold, bulk nuclear matter at supernuclear densities. The inspiral-merger
transition can in principle be identified in the coalescence waveform, providing
information of the supernuclear equation of state (58).

The signal from this stage of the BH-BH binary coalescence provides another
opportunity to test gravity in the strong-field, dynamical regime. As described in
the above discussion of MBH mergers, observation of the merger (and ringdown)
signals provides a precision test of general relativity and a definitive test that the
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remnant is, in fact, a black hole, although the merger is particularly difficult to
calculate (41).

The advanced LIGO detector, described below, will have a sensitivity at least
10 times higher than the initial LIGO. With a detection range proportional to
sensitivity, and the volume of space surveyed proportional to the range cubed,
rates for the advanced LIGO detector could be 1000 times higher, which would
result in a high probability of many compact binary coalescence detections per year.

2.5.2. SPINNING NEUTRON STAR The degree to which a spinning neutron star emits
gravitational radiation is characterized by its ellipticity (εe), which is the fractional
deviation from sphericity of the star. From Equation 6 we arrive at the gravitational
wave amplitude

h ∼ G

c2

I f 2εe

r
, 26.

where I is the star’s moment of inertia, f is the wave frequency (twice the star
rotation frequency), and r is the distance to the star. A number of channels have been
proposed that provide neutron star ellipticity, including crustal irregularities, which
may develop through the process of accretion and associated crustal fracturing
(59). A buried magnetic field could force the neutron star into a prolate shape (60);
ellipticities of order 10−7 are possible for plausible values of the magnetic field,
∼1013–15 G. An oblate axisymmetric crustal shape may also be assumed when a
newborn neutron star attains its final state.

An upper limit for εe, based on theoretical predictions of crustal shear moduli
and breaking strengths, is a range of 10−4 to 10−6. These inputs suggest values for
galactic sources of h ∼ 10−24 or less; detection will therefore require averaging
the signal over many wave periods. A complication in the data analysis is that the
earth’s rotational and orbital motion will modulate the source frequency, requiring
correction of the modulation as a function of the source sky position. This will
be possible for known pulsars, whose position and frequency have been identified
in advance. However, searching for periodic waves from unknown sources will
require significant investments of computational resources, as well as the imple-
mentation of hierarchical search algorithms.

Upper limits for εe have also been set for known pulsars by observation of the
spindown, assuming that the only mechanism for the energy loss is the emission
of gravitational waves. For millisecond pulsars this leads to εe < 10−7.

2.5.3. STELLAR COLLAPSE, SUPERNOVAE, AND GAMMA-RAY BURSTS The collapse of
a massive star, after gravitation overwhelms the pressure sustained through nuclear
burning, results in a supernova explosion and the remnant of a neutron star or
black hole. The core collapse, if it is sufficiently asymmetric, has sufficient mass
dynamics to be a source of gravitational waves; however, the physics of the process
from collapse to compact object formation is not well understood. Observation of
such an event in our galaxy, coupled with neutrino and optical signals, could
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Figure 4 Gravitational wave strain spectrum from stellar collapse.
(From Reference 61 with permission.)

do much to enhance our understanding of the collapse process, although such
events are rare (several per century per galaxy.) Figure 4 shows the expected
strain spectrum for a core collapse supernova at a distance of 10 kpc (61). Recent
calculations find that the dominant contribution to the gravitational wave signal is
neutrino-driven convection in the postshock region.

A type II supernova explosion leads to the formation of a neutron star or black
hole. Out to a distance of 10 Mpc, a supernova occurs about once per year. One
suggested mechanism for wave generation is a fast-spinning proto–neutron star
that deforms to a bar-shaped object tumbling end over end. At this distance, the
entire star’s core would need to evolve into a rotating bar for the gravitational wave
signal to be observable (62). Thus, a detection is more likely within our galaxy,
although these occur at a substantially reduced rate (about 1 every 30 years).

Gamma-ray bursts (GRBs) are flashes of gamma rays that last from <1 s to
hundreds of seconds and release energy at ∼1051–54 erg/s, the highest luminosity of
any known astrophysical source (63). GRBs fall into two classes, short (<2 s) and
long (>2 s). The present leading candidate mechanism for long GRBs is a collapsar
(64); for short GRBs there is no consensus model, but they may be associated
with compact object coalescence (65). The result in both cases is the violent
formation of a black hole; however, the associated gravitational wave emission
is very uncertain. Estimates for signal strength from collapsars range from 10−22

to 10−25 at 10 Mpc, depending on the specific model (66, 67). If the burst is
due to a NS-BH inspiral, advanced LIGO could see about 30 per year. Individual
GRBs that occur at cosmological distances associated with the short burst category
are unlikely to be seen by gravitational wave detectors. However, by correlating
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detector outputs immediately before a burst and at other times, it will still be
possible to observe a statistical association between gravitational waves and GRBs.
Such an observation would allow a test of the general knowledge of these sources,
including the time delay between the gravitational wave and the GRB (68). The
launch of SWIFT in 2004, a two-year NASA mission designed for the detailed
study of GRBs and their afterglows at an expected rate of about one per day, will
provide an electromagnetic trigger signal for the gravitational wave search (69).

2.5.4. STOCHASTIC BACKGROUND Processes in the early universe will contribute to
the high-frequency gravitational wave stochastic background. The bound�gw( f >

10−9 Hz) < 10−5 (from nucleosynthesis) is close to the sensitivity of the initial
LIGO detector in the band from 100 to 1000 Hz.

A variety of mechanisms have been proposed that may have produced gravi-
tational waves in the early universe (t ∼ 10−25 s), resulting in waves redshifted
into the advanced LIGO detection band, which will have a detection sensitivity
of � ∼ 10−10 over a one-year integration time. Inflationary models predict para-
metric amplification of fluctuations created in the Plank era; some modifications
to standard inflation predict a signal detectable by LIGO (70). Also, efforts to
develop a model of the very early universe that incorporates superstring theory
predict a high-frequency rise in the gravitational wave spectrum (71), which could
be detectable by LIGO.

Other possible inputs to the stochastic wave background include first-order
phase transition in the quantum field producing waves; excitations of scalar fields
arising in string theories; and coherent excitations of our universe, regarded as a
“brane” in a higher-dimensional universe (72). The early-universe region of time
discussed here, 10−25 s, will be explored for the first time through gravitational
wave emission in the ground-based detectors.

Figure 5 summarizes a number of the above sources, along with the amplitude
noise spectral densities (see Section 1.3) of the initial and advanced LIGO detec-
tors, described in Section 3. The signals shown in Figure 5, like those in Figure 2,
are not the raw strain spectral densities. Rather, the signal levels are meant to rep-
resent the signal-to-noise ratios that can be achieved using optimal data-analysis
techniques (53).

3. MEASUREMENT TECHNIQUES

In this section, we describe the techniques and facilities that have been developed
to achieve the extremely high displacement sensitivity needed for the detection of
gravitational waves.

3.1. Experimental Noise Sources

Several sources of noise must be considered in the design of a gravitational wave
detector. The noise sources can be divided into two categories: displacement noise,
which competes with the actual gravitational wave signal by causing unsought
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motion of the experimental apparatus, and sensing noise, which is associated with
the conversion of a small displacement into a readout signal.

A fundamental displacement noise source associated with the use of a macro-
scopic measurement apparatus is thermal noise, essentially collective modes of mo-
tion of components of the apparatus. Thermal noise is a generalization of Brownian
motion, which arises from a coupling of a macroscopic element to its environment.
According to the fluctuation-dissipation theorem (73), the displacement thermal
noise of a component that can be modeled as an oscillator with effective spring
constant k, mass m, and damping constant b can be described by

x2
therm( f ) = kT b

π2 f 2(b2 + (2π f m − k/2π f )2)
. 27.

The thermal noise peaks at the component resonant frequency ( = √
k/m) but also

has an off-resonance tail. Thermal noise in the measurement band is limited by
constructing components with a high quality factor Q (where Q is inversely related
to the internal damping and is given by 2π f0 m/b) and with a resonant frequency
outside the measurement band. As an example, a cylindrical fused silica optic
with 30 kHz resonant frequency, 10 kg mass, and Q = 107 exhibits motion due to
thermal noise of order 10−19 m/Hz1/2 at 100 Hz.

