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Abstract

One of the most important consequences of the Theory of General Rela-

tivity is the concept of gravitational waves. As we enter the new millennium,

a new generation of detectors sensitive enough to directly detect such waves

will become operational. Detectable events could originate from a variety of

catastrophic events in the distant universe, such as the gravitational collapse

of stars or the coalescence of compact binary systems. In this talk, I review

the detection technique of suspended mass interferometry, including the sta-

tus and plans for the Laser Interferometry Gravitational-wave Observatory

(LIGO). I also discuss the astrophysical sources of gravitational waves and

the preparations for data analysis to search for signals of gravitational waves.
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1 Introduction

Gravitational waves are a necessary consequence of Special Relativity with its �-
nite speed for information transfer. Einstein in 1916 and 19181;2;3 put forward the
formulation of gravitational waves in general relativity. He showed that time depen-
dent gravitational �elds come from the acceleration of masses and propagate away
from their sources as a space-time warpage at the speed of light. This propagation
is called gravitational waves.

Evidence of the existence of these waves resulted from the beautiful observations
of Russell Hulse and Joseph Taylor in their studies of a neutron star binary system
PSR1913 + 164;5;6. They accurately determined the characteristics of this binary
system with remarkable precision. For example, the two neutron stars are separated
by about 106 miles, have massesm1 = 1:4M� andM2 = 1:36M�, and the ellipticity
of the orbit is � = 0:617. They demonstrated that the motion of the pulsar around its
companion could not be understood unless the dissipative reaction force associated
with gravitational wave production were included. The system radiates away energy,
presumably in the form of gravitational waves, and the two neutron stars spiral in
toward one another speeding up the orbit. In detail the inspiral is only 3 mm/orbit
so it will be more than 106 years before they actually coalesce. The observed
speedup is in complete agreement with the predictions from general relativity as
illustrated in �gure 1.

Hulse and Taylor received the Nobel Prize in Physics for this work in 1993. This
impressive indirect evidence for gravitational waves gives us good reason to believe
in their existence. But, no direct detection of gravitational waves has been made
to date. A new generation of detectors will soon be operational, including LIGO,
that will use suspended mass interferometry that promises improved sensitivity.

The direct observation of gravitational waves will mark the opening up of new
areas of experimentation that promise signi�cant advances in both basic physics
and astrophysics. The most important promise for physics is in the possibility
of direct observations of gravitation in highly relativistic settings, o�ering tests of
Relativistic Gravitation in the strong �eld limit where it is not merely a correction to
Newtonian Gravitation but produces fundamentally new physics through the strong
curvature of the space-time geometry. The waves at Earth are not expected to be
other than weak perturbations on the local at space but they provide information
on the conditions at their strong �eld sources. The detection of the waves will also
allow determination of the wave properties such as their propagation velocity and
polarization states.

In terms of astrophysics, the observation of gravitational waves will provide
a very di�erent view of the Universe. These waves arise from motions of large
aggregates of matter, rather than from particulate sources that are the source of
electromagnetic waves. For example, the types of known sources from bulk motions
that can lead to gravitational radiation include gravitational collapse of stars, radi-
ation from binary systems, and periodic signals from rotating systems. The waves
are not scattered in their propagation from the source and provide information of
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Figure 1: The compact binary system PSR1916+13, containing two neutron stars, exhibits a

speedup of the orbital period by monitoring the shift over time of the time of the pulsar's closest

approach (periastron) to the companion star. Over 25 years the total shift recorded is about 25

sec. The plot shows the data points as dots, as well as the prediction (not a �t to the data)
from general relativity from the parameters of the system. The agreement is impressive and this

experiment provides strong evidence for the existence of gravitational waves.

the dynamics in the innermost and densest regions of the astrophysical sources.
Gravitational waves will probe the Universe in a very di�erent way, increasing the
likelihood for exciting surprises and new astrophysics.

2 The Laser Interferometer Gravitational-wave

Observatory (LIGO)

2.1 The LIGO Interferometers

LIGO is a joint Caltech-MIT project7 supported by the NSF has completed its
construction phase and is now entering the commissioning of this complex instru-
ment. Following a two year commissioning program, we expect the �rst sensitive
broadband searches for astrophysical gravitational waves at an amplitude (strain)
of h�10�21 to begin during 2002. The initial search with LIGO will be the �rst at-
tempt to detect gravitational waves with a detector having sensitivity that intersects
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plausible estimates for known astrophysical source strengths. The initial detector
constitutes a 100 to 1000 fold improvement in both sensitivity and bandwidth over
previous searches.

Figure 2: The locations of the two LIGO Observatories at Hanford, Washington and Livingston,

Louisiana.

The LIGO observations will be carried out with long baseline interferometers
at Hanford, Washington and Livingston, Louisiana (�gure 2). To unambiguously
make detections of these rare events a time coincidence between detectors separated
by 3030 km will be sought, within the �10 ms transit time di�erence at the speed
of light between the two sites.

