LIGO AND THE DETECTION
OF GRAVITATIONAL WAVES
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The best empirical evidence we have of the existence
of gravitational radiation is indirect. It comes from the
1974 discovery and beautiful observations, by Russell
Hulse and Joseph Taylor,® of the first binary pulsar ever
found. (See PHYSICS TODAY, December 1993, page 17.)
Exploiting the clockwork pulsar signal from the neutron
star, they were able to monitor the orbital period of the
binary star system with exquisite precision and confirm
that it was indeed gradually speeding up at just the rate
predicted for the general-relativistic emission of gravita-
tional waves.

The direct detection of gravitational waves will mark
the opening of a new window on the near and far reaches
of the cosmos. For physics, its most important promise is
the direct observation of gravitation in highly relativistic
settings, so that one can test general relativity in the
strong-field limit, where it is not merely a small correction
to Newtonian gravity. (See the companion article in this
issue by Clifford Will, on page 38.) In that limit, the strong
curvature of the spacetime geometry should show us fun-
damentally new physics.

By the time they reach us, the gravitational waves
are, of course, only very weak perturbations on our local
flat space. But they will provide information about the
strong-field regions where they began. The detection of the
waves will also allow us to determine the wave properties
of the gravitational radiation—for example, their propa-
gation velocity and polarization states.

For the astrophysicist, the observation of gravitation-
al waves will provide a new and very different view of the
universe. These waves arise from motions of large aggre-
gates of matter, rather than from the particulate sources
that produce electromagnetic waves. Because gravitation-
al waves are not scattered as they propagate between
source and observer, they should provide information
about what’s happening in the innermost and densest
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new astrophysics.
A new generation of

ed mass interferometry
promises to attain the requi-
site sensitivity for observing
gravitational waves. (See
figure 1.) These new detectors are the fruit of a.quarter-
century of worldwide technology development, design, and
construction. The US effort, called LIGO (Laser
Interferometer Gravitational-Wave Observatory), is a
joint Caltech—MIT project, supported by the National
Science Foundation. LIGO is a pair of L-shaped laser
interferometers: one in Hanford, Washington, the other,
some 3000 km away, in Livingston, Louisiana. (See figure
2.) Each evacuated interferometer arm is 4 km long.

The LIGO facilities at both sites have now been com-
pleted, and detector installation is under way. Following a
two-year commissioning program, we expect the first sen-
sitive searches for astrophysical gravitational waves to
begin in 2002. This initial search, sensitive to changes
(strains) as small as a part in 10% in the lengths of the
interferometer arms, will be the first attempt to detect
gravitational waves at a sensitivity that reaches plausible
estimates for astrophysical source strengths. It will mark
a 100- to 1000-fold improvement over previous searches—
both in sensitivity and bandwidth.

The two LIGO interferometers will operate in coinci-
dence, so as to filter out local noise. In fact, to provide
additional coincidence surety, a third independent inter-
ferometer, half as long as the other two, will share the vac-
uum system of the full-size interferometer at Hanford.
Also, one determines the direction and polarization of a
gravitational wave by measuring arrival-time differences
between geographically dispersed detectors. At the
Hanford and Livingston support facilities, efforts will con-
tinue on the development of improved and special-purpose
detectors of increased search and follow-up sensitivity.

Gravitational radiation

The gravitational wave plays a role in gravitation similar
to that of the electromagnetic wave in electricity and mag-
netism. But because mass, unlike charge, comes in only
one sign and the momentum of a free system must be con-
served, the lowest-order source of gravitational radiation
is quadrupolar.

The radiation field causes a strain in space itself,
transverse to the propagation direction. The strain pat-
tern contracts space along one transverse dimension while
expanding it along the orthogonal direction in the trans-
verse plane. One way of imagining this distortion of space
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tion system. The mirror suspensions have been well test-
ed in prototype interferometers.

We expect to make improvements in the LIGO inter-
ferometers following the first scientific data run, which is
scheduled to end in 2004. These improvements will
include a new suspension system, provided by the collabo-
rating GEO project, to further reduce the thermal noise.
We may also, at that point, change to sapphire test mass-
es. We also expect that significant improvement in the
seismic isolation of the test masses will extend LIGO’s
sensitive observation band down to 10Hz.

We plan to reduce the sensing noise by going to a new
interferometer configuration and by applying higher-
power lasers in conjunction with improved optical materi-
als and techniques to handle the higher power.

We expect that LIGO’s sensitivity at 100 Hz will be
improved by about a factor of 15, and that the overall
high-sensitivity band will be expanded significantly to
both lower and higher frequencies. That should expand
the cosmic volume LIGO can search at a given sensitivi-
ty—and hence the discovery rate—by a factor close to
3000.

In the longer run, greater changes in the detector
might use still newer interferometer configurations to
drive the system to the ultimate limits dictated by quan-
tum fluctuations and fluctuations in terrestrial gravity. It
will be particularly interesting to improve LIGO’s sensi-
tivity for detecting periodic sources and possibly even a
stochastic background of primordial gravitational waves.
Searching for this speculative primordial background at
high frequencies, where stochastic noise is tolerable, can
be accomplished by using interferometers that greatly
reduce the phase noise of the interference fringes at the
cost of reduced bandwidth.

The scientific collaboration

As we enter LIGO’s commissioning phase, we have
expanded the scientific community’s involvement by creat-
ing the LIGO Scientific Collaboration. It presently con-
sists of about 30 research groups comprising more than
200 physicists and astrophysicists. We expect the collabo-
ration to continue to grow and become the scientific center
of LIGO as it develops over the next decade.

It is, of course, difficult to predict how LIGO will real-
ly evolve. But we believe we have set out on a course that
has bright prospects for the early detection of gravitation-
al waves. We plan a flexible approach toward improve-
ments that will either let us follow up sources that have
been detected or, if we find nothing at first, undertake
more sensitive searches.

There are plenty of opportunities for new technical
ideas and search methods. We look forward to developing
an international collaboration with other gravitational-
wave detectors to form a world-wide network. After
LIGO’s first data run, we plan to interleave subsequent
searches with a series of detector upgrades that promise to
lead to ever-enhanced sensitivity, making the direct detec-
tion of gravitational waves a reality within the next
decade.
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