Another important displacement noise term is seismic noise due to the motion
of the ground. Components of seismic noise are the earth’s seismic background,
man-made sources such as traffic and machinery, and wind and rain coupling
to the ground through trees and buildings. The ground strain spectral density
due to the earth’s seismic background at 100 Hz, 1 Hz, and 10−3 Hz is roughly
10−14/Hz1/2, 10−12/Hz1/2, and 10−10/Hz1/2, respectively (74). Man-made sources
of noise (e.g., traffic) may substantially increase these levels. This noise may be
attenuated by a seismic filter, essentially an arrangement of a spring and mass
with a low resonant frequency. Given a ground motion xg, the motion transmit-
ted through a filter above the resonant frequency f0 is x( f ) ∼ xg ( f0/f )2. Filters
may be stacked for large-multiple attenuations. Practical considerations limit f0
to several hertz for passive filters, and several tenths of a hertz for actively con-
trolled filters. At frequencies below 1 Hz, time-varying Newtonian gravity fields
caused by earth motions and atmospheric fluctuations are also a serious limita-
tion (75). Thus, below 1 Hz, a space-based measurement becomes an attractive
possibility.

A fundamental type of sensing noise is shot noise. Shot noise occurs because
granularity in currents causes fluctuations in counting rate and noise with a flat
spectral density. For example, light arriving at the beamsplitter of an interferometer
at a photon arrival rate r will have a variation in arrival number of

√
rτ , where

τ is the measurement interval. Because the light phase and photon number are
conjugate variables, we find a phase variation 
φ = 1/

√
rτ in the recombined

light; this phase noise translates into a differential length error. Shot noise is mini-
mized in this case by maximizing the photon arrival rate, or equivalently, the laser
power. As an example, to enable a space-based displacement sensitivity of 10−12 m
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(corresponding to 10−6 rad phase sensitivity) at 10−3 Hz, power of order 100 pW
is required.

Another important sensing noise term is electronic noise. An important tech-
nique for the suppression of electronic noise is signal modulation—a signal can
be modulated and then detected at a frequency sufficiently high to attenuate noise
terms that decrease with higher frequency. Given a signal S( f ) competing with a
noise term n( f ), modulation of the signal at a frequency � and averaging for a time
interval 1/� will give a signal-to-noise ratio of S( f )/n(�), so that the relative noise
is greatly reduced. This technique is useful for sensing noise components such as
electronic noise, but it does not reduce displacement noise associated directly with
the signal.

3.2. Requirements and Principles of Detectors

3.2.1. RESONANT MASS DETECTORS Resonant mass detectors, or bar detectors, are
long cylindrical masses whose fundamental vibrational mode is excited by the pas-
sage of a gravitational wave. The bar is constructed so that the resonant frequency
f0 is in an astrophysically interesting region. Practical considerations limit f0 to
∼1 kHz for an aluminum bar 1 m in length and 1 ton in weight.

The response of a bar of mass m, effective spring constant k, and damping term
b to an external force F caused by the tidal acceleration of a gravitational wave is
given by

G( f ) = F/m√(
f 2
0 − 1

/
τ 2

d − (2π f )2
)2 + (2π f b/m)2

, 28.

where f0 is
√

(k/m) − (b2/4m2) and where τ d, the bar decay time, is 2m/b. The
bar’s response at resonance is proportional to the bar’s Q. To maximize the bar
sensitivity, we seek the highest possible Q (equal to 2π f0 m/b) and also seek to
minimize the sensor and thermal noise.

The bar response in the time domain may be understood by considering its
response g(t) to a unit impulsive force applied to the mass,

g(t) ∼ e−t/τd sin(2π f0t), 29.

which is that of a sinusoid decaying with characteristic time τ d. The response of
the bar to an arbitrary driving input (e.g., a gravitational wave) can be obtained by
convolving the driving input with the bar impulse response.

The bar’s motion is read out with a signal transducer, typically a SQUID (super-
conducting quantum interference device) accelerometer, which converts the bar’s
mechanical motion into an electrical signal. The bar and transducer form a system
of coupled oscillators with two normal modes and two resonant frequencies; the
most efficient energy transfer is obtained for a transducer with the same resonant
frequency as the bar (76). Sensor noise can be reduced by using a long signal
integration time.

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt

. S
ci

. 2
00

4.
54

:5
25

-5
77

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 N
at

io
na

l I
ns

tit
ut

e 
fo

r 
N

uc
le

ar
 P

hy
si

cs
 a

nd
 H

ig
h 

E
ne

rg
y 

Ph
ys

ic
s 

on
 1

1/
04

/0
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



25 Oct 2004 20:9 AR AR228-NS54-15.tex AR228-NS54-15.sgm LaTeX2e(2002/01/18) P1: JRX

550 CAMP � CORNISH

Thermal noise presents a displacement noise limit to the bar sensitivity. The
rms amplitude of oscillation due to thermal noise excitation is given by

xrms =
√

kT

4π2m f 2
0

. 30.

This term, of order 10−16 m at room temperature, suggests that the bar should be
operated at cryogenic temperatures. Also, because the time scale over which this
rms motion takes place is of order τ d (∼300 s for Q = 106), the thermal noise may
be further reduced with a signal integration time short compared to τ d. Thus, the
strategy for providing the lowest possible noise for a bar detector is to use a cold,
high-Q material and choose a signal integration time that optimizes the tradeoff
between sensor and thermal noise.

Finally, seismic noise at the bar resonant frequency must be suppressed to avoid
unwanted excitation of the bar fundamental mode.

3.2.2. GROUND-BASED INTERFEROMETERS To enable sensitivity to a wide range of
astrophysical gravitational wave sources, ground-based interferometers are de-
signed to achieve strain sensitivity ∼10−21 over the audio band (10–5000 Hz); a
maximum practical length of order 1000 m necessitates a displacement sensitivity
of ∼10−18 m rms.

Ground-based interferometers are arranged in the Michelson configuration,
which offers differential sensitivity to displacements along its orthogonal arms.
The basic configuration uses a laser to inject light into the interferometer; the
light is then split by a beamsplitter and directed along both orthogonal arms,
which are defined by input and end test-mass optics. The light passes through the
input test masses, reflects off the interferometer end test masses, travels back, and
recombines at the beam splitter to interfere at a photodetector. The beamsplitter
is set to maintain destructive interference of the light at the output port. Small
differential length changes in the arms caused by the passage of a gravitational
wave produce a relative phase shift in the arm light, which is seen as a change in
intensity at the output photodetector. The total light travel time in the interferometer
arms, τ arm, is designed to be less than the period of a gravitational wave, to avoid
loss of signal. Additional mirrors can be used to resonantly enhance the power of
the interferometer stored light, reducing shot noise (77).

Key design features to limit noise couplings are as follows. The laser, of suffi-
ciently high power to suppress shot noise, is stabilized in both intensity (to limit
noise on the test masses from time-varying radiation pressure) and frequency (to
limit wavelength fluctuations, which can appear as a length measurement error).
The test masses are suspended from seismic attenuators, both to attenuate ground
noise within the detection band and to limit slow ground motion that may dis-
turb the interferometer operating point. Additional seismic isolation is provided
by suspending the masses from pendula with resonant frequencies of order 1 Hz.
Careful attention is paid to the optical material and attachments to the optics that

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt

. S
ci

. 2
00

4.
54

:5
25

-5
77

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 N
at

io
na

l I
ns

tit
ut

e 
fo

r 
N

uc
le

ar
 P

hy
si

cs
 a

nd
 H

ig
h 

E
ne

rg
y 

Ph
ys

ic
s 

on
 1

1/
04

/0
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



25 Oct 2004 20:9 AR AR228-NS54-15.tex AR228-NS54-15.sgm LaTeX2e(2002/01/18) P1: JRX

GRAVITATIONAL WAVE ASTRONOMY 551

could cause loss and increase thermal noise. Finally, the interferometer is placed
within a vacuum system to remove air density fluctuations and acoustic noise.

An ultimate limit to the performance of ground-based detectors is imposed
by gravity gradient noise, caused by earth motion and time-varying atmospheric
conditions, from which the test masses cannot be shielded.

3.2.3. SPACE-BASED INTERFEROMETERS An interferometer placed in space offers
the immediate advantages of an absence of seismic noise, a highly stable thermal
environment, and the presence of a vacuum. The low-noise environment, along with
the very long arm lengths that are possible in space, allow for strain signal sensing
at much lower frequencies and at higher displacement levels than is possible with a
ground-based system. An arm length of order 109 m allows sensing at a frequency
of 1 mHz and yields strain sensitivity of 10−21 with a displacement sensitivity of
only (!) 10−12 m.

A Michelson interferometer configuration is formed in space by using three
spacecraft placed on the vertices of an equilateral triangle, each sending and re-
ceiving a laser beam to and from its neighbors. Because the transmitted beam
spreads through diffraction over long travel distances, there is insufficient power
to reflect the beam back to its starting point; thus, a transponding scheme is used,
in which an onboard laser at a far spacecraft is phase locked to the incoming beam
and sends its light back to the initial spacecraft.

Key sensing noise sources are the following. At high frequencies, strain sensi-
tivity is limited by shot noise. Shot noise is set by the power received at each vertex
spacecraft, which in turn depends on the output laser power and the attenuation
of the transmitted beam. Also, frequency noise of the laser is a particular problem
for space based-detectors because it couples to the long arm length. Although the
Michelson configuration is first-order insensitive to frequency noise, small frac-
tional differences in the arm lengths must be accounted for by time-shifting the
phase signals from the arms.

Because the space-based detectors operate at low frequencies, small-force noise
sources produce relatively large displacement noise. Although the proof masses are
shielded from noise by the surrounding spacecraft, relative motion of the spacecraft
and proof mass will lead to gravitational, electrical, and magnetic disturbances of
the proof mass. Thus, the separation between the spacecraft and the proof mass
must be held constant. This is achieved by a drag-free control system that consists
of a sensor, thruster actuator, and feedback control system.

3.2.4. DOPPLER TRACKING OF SPACECRAFT Doppler tracking is performed by send-
ing a radio signal to a distant spacecraft, which coherently transponds a signal back
to the earth (78). By comparing the frequency of the transmitted and received sig-
nals, one can measure the Doppler shift and thereby search for the perturbation
of the spacecraft-earth distance caused by gravitational waves. The large possible
separation between a spacecraft and the earth permits sensitivity to gravitational
waves at a frequency range down to 10−6 Hz.
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TABLE 2 Characteristics of resonant mass detectors

Characteristic ALLEGRO AURIGA EXPLORER NAUTILUS NIOBE

Material AL5056 AL5056 AL5056 AL5056 Nb

Mass (kg) 2296 2230 2270 2260 1500

Length (m) 3.0 2.9 3.0 3.0 2.9

Q × 106 2 3 1.5 0.5 20

f0 (Hz) 920 930 921 924 713
895 912 905 908 694


f (Hz) 1 1 9 1 1

Temperature (K) 4.2 0.2 2.6 0.1 5.0

Sensitivity (Hz−1/2)
∗

1 × 10–21 2 × 10–22 1 × 10–21 2 × 10–22 8 × 10–22

∗The sensitivity is the bar strain noise amplitude spectral density at its resonant frequency.

The primary noise source is frequency dispersion from fluctuating plasma den-
sity in the solar wind and earth atmosphere (79). These backgrounds may be
measured and attenuated with the use of multiband radio transmission.

3.3. Descriptions of Facilities

3.3.1. RESONANT MASS DETECTORS A number of cryogenic bar detectors have
been operated around the world, including ALLEGRO (80) (Baton Rouge,
Louisiana, United States), AURIGA (81) (Padova, Italy), EXPLORER (82)
(CERN), NAUTILUS (83) (Rome, Italy), and NIOBE (84) (Perth, Australia).
The characteristics of the bars throughout a data-taking period from 1997 through
2000 are summarized in Table 2, including mass, length, resonant frequency, Q,
bandwidth, and strain sensitivity (85). The bars were all equipped with a SQUID
amplifier coupled with a resonant transducer, with the exception of the NIOBE
detector, which used a microwave cavity.

The bar detectors listed in Table 2 share many characteristics. Figure 6 shows
the seismic isolation system of the ALLEGRO bar detector, which yields the large
attenuation factor shown (86). Other bars employ similar seismic isolation systems.

An active area of research on bar detectors involves raising the bandwidth by
lowering the transducer and amplifier noise. The relatively high bandwidth of
the EXPLORER detector is due to a special transducer design that allows a very
small gap size and high coupling to the bar. A recent advance in this area has
been achieved by the NAUTILUS group, which has obtained a 100 Hz detector
bandwidth.

3.3.2. GROUND-BASED DETECTORS Ground-based detectors include LIGO, VIRGO,
GEO, and TAMA.

3.3.2.1. LIGO The LIGO observatory consists of one site in Livingston, Lou-
isiana (LLO) and another in Hanford, Washington (LHO). The independent
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Titanium Rods (7mm)

Bronze Intermediate Mass 
(2204 kg)

Bar
(2296 kg)

Steel Disks

Rubber

Air Springs

Estimated Attenuation

5 x 40 dB

60 dB

>  70 dB

>  75 dB

>  405 dB

Figure 6 Seismic isolation in the ALLEGRO bar detector (from Reference
86 with permission).

measurements of the two sites are essential to distinguish a gravitational wave
signal from noise (87, 88). Figure 7 shows an aerial view of LHO; the vacuum
beam tubes that allow the light to propagate through its 4 km arms can be seen
intersecting at the vertex area, which contains the laser, beamsplitter, and input
test masses.

LLO has one 4 km interferometer (referred to here as L1), whereas LHO incor-
porates one 4 km and one 2 km interferometer (referred to as H1 and H2) that share
the same vacuum system. The interferometers at both sites are aligned to within
18◦ (modulo 90). Figure 8 shows a schematic layout of the LIGO interferometer,
including input laser, and beam splitter and test mass optics.

The LIGO H1 detector is configured as follows. The laser system consists of
a neodinium:YAG laser of 1.06 µm wavelength and 10 w output power. At a
frequency of 100 Hz, the laser intensity is stabilized to 1 part in 108 by measuring
its fluctuations with a quiet photodetector, and its frequency is stabilized to 1 part
in 1012 by comparing its wavelength to the length of a fixed optical cavity (89).
The light is further stabilized by a 24 m suspended triangular cavity (called a
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Figure 7 Aerial view of the LIGO Hanford site (LHO), showing the vertex
building and orthogonal beam tubes.

“mode cleaner,” not shown in Figure 8) that removes pointing fluctuations (90)
and provides additional frequency stabilization to the laser. After exiting the mode
cleaner, 6 w of light enters the interferometer.

The interferometer comprises six large optics: the recycling mirror, which res-
onantly enhances the interferometer’s stored light power level by directing light
returning to the laser back to the beam splitter (77); the beamsplitter, which directs

Figure 8 Schematic view of the LIGO detector, including laser, test mass optics,
beam splitter, and photodetector.
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the light to the arm cavities; and two input and two end test masses, which define
the 4 km interferometer arms (91). The test masses have stringent optical specifi-
cations: <50 ppm scatter, <5 ppm/cm absorption, and ∼1 nm rms deviation from
sphericity (92). The controlled lengths of the arm cavities allow the laser light to
resonate, forming Fabry-Perot resonators (93) that increase the storage time of the
light by a factor of 60 relative to a single trip through the arm. This allows the light
to interact with a gravitational wave for a correspondingly longer time, developing
an enhanced phase shift and allowing the required shot noise level to be reached.
The test masses are shaped with radii of curvature of order 10 km to form stable
resonators over the 4 km arm length.

The interferometer is kept in stable resonance with the aid of a length con-
trol system, which suppresses motion due to low-frequency seismic noise and
keeps the test masses positioned to a differential precision of order 10−13 m rms
(94), and an alignment control system, which uses a wavefront-sensing technique
to keep the test masses aligned to the interferometer optical axis to ∼10−8 rad
rms (95). These controls are necessary to stabilize the interferometer operat-
ing point and to prevent coupling of higher-frequency technical noise sources
to the gravitational wave signal. Final frequency stabilization from the arm cav-
ities back to the laser results in a frequency stability of 1 part in 1021 at 100 Hz
(94).

The signal is read out using a phase modulation technique (also known as
Pound-Drever-Hall locking), which adds radiofrequency sidebands to the car-
rier signal and monitors the phase difference between the two frequencies at the
interferometer differential output to sense the relative arm length displacement
(96).

Finally, the interferometer optics and mode cleaner are held in place by sus-
pensions that support the optics with a steel wire pendulum and control them with
attached magnets and coil drivers. The suspension is itself supported by the seis-
mic attenuation system, which uses four stacks of spring-mass filters to attenuate
seismic noise (97). The resonant frequency of the suspension and seismic stack
are approximately 1 Hz and 2 Hz, respectively, and provide a combined attenu-
ation of 1012 at 100 Hz. The very high dependence of the attenuation factor on
frequency means the interferometer sensitivity is limited by seismic noise below
40 Hz. Thermal noise of the pendulum, due to mechanical loss in the wire and
attachments, limits the interferometer sensitivity between 40 and 200 Hz. Above
200 Hz, shot noise is the limiting noise source.

The contributions of seismic, thermal, and shot noise to the LIGO noise budget
are shown in Figure 9. The figure also shows other noise sources, including stray
light, fluctuating optical pathlengths from residual gases in the vacuum system,
and gravity gradient noise due to atmospheric disturbances, etc.

3.3.2.2. VIRGO The VIRGO observatory (98) is operated by a French and Italian
collaboration and located in Cascina, Italy. It consists of one 3 km interferometer. It
shares many characteristics with LIGO, including a 10 W stabilized laser system, an
input mode cleaner, resonant arm cavities, length and alignment control systems,
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and large precision optics. The most prominent difference between LIGO and
VIRGO is the seismic attenuation system: VIRGO’s “superattenuator” design (99)
consists of a chain of five filters composed of blade springs and damping magnets,
which provide 1015-fold attenuation of seismic noise at 10 Hz. This degree of
isolation suppresses seismic noise below thermal noise at frequencies above 4 Hz,
thus significantly improving low-frequency performance. Other VIRGO features
include an output mode cleaner that allows the test mass surface specification to
be reduced to ∼10 nm rms. VIRGO’s design sensitivity is comparable to LIGO’s
at frequencies greater than 100 Hz and is better by a factor of ∼100 at 10 Hz.

3.3.2.3. GEO The GEO facility (100), run by a collaboration of Germany and the
United Kingdom, is located in Hanover, Germany. Figure 10 shows a schematic
layout of the GEO600 interferometer. GEO uses a 600 m interferometer with a
10 W stabilized laser, two input mode cleaners, and two bounce delay lines for arms.
Its design includes the use of a signal recycling mirror that causes the differential
gravitational wave signal to resonate in the interferometer (101); the resonance
is frequency-dependent, providing the possibility of an increase in sensitivity at
the resonant frequency at the expense of reduced interferometer bandwidth. The
resonance can also be tuned to frequencies of interest. GEO uses a triple pendulum
to suspend its optics, with the final stage consisting solely of high-Q fused silica
(102). This results in lowered thermal noise as well as additional low-frequency
seismic isolation. Because of its significantly shorter length, GEO’s sensitivity is
a factor of ∼8 lower than LIGO’s across its full band, but its tunability allows it
to reach the LIGO sensitivity at selected frequencies.

master
laser

slave laser

first
mode

cleaner

second
mode

cleaner

power 
recycling

mirror

signal
recycling

mirror

beam splitter

near mirror

near mirror

far mirror

far mirror

output 
mode cleaner

photodetector

Figure 10 Schematic view of the GEO detector, including input and output
mode cleaners and signal recycling mirror to allow tuning of interferometer
sensitivity.
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3.3.2.4. TAMA The TAMA detector (103) is located in Tokyo, Japan. Its config-
uration is similar to that of the LIGO detector, with a power recycling mirror and
resonant arm cavities, and its length is 300 m. In addition to searching for gravita-
tional waves, the commissioning and operation of TAMA is considered essential
to the proposal of an advanced cryogenic interferometer, described below.

3.3.3. LASER INTERFEROMETER SPACE ANTENNA LISA (104) consists of three
spacecraft placed at the vertices of an equilateral triangle, with arm length of
5 × 109 m. Each spacecraft houses two proof masses that define the arm lengths
and two lasers that transmit light to neighboring spacecraft (Figure 11). By monitor-
ing the phase difference between local light and that received from a far spacecraft,
each spacecraft can perform an interferometric comparison of length variations of
its two arms. The spacecraft configuration will orbit the sun 20◦ behind the earth,
with the plane of the triangle inclined at 60◦ with respect to the elliptic, as shown
in Figure 12. This orbit provides a very stable thermal environment for the con-
stellation. LISA will slowly rotate once per year, imposing amplitude, frequency
and phase modulation of the gravitational wave signal so that the source location
can be extracted.

Light is transmitted from local to far spacecraft with the use of a Nd:YAG 1 W
laser beam expanded through a telescope of 30 cm diameter. The laser is amplitude-
and frequency-stabilized at 1 mHz to levels of 1 part in 106 and 1012, respectively,
to limit radiation pressure noise, as well as length noise from residual frequency
fluctuations (105). The far spacecraft laser is phase locked to the incoming light and
then sends its light back to the initial spacecraft. Diffraction of the propagating
beam will leave 100 pW of light to be collected back at the local spacecraft,
imposing a shot noise limit of 20 PM/Hz1/2 sensitivity at frequencies above 1 mHz
in the length measurement. The local and far light beams are then compared in
phase to extract a time-varying length measurement. An identical measurement
is performed for the other interferometer arm. However, before the two length
measurements can be compared, the coupling of frequency noise to the differences
in arm path lengths (∼1% of the arm length) must be accounted for. This is done
by time-shifting the arm data streams relative to each other, a procedure known as
time-delay interferometery (TDI) (106). A limitation to the effectiveness of TDI
is the uncertainty in the knowledge of the arm lengths, of order 50 m, obtained
from spacecraft tracking.

Details of the LISA interferometer are shown in Figure 13, with a view of the
proof mass, optical bench, and beam expanding telescope (104).

Although the spacecraft shields the proof masses from external disturbances,
the distance from spacecraft to proof mass must be kept stable at the level of
3 nm/Hz1/2 at frequencies down to 0.1 mHz; otherwise, Newtonian gravity gradi-
ents and other position-dependent noise couplings will perturb the mass. Stability
is maintained by a drag-free control system, which uses capacitive sensors to
measure displacements of the spacecraft with respect to the proof mass and mi-
cronewton thrusters to control the spacecraft’s position and keep the displacement
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constant (104, 105). The drag-free technology required for the operation of LISA
will be tested at 10 times the required LISA level in a flight demonstration mission
planned for 2007 (107).

A number of additional external noise sources on the proof mass must be lim-
ited to 10−15 nt/Hz1/2 down to 0.1 mHz. This force level produces a 10−12 m
disturbance over a 1000 s interval. To limit differential radiation pressure on the
proof mass, thermal stability of 60 microKelvin/Hz1/2 at 0.1 mHz is needed; this
is accomplished with the constellation orbit shown in Figure 12 and three layers
of passive thermal shielding (104). A vacuum level of 10−8 torr limits fluctua-
tions in gas pressure on the proof mass (108). Charging effects are suppressed
by periodic discharge of the mass. Finally, spatial and temporal variations in the
proof mass surface potential (the “patch effect”), which can couple to DC voltage
offsets between the mass and sensor, are limited by the use of a gold coating to
maintain a very clean surface (105, 109). These and other noise couplings are
studied on the ground with the use of a torsion pendulum, a device with a low
resonant frequency (3 mHz) and very soft rotational restoring force (110). Ther-
mal noise in its tungsten suspension wire limits its force sensitivity to roughly
100 times the required LISA level. Some recent work with coated, conductive
fused silica fibers offers the possibility of a torsion pendulum with sensitivity
closer to the LISA force noise requirement (K. Numata, J. Gundlach, private
communication).

The planned LISA sensitivity curve is shown in Figure 2. Shot noise is the
dominant noise source above 10 mHz; the sum of the force noise elements described
above are limiting below 2 mHz.

3.4. Planned Facility Upgrades

3.4.1. SPHERICAL RESONANT MASS DETECTOR The possibility of using a spherical
resonant mass detector for the detection of gravitational waves is under study by
several groups (112). A spherical detector offers the following advantages. First,
the direction and polarization of a gravitational wave from any direction can be
determined by using five transducers on the sphere to monitor the amplitude of
its five quadrupole modes of vibration. Also, at the same resonant frequency,
the sphere has 70 times the gravitational wave detection cross section of a bar
due to its larger mass and omni-directionality. A prototype spherical detector of
70 cm diameter is now under construction at Leiden University in the Netherlands
(113).

3.4.2. ADVANCED LIGO The LIGO collaboration has proposed a detector upgrade
that would provide roughly a tenfold increase in sensitivity across a wider detection
band (114). The upgrade is currently proposed to begin around 2007, with the goal
of completing the initial commissioning in 2010. The greater sensitivity of this
detector, known as the advanced LIGO, would allow the detection rate to increase
by a factor of >1000, assuming isotropic distribution of sources.
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The advanced LIGO owes its increased sensitivity to the following technical
upgrades of its subsystems. In the proposal, a 200 W laser provides a light power
of 120 W at the input to the interferometer, reducing shot noise. Active seismic
isolation allows seismic attenuation of order 103 at 1–10 Hz, and significant attenu-
ation down to 0.1 Hz. Quadruple pendula are used to suspend the optics, lowering
the suspension thermal noise. The optics are made of sapphire, a material with
higher Q and higher density than fused silica, to decrease optic thermal noise and
the noise from radiation pressure. Finally, the advanced LIGO will incorporate a
signal recycling mirror to allow tuning of its sensitivity.

Figure 5 shows the relative sensitivity of the initial and advanced LIGO inter-
ferometers.

3.4.3. THIRD-GENERATION GROUND-BASED DETECTORS Two detectors now under
study would offer higher sensitivity than the advanced LIGO. The Large-Scale
Cryogenic Gravitational Wave Telescope (LCGT) (115) is a 3 km facility planned
for installation in an underground mine in Kamioka, Japan. It would resemble the
advanced LIGO in design but would also use cryogenics to cool its test masses
and suspensions to 20 K. This would reduce the suspension and optic thermal
noise so that the strain sensitivity would be two- to threefold higher than that
of the advanced LIGO over all of its detection band. To examine the difficult
technical issues associated with cooling a suspended mass interferometer, a 7 m
interferometric cryogenic facility has been built at the Institute for Cosmic Ray
Research in Tokyo, Japan (116).

An ambitious interferometer named EURO has been described in a vision pa-
per submitted to the funding agencies of Britain, France, Germany, and Italy
(www.astro.cf.ac.uk/geo/euro/euro.pdf). The goal of research for EURO would
be to pioneer and employ many advanced interferometric techniques leading to
quantum noise limited performance, including cryogenically cooled optics, neces-
sary to minimize thermal noise; kilowatt-power-level lasers; and diffractive optics,
which would direct laser light by diffraction through gratings to avoid the thermal
deformations associated with absorption on reflective surfaces. EURO envisions
a sensitivity increase of ∼10 beyond that of the advanced LIGO, as well as an
extension of bandwidth by about a factor of 10 at both low and high frequencies.

3.4.4. BIG BANG OBSERVATORY The Big Bang Observatory (BBO; http://universe.
gsfc.nasa.gov/be/roadmap.html) is a follow-on mission to LISA, a vision mission
of NASA’s “Beyond Einstein” theme. BBO will probe the frequency region of
0.01–10 Hz, a region between the measurement bands of the presently funded
ground- and space-based detectors. Its primary goal is the study of primordial
gravitational waves from the era of the big bang, at a frequency range not limited
by the confusion noise from compact binaries discussed above. In order to separate
the inflation waves from the merging binaries, BBO will identify and subtract the
signal in its detection band from every merging neutron star and black hole binary
in the universe. It will also extend LISA’s scientific program of measuring waves
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from the merging of intermediate-mass black holes at any redshift, and will re-
fine the mapping of space-time around supermassive black holes with inspiraling
compact objects.

The strain sensitivity of BBO at 0.1 Hz is planned to be ∼10−24, with a corre-
sponding acceleration noise requirement of <10−16 m/(s2 Hz1/2). These levels will
require a considerable investment in new technology, including kilowatt-power-
level stabilized lasers, picoradian pointing capability, multi-meter-sized mirrors
with subangstrom polishing uniformity, and significant advances in thruster, dis-
charging, and surface potential technology.

4. DATA ANALYSIS

In this section, we review the analysis strategies for searching for faint gravitational
wave signals and the data-analysis efforts to date.

4.1. Data-Analysis Techniques

4.1.1. MATCHED FILTERING If the waveform of a particular source is known, the
optimal method for searching for the waveform in noisy data is the matched filter
(119). Let k(t | θ ) represent the template that describes the gravitational wave
signal in the detector for a source with parameters θ . (For example, we may be
searching for the inspiral signal from a coalescing neutron star binary system, in
which case θ represents the component masses.) If s(t | θ̄ ) = h(t | θ̄ ) + n(t) is the
(noisy) measurement of a gravitational wave signal with parameters θ̄ , then the
correlation between the detector output and the template is defined as

〈s(θ̄ )|k(θ )〉 = 2

∞∫
0

s̃( f |θ̄ ) k̃∗( f |θ ) + s̃∗( f |θ̄ ) k̃( f |θ )

Sn( f )
d f, 31.

where Sn( f ) is the strain noise power spectral density s̃( f ) and is the Fourier
transform of s(t). The filter (Equation 31) correlates the time-series data with the
template (numerator), emphasizing the frequencies where the noise is low relative
to frequencies where the noise is high (denominator). The signal-to-noise ratio of
the matched filter is given by

ρ(θ, θ̄ ) = |〈s(θ̄ )|k(θ )〉|
〈k(θ ) | k(θ )〉1/2

. 32.

The best-fit parameters are found by maximizing ρ(θ, θ̄ ). When ρ exceeds an
appropriate threshold ρ∗, a candidate signal has been identified. Owing to the
presence of noise, the best-fit parameters will not necessarily correspond to the
true source parameters θ̄ .

Matched filtering is used extensively in the search for inspiral signals from
neutron star or black hole binary coalescence. The waveforms that describe the in-
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spiral gravitational radiation are well approximated by a post-Newtonian expansion
(120) and may be used to generate the matched filter. In practice, the matched filter
output is calculated simultaneously for a large number of different templates (i.e.,
different θ ) that span the space of expected signals.

This technique is also important in extracting a signal from the noisy background
of bar detectors. In this case, a matched filter is applied for gravitational wave burst
signals observed with an optimal averaging time (as discussed in Section 3.2.1).
The filter serves to deemphasize thermal noise close to the bar resonance.

4.1.2. TIME-FREQUENCY ANALYSIS In the search for many sources of gravitational
radiation, including black hole mergers and core collapse of massive stars, the
waveforms are not known with sufficient accuracy to allow the use of matched
filtering. In these cases, methods are used that look for evidence of gravitational
radiation without a priori knowledge of the waveform.

One important technique employs time-frequency decomposition of the detector
data. In this analysis, slices of the data are taken at fixed time intervals, and a Fourier
decomposition of each slice is done. Comparison of the power present in a given
frequency interval as a function of time, relative to the known statistical distribution
of the noise power, will indicate the possible presence of a gravitational wave.

This approach has several variants. The excess power method compares power
in an estimated frequency band for an estimated duration to the known statistical
distribution of noise power (121). If the detector noise is stationary and Gaussian,
the noise power will follow a chi-squared distribution with the number of degrees
of freedom equal to twice the time-frequency volume. Thus, the efficacy of this
method to detect the excess power related to a gravitational wave signal depends
on the expected duration and bandwidth of the signal as well as its strength. A re-
lated method, TFCLUSTERS, searches for clusters of pixels in the time-frequency
plane with power above a given threshold (122). Because most signals have pixels
with a high degree of spatial correlation in the time-frequency plane, this type of
clustering analysis is useful to filter out detector noise. An example is shown in
Figure 14.

4.1.3. CHANGE-POINT ANALYSIS Another method for identifying a signal without
knowledge of the waveform is to look for a change in the statistics of the detector
output in the time domain. The approach is to divide the data into blocks within
which the statistics are approximately constant. The statistics of each block are
then characterized by the parameters of normal distributions, mean and variance.
A “change point” is defined as a time when the noise character changes, so that
probability of the data to either side of the point belonging to different distributions
exceeds a determined threshold (123). The identified change points thus define the
blocks, characterized for start and end times, mean, and variance.

Once blocks of varying mean and variance are determined, adjacent unusual
blocks are clustered into a single event. Coincident analysis between separate
detectors can then be performed, including frequency band, time of loudest block,
calibrated energy, and duration.
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Figure 14 Time-frequency analysis applied to a simulated binary chirp in a white
Gaussian noise background. The first plot (top) is the result of a threshold applied to
the power of the pixels of a time-frequency decomposition of the data. The second plot
(center) retains clusters of pixels with common sides. The final plot (bottom) applies
a threshold to the total power of the clusters. (From Reference 122 with permission.)

4.1.4. CORRELATION AND COINCIDENCE TECHNIQUES Correlation of the signals
from more than one detector is critical for suppressing noise and allowing a real
signal to be identified. With t1 = t2 + L/c, where t1 and t2 are the recorded time at
each detector and L = |(�x1 − �x2) · n̂| is the projected distance between detectors
for a source in the n̂ direction, we can form the detector cross correlation Y:

Y ≡
T/2∫

−T/2

dt1

T/2∫
−T/2

dt2s1 (t1) Q (t1 − t2) s2 (t2) , 33.

where s is the detector strain output and Q is a filter that can be chosen to maximize
the signal-to-noise ratio of Y for a given expected signal. To find the optimal Q(t),
we assume that the detector noise is stationary, Gaussian, and uncorrelated between
different detectors. This approach is used to search for the expected low stochastic
background signal.

A measurement of the signal from multiple detectors also allows identification
of the source position. Measurement of the signal with two detectors locates the
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source within a circle on the sky, with the angle of declination relative to the
polar axis (defined by an extension of the baseline between the detectors) given by
θ = cos−1 (c
t/D), where 
t is the time difference between the detected signals
and D = |�x1−�x2| is the distance between the detectors (124). Use of a third detector
gives two position circles that intersect at two patches on the sky, and a fourth
detector localizes the source to within a single patch. With a timing resolution of
0.1 ms and detectors in the United States, Europe, and Japan, a localization of
∼20 arcmin is possible.

4.1.5. PULSAR TIMING ANALYSIS Pulsars are excellent clocks. For example, the pe-
riod of millisecond pulsar B1937 + 21 has been measured to 1 part in 1013. Thus,
pulsar timing measurements can be used to infer the existence of gravitational
waves through the observation of the modulation of the pulsar signal. The strain
sensitivity possible with an array of timing devices is given by (125) h ∼ R/(N1/2

T/2π ), where R is the residual from the timing model, N is the number of devices
in the array, and T is the measurement duration. A pulsar timing array is partic-
ularly suitable in the search for gravitational waves in the frequency range 10−9

to 10−7 Hz, where noise limits the performance of the ground- or space-based
interferometric systems.

The timing of pulsar signals allows the study of gravitational waves in a number
of different ways. First, monitoring the orbital decay supplies information on
the luminosity of the waves, as in the case of the Hulse-Taylor binary pulsar,
PSR B1913+16. Second, the effect of low-frequency gravitational radiation on
the periodic modulation of the arrival time of the pulsar signal can be observed,
allowing the identification of gravitational waves from supermassive black hole
binaries and stochastic backgrounds.

4.2. Ground-Based Interferometer Results

The results shown in this section were obtained from the LIGO S1 science run,
taken during a 17-day period starting in August 2002 (126). The analysis of this
run offers the highest-sensitivity performance of a wide-band gravitational wave
interferometer to date.

Figure 15 shows the detector sensitivity during the S1 run, as well as the sensi-
tivity during the following two science runs, S2 and S3 (http://www.ligo.caltech.
edu). The notable improvement in interferometer performance with time is due to
the ongoing commissioning activity to fully implement the LIGO design. Data
from the S2 run is presently under analysis. The durations of the S2 and S3
runs were 59 and 66 days, respectively. At the time of the S1 run, the inter-
ferometer alignment system was not yet fully implemented and the laser fre-
quency and intensity were not fully stabilized. In addition, the laser was not
run at full power. Because the detector sensitivities were several orders of mag-
nitude away from the design goal, data analysis was not expected to result in
source detections. Rather, the analysis was undertaken to provide upper limits
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of astrophysical interest, while establishing the methodology of gravitational
wave data analysis by using the algorithms described above to treat actual data.

The data-taking rate of the gravitational wave channel was 16 kHz. The strain
signal was calibrated at the 10% level with a swept sine-wave modulation of the
detector arm length. Data taking took place with the interferometer operating in
“science mode,” a state characterized by an absence of excess noise from mechan-
ical resonances excited by large control system transients. Detector duty cycles for
this run were between 40% and 70%, limited by impulsive seismic events from
man-made sources (e.g., traffic).

The interferometer analysis described in Section 4.2 was done within the LIGO
Scientific Collaboration, a worldwide association of scientific groups that carries
out the scientific program of the LIGO laboratory. Subgroups address the burst,
inspiral, stochastic, and pulsar analyses of the following sections.

4.2.1. BURSTS A search for linearly polarized gravitational wave bursts of short
duration (4–100 ms) was undertaken, using a time-frequency decomposition of
the strain data (128). No assumptions were made about the nature of the burst.

To minimize the rate of false events from fluctuations in the detector noise, a
coincidence between all three detectors was required for the identification of a burst
event. After exclusion of stretches of data where the noise in the gravitational wave
channel exceeded a predetermined threshold, a total of 35.5 h of triple-coincidence
observation time remained for analysis. The TFCLUSTERS algorithm, described
above, was used to search for signals above the detector noise background. The
number of events observed was consistent with expectations for random accidental
coincidences from detector noise, estimated by time-shifting the data from different
detectors, and was less than 2 events/day.

The efficiency of the search algorithm was determined by injecting simulated
signals into the data stream. These included Gaussians of the form h = h0 exp(–t2/
τ 2), with a range of durations; and sine Gaussians, of the form h = h0 sin(2π f0t)
exp(–t2/τ 2), with a ratio of frequency width to central frequency of 9, and a
range of central frequencies. The results are shown in Figure 16, which plots
the event rate versus the root-sum-square amplitude spectral density, defined by
hrss =

√∫ |h|2dt . The upper limits shown are for an ensemble of waves of equal
amplitude, incident on the earth from all directions and with all linear polarizations.

4.2.2. BINARY NEUTRON STAR INSPIRAL The detectors in the S1 run were sensitive
to inspiral events (at a signal-to-noise level of 8) to a maximum distance between
30 and 180 kpc. Candidate inspiral events were determined through the application
of matched filters that covered the mass range 1–3 Ms, as well as the starting orbital
phase and the inclination of the orbit relative to the plane of the sky (129). The
matched filter technique used in this analysis assumed stationarity of the noise
spectrum over periods of several minutes; however, the state of commissioning
of the interferometer during the S1 run was such that brief periods of excess
broadband noise in the interferometer led to the generation of spurious events.
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Figure 16 Burst upper limits for Gaussian and sine-Gaussian waveforms.
hrss is the root-sum-square amplitude spectral density of the burst. (From
Reference 128 with permission.)

These transient noise artifacts that excited the matched filter were rejected by
requiring a time-frequency examination of the accumulation of the signal-to-noise
ratio of the chirp signal. An additional veto related to the observation of very-high-
broadband detector noise was also used.

The analysis used coincidences from triggers from the LLO 4 km and LHO
4 km detectors (the LHO 2 km detector noise was found to show excessive non-
stationarity and was not used in this search). To increase the visible distance and
observation time, when coincidences were not available a single detector was used,
with the caveat that events identified this way could not be used as evidence of
gravitational wave detection—only to set an upper limit.

Because no model existed for the level of background events in each detector,
an approach was chosen that identified the event with largest SNR in the data and
calculated an upper limit assuming no background above this level. For a Poisson-
distributed set of events of rate R, the probability P of observing an inspiral signal
in observation time T with SNR of ρ > ρ∗ is

P(ρ > ρ∗) = 1 − e−RT ε(ρ∗), 34.

where ε is the detection efficiency. An upper limit at 90% confidence level (CL) is
then given by R90% = 2.3/[T ε(ρ∗)]. The efficiency of the search was obtained by
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Figure 17 Neutron binary inspiral loudest event and detection efficiency. ρ

is the signal-to-noise ratio of the event. (From Reference 129 with permission).

the injection of simulated inspiral signals into the data stream (see Figure 17). The
upper limit obtained for 214 h of data was R90% < 1.7 × 102 per year per Milky
Way equivalent galaxy (MWEG). This limit is a factor of 26 lower than that of
the best previous search and is the best observational limit to date, although much
higher than the best current theoretical prediction of 2 × 10−4/y/MWEG.

4.2.3. STOCHASTIC BACKGROUND The stochastic background is sought by corre-
lating the outputs of the detectors (130). With the assumption that the detector noise
is Gaussian, stationary, and uncorrelated between different detectors, the expected
value of the cross correlation Y depends only on the stochastic strain signal Sgw:

〈Y 〉 = T

2

∞∫
−∞

d f γ ( f ) Sgw ( f ) Q ( f ). 35.

Here γ ( f ) is a function that characterizes the reduction in sensitivity due to the
space-time separation, as well as the relative orientation of the two detectors, and
T is the measurement time. Q( f ) is a filter function chosen to maximize the signal-
to-noise ratio ρ = Y/σ y, where σ y is the variance of Y and is related to the detector
noise:
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σ 2
Y = T

4

∞∫
−∞

d f Sn1 ( f ) |Q ( f )|2 Sn2 ( f ), 36.

where Sn1 and Sn2 are the strain noise power spectra of the two detectors.
For this analysis, which assumed a stochastic background with �gw(f) = con-

stant over the LIGO band, the strain signal falls as 1/f 3/2 (see Figure 18a). The cross
correlation provides a tighter upper limit on �gwh2

100 than that obtained from a sin-
gle detector by a factor γrms

√
T 
BW, where 
BW is the bandwidth over which the

integrand of Equation 31 is significant, and where γ rms is the rms value of γ ( f ) over
this bandwidth. For the H2-L1 correlation, this factor is of order several hundred.

Cross correlations were generated in 900-s intervals, which were short enough
to account for nonstationary detector noise. The analysis was done in the frequency
domain to facilitate the optimal filtering. Careful attention was paid to the win-
dowing of the time-series data before the application of the Fourier transform to
prevent the leakage of low-frequency components into the measurement band.
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Figure 18 Search for stochastic background of gravitational waves. (a) Expected
strain signals for stochastic backgrounds of 10 and 1. (b) Measured correlations of
H2-L1 and H1-H2 detectors. The dashed lines show the expected correlation for � =
23 and � = −8, respectively. The correlation for H1-H2 detectors, both located at
LIGO’s Hanford observatory (LHO), is due to common environmental noise. (From
Reference 130 with permission.)
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Figure 18 (Continued)

The upper limit (90% CL) set by the S1 analysis was �0 h2
100 < 23 in the

frequency band 40–314 Hz. The cross-correlation results were examined through
a time-shift analysis of the time-series data, shown for the H2-L1 and H1-H2
correlations in Figure 18b,c. (Time-shifting the data will remove a true correlation
between the detectors.) The dashed lines show the expected correlations in the
presence of a stochastic background with �gw( f ) = constant. The H2-H1 data
show an instrumental correlation, due possibly to common acoustic or seismic
noise. The H2-L1 data are consistent with noise.

The upper limit was a factor of 104 improvement over the best previous broad-
band interferometric result. It is, however, large compared to the limit from big
bang nucleosynthesis of <10−5.

4.2.4. PERIODIC WAVES FROM PSR J1939+2134 A search was undertaken for gravi-
tational wave emission from the known pulsar J1939+2134 at its expected 1284 Hz

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt

. S
ci

. 2
00

4.
54

:5
25

-5
77

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 N
at

io
na

l I
ns

tit
ut

e 
fo

r 
N

uc
le

ar
 P

hy
si

cs
 a

nd
 H

ig
h 

E
ne

rg
y 

Ph
ys

ic
s 

on
 1

1/
04

/0
5.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



25 Oct 2004 20:9 AR AR228-NS54-15.tex AR228-NS54-15.sgm LaTeX2e(2002/01/18) P1: JRX

GRAVITATIONAL WAVE ASTRONOMY 569

emission frequency (twice the pulsar frequency) (131). This pulsar has a rotational
period of 1.6 ms and is 3.6 kpc from the earth.

The signal-to-noise ratio for a source of known frequency fs will increase as the
square root of the time T; the amplitude h0 of the signal that can be detected with
90% confidence, but would arise randomly from the Gaussian noise background
only 1% of the time, is given by

h0 = 11.4
√

Sn( fs)/T , 37.

where Sn( f ) is the noise power spectral density. For the ∼200 h of data collection
of the S1 run, this amplitude is ∼10−22 at 1284 Hz. In contrast, an upper limit of
h ∼ 10−27 for this pulsar can be obtained, assuming the observed spindown rate is
due solely to gravitational wave emission from this pulsar. Thus, a detection was
not expected.

The data were heterodyned at the signal frequency, then low-pass filtered to
suppress contamination from strong signals elsewhere in the detector band. An
additional heterodyne was applied to account for the time-varying Doppler shift
from the earth’s rotation and orbit and spindown of the pulsar. An upper limit
at 90% CL for the observed strain was found to be 1.5 × 10–22 for L1, the most
sensitive detector. This in turn allowed a limit to be set on the neutron star’s
ellipticity: Using a value of 1045 g cm2 for the star’s moment of inertia, we find
ε < 2.9 × 10−4.

4.3. Resonant Mass Detector (Bar) Results

The International Gravitational Event Collaboration (IGEC) performed a study of
the results of the observations of the ALLEGRO, AURIGA, EXPLORER, NAU-
TILUS, and NIOBE cryogenic bar detectors during 1997–2000 (132). The search
was focused on burst waves around the bars’ resonant frequency of ∼900 Hz.
The detectors were oriented to be nearly parallel to maximize the probability of
coincident signal detection. Each group independently conducted a burst search
using an optimal filter and an adaptive threshold. Candidate events at SNR > 3–5
(the threshold chosen to impose a background rate of ∼100/day) were described
by the peak amplitude, time of occurrence, and their uncertainties. This threshold
would correspond to an energy of ∼0.1 Ms converted into a gravitational wave
millisecond burst at a distance of 10 kpc. The accidental coincidence rate over a
detection interval of 1 s (limited by a detection bandwidth of 1 Hz) was several
per week for two detectors and several per century for three detectors.

No evidence for gravitational wave bursts was found. Coincidences between
the detectors were well accounted for by the estimated background. Figure 19
shows an upper limit for the rate of the bursts as a function of burst amplitude
threshold Ht. Because the time resolution of the data was not sufficient to resolve the
incident wave direction, no directional search has been applied. A separate analysis
of EXPLORER and NAUTILUS data taken over 90 days in 2001 did include
directional information (133). A small excess in the number of coincidences was
reported, corresponding to times when the detectors were favorably oriented with
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Figure 19 Upper limit for bursts from resonant bar collaboration. The re-
sults at each threshold value are cumulative and apply to bursts whose ampli-
tudes are greater than Ht. (From Reference 132 with permission.)

respect to the galactic disc, but the level was too low to warrant any claim of an
actual detection.

4.4. Doppler Tracking Results

In the past decade the Ulysses and Cassini spacecraft have been operated for the
exploration of the sun and Saturn, respectively. On both missions, Doppler tracking
set limits on gravitational waves in the 10−6 Hz to 10−4 Hz range.

Fourteen days of data were analyzed from Ulysses in 1992 (134), with a round-
trip travel time of ∼4400 s. Two different downlink carriers were used to attenuate
the effect of the interplanetary plasma on the signal. The data was analyzed to
search for a hypothetical binary black hole system with central mass 2 × 106 Ms

at the galactic center. For an orbital period of order 10−4 s, an upper limit of 6000
Ms for the mass of the proposed companion black hole was established.

In the Doppler tracking of Cassini (135), a multilink radio system, involving two
uplink and three downlink signals, was used to remove noise from the interplane-
tary plasma. Tropospheric scintillation was also attenuated with a radiometer-based
calibration system on the tracking antenna. Data were analyzed from a 40 day pe-
riod in late 2001, with a round-trip time of ∼5800 s. Analysis of the data set
an upper limit on the stochastic background as shown in Figure 20. An upper
limit for � of ∼10−5 is set from the model of primordial nucleosynthesis, so
the Cassini data represent only an upper limit for an astrophysical background
in this frequency band. This result is ∼1000 times better than previous Doppler
measurement.
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Figure 20 Strain sensitivity of Doppler tracking study of Cassini spacecraft. The
expected signal from a stochastic background of � = 0.01 is shown. (From Reference
134 with permission.)

4.5. Pulsar Timing Results

A number of pulsar timing measurements have been made to set limits on the
existence of gravitational waves in the frequency range of 10−9 to 10−7 Hz.

Timing observations of the radio pulsar PSR B1855+09 have been examined
for the imprint of gravitational waves with frequency 6 × 10–8 Hz, from a proposed
supermassive binary black hole in galaxy 3C66B (136). Data from seven years of
observations from the Arecibo Observatory were searched for fluctuations in the
pulsar signal arrival times at the proposed emission frequency. The absence of such
fluctuations ruled out the proposed system at a confidence level of 98%, given a
total mass of 5 × 1010 Ms and chirp mass of 1.3 × 1010 Ms, for an eccentricity of
<0.03.

A search for a stochastic background of MBH coalescence was performed by
examining pulses from the millisecond pulsar B1855+09 (137). This pulsar has
been under observation by the Arecibo and Green Bank telescopes for a total of
17 years. No unexplained perturbations were found in the timing residuals, of
order 10 µs, setting an upper limit for the energy density in gravitational waves of
�h2

100 < 2 × 10−9.
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4.6. Space-Based Interferometer Analysis

Although data from the first space-based interferometer, LISA, are not expected
until the next decade, considerable work has already gone into exploring its mea-
surement capabilities (138, 139). Efforts are now under way to develop and test
data-analysis algorithms on simulated LISA data (140).

Signal analysis for space-based interferometers will employ many of the same
techniques used to analyze data from ground-based interferometers—such as
matched filtering and time-frequency plots—but the character of the data-analysis
problems is very different. The high-frequency sources sought by ground-based de-
tectors are mostly short-lived transients, whereas the low-frequency sources sought
by space-based detectors are mostly long-lived and continuous. This difference in
source duration has two main consequences. The first is that the high-frequency
signals will tend to be isolated in time while the low-frequency signals overlap in
time; the second is that orbital motion of the detector is unimportant for ground-
based detectors but is essential for locating sources with space-based detectors.
The main data-analysis challenge for LISA will be identifying individual sources
from a data stream that contains tens of thousands of overlapping sources (141).

During the course of a year, a typical LISA signal will complete tens of thou-
sands of cycles. In order for a template to match the signal, the source parame-
ters that control the phase evolution, such as the mass or orbital frequency, must

Figure 21 Histograms showing the angular resolution of the LISA detector in degrees
for the brightest galactic sources after three years of observation (solid line), and for
a population of black holes at redshift z = 3 observed over their final year of inspiral
(dashed line). The galactic sources were selected from a realization of the galactic
background with a brightness threshold of SNR > 10. The black holes were drawn
from an all-sky distribution with a mass distribution uniform in log(M/M�), and with a
detection threshold of SNR > 5. (Figure contributed by Neil Cornish & Jeff Crowder.)
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be known to high precision. In contrast, parameters that control the amplitude
of the signal—such as the distance to the source, the orbital inclination, and
polarization—need only be known to low precision. Directional information comes
from the antenna pattern being swept across the sky and from the time-dependent
Doppler shift as LISA moves toward, then away from, a source. The accuracy with
which the source parameters can be determined is inversely proportional to the
signal-to-noise ratio and strongly depends on the source parameters themselves.
Figure 21 shows the distribution of angular resolutions for bright galactic sources,
along with the distribution of angular resolutions for a population of MBH binaries
at redshift z = 3 (corresponding to a luminosity distance of 25 Gpc). The me-
dian values for the angular resolution are 1.4 and 3.7◦, respectively. Other source
parameters are determined to varying degrees of precision; for the black hole pop-
ulation, the median fraction errors in the individual masses are ∼10–3, the time to
coalescence is 10–5, and the luminosity distance is 0.3.

5. CONCLUSIONS

There is strong reason for optimism in the gravitational wave community.
At the time of this writing, the LIGO H1 detector has reached within a factor of

three of its design sensitivity across its full detection band between 80 and 1000
Hz (R. Weiss, private communication). Work is under way to upgrade the seismic
isolation system to enable the detectors’ duty cycles to approach 100%. It is ex-
pected that after the end of 2004, all three LIGO detectors will be operating at full
design sensitivity, and that a year-long data run can then begin. At full sensitivity,
LIGO will have a reach for a neutron binary inspiral that will extend to the Virgo
cluster, accessing hundreds of galaxies. Equally important to the achievement of
its designed detection range, LIGO has demonstrated that the physics and engi-
neering of interferometry is well understood and predictable at the 10−18 m rms
level. This has already led to the start of research and development of the technol-
ogy necessary for LIGO’s next-generation detector, which will provide at least a
tenfold increase in detection range and a corresponding detection rate increase of
∼1000-fold.

The addition of the GEO and VIRGO detectors at full design sensitivity within
the next few years will establish gravitational wave astronomy as a truly inter-
national effort. The simultaneous operation of geographically separated detectors
will enable source localization and facilitate optimization to particular source fre-
quencies.

Space-based interferometry is also under active development. The LISA project,
a NASA/ESA collaboration, is now engaged in the technology development of
space interferometry and drag-free spacecraft control to open up the 10−4 Hz to
10−1 Hz measurement band. A test flight to demonstrate the technology of drag-
free control is scheduled for 2007, and the launch of LISA is scheduled for 2013.

Finally, as the experimentalists continue to develop their detection hardware,
the understanding of potential gravitational wave sources has also advanced. For
example, the recent discovery of a 22 ms pulsar has increased by an order of
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magnitude the expected event rate for neutron binary inspiral detection by the
initial LIGO, so that one event per year is now plausible (54).

Observation within the coming decade of even some of the gravitational wave
sources described in this article will bring a wealth of new information and
perspective to our understanding of the universe. History shows that the open-
ing of a new observational window brings surprises and insights of a kind not
dreamt of in our philosophy. We expect that the realization of gravitational wave
astronomy will be no exception.
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GRAVITATIONAL WAVE ASTRONOMY C-1

Figure 5 Gravitational wave sources sought by LIGO. Also shown are the sensi-
tivity curves of the initial and advanced LIGO interferometers. The advanced LIGO
sensitivity is shown tuned to the known frequency of an x-ray binary (see Section
3). (From Reference 53 with permission.)
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C-2 CAMP ■ CORNISH

Figure 9 LIGO noise curves, including seismic, thermal, shot, radiation
pressure, residual gas, gravity gradient, and total noise.
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GRAVITATIONAL WAVE ASTRONOMY C-3

Figure 11 LISA constellation. On each spacecraft lasers are phase locked, and
each spacecraft transmits and receives light from each of its neighbors.
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Figure 12 Orbit of LISA constellation. The constellation triangle rotates once
per year.
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Fiber from
laser

Fiber to other
 optical assembly

Accelerometer
Electronics
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Electronics

Support
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Stiffening rings

Telescope
thermal
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Mirror
support

Primary
mirror Secondary

mirror

Secondary
support
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Electronics
plate

Figure 13 LISA optical assembly. Light from an external laser is brought to the
bench with a fiber, reflected from the proof mass, and expanded by the telescope.
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Figure 15 LIGO detector sensitivities during the S1, S2, and S3 runs. The
analyses described in this article used data from the S1 run.
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