2.2 The Status of the LIGO Project

The construction of LIGO infrastructure in both Hanford, Washington and in Liv-
ingston, Louisiana began in 1996 and was completed on schedule at the end of last
year. An aerial photograph of the Hanford site is shown in �gure 3. The long beam
pipes are kept under high vacuum at all times and can be isolated from the large
chambers containing the mirror test masses and associated optics and detectors by
the meams of large gate valves that allow opening the chambers without disturbing
the vacuum in the pipes.

The infrastructure for LIGO consists of preparing both sites, civil construction of
both laboratory buildings and enclosures for the vacuum pipes, as well as developing
the large volume high vacuum system to house the interferometers. The large
vacuum system was the most challenging part of the project, involving 16 km of
1.2 m diameter high vacuum pipe. That system is in place and achieved 10�6 torr
vacuum pumping only from the ends with vacuum and turbo pumps. The pipes
were then `baked' to accelerate the outgassing by insulating the pipes and running
2000 amps down the pipes raising the temperature to � 160ÆC for about one week.



6 B.C. Barish

Figure 3: An aerial view of the Hanford Observatory is shown.

Following cooldown, the pipes achieved a vacuum of better than 10�9 torr. All 16
km of beam pipe is now under high vacuum and the level of vacuum is such that
noise from scattering o� residual molecules should not be a problem for either initial
LIGO or envisioned upgrades.

The long beam pipes are kept under high vacuum at all times and can be isolated
from the large chambers containing the mirror test masses and associated optics and
detectors by the meams of large gate valves that allow opening the chambers without
disturbing the vacuum in the pipes.

The installation and commissioning of the detector subsystems has begun in
earnest this year. The laser for LIGO is a 10W Nd:YAG laser at 1.064 mm in the
TEM00 mode. The laser has been developed for production through Lightwave
Electronics, using their 700 mwatt NPRO laser as the input to a diode pumped
power ampli�er. This commercialized laser is now sold by Lightwave as a catalog
item. We have been running one laser continuously for about one year with good
reliability. We are optimistic that this laser will make a reliable input light source
for the LIGO interferometers.

For the LIGO application, the laser must be further stabilized in frequency,
power and pointing. We have developed a laser prestabalization subsystem, which
is performing near our design requirements.

We require for 40Hz < f < 10KHz,
Frequency noise: dn(f) < 10�2Hz=Hz1=2

Intensity noise: dI(f) < 10�6Hz=Hz1=2

This low noise highly stabilized laser system has been tested and is performing
near speci�cations. Figure 4 shows some performance measurements of the presta-
bilized laser system. Detailed characterization and improvement of noise sources
continues.
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Figure 4: Performance of the LIGO prestabilized laser in frequency (left) and power (right). The

lines indicate the noise requirements for the interferometers.

The prestabilized laser beam is further conditioned by a 12 m triangular mode
cleaner, developed by the LIGO University of Florida group, which is also opera-
tional. The beam has been transported through that system and then sent down
the �rst 2 km arm. There is a half length and full length interferometer installed
in the same vacuum chamber at Hanford, in order to reduce correlated noise be-
fore coincidencing with the Livingston 4km interferometer. The extra constraint of
requiring a 1

2
size signal in the shorter interferometer will be used to eliminate com-

mon noise and lower the singles rate in the coincidence between the sites. The �rst
long 2 km cavity has been locked for typical few hour periods, at which point tidal
e�ects need to be compensated for and those systems are not yet installed. Various
monitoring signals for a 15 minute locked period are shown in �gure 5. Overall,
the full vertex system consisting of a power recycled Michelson Interferometer has
been made to operate, as well being done as in conjunction with each long arm of
the Hanford 2km interferometer, individually. The next and �nal step for the �rst
interferometer, which we are using as a path�nder, is to lock both arms at the same
time, in order to create the full LIGO suspended mass Michelson Interferometer
with Fabry-Perot arms.

We have now observed the �rst resonances of the power recycled Michelson in-
terferometer in the corner station at the LIGO Hanford Observatory. As described
above, we began resonating light in each of our 2-km Fabry-Perot cavities (indepen-
dently) last December and regularly achieved locked segments of an hour or more.
We have been using these locked arms to characterize our optics. This summer, we
have installed all of the electronics and signal extraction optics set up, so we can
turn on the entire interferometer. The �rst step for us this summer was to turn
on the power-recycled Michelson part of the interferometer, formed by the input
mirrors, as well as the beam splitter and the recycling mirror.

To make this device as sensitive as possible, we would like to have as much light
as possible returning to the beam splitter. This occurs when the recycling mirror is
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Figure 5: A locked stretch of a 2km arm of LIGO showing the transmitted light and various

control and error signals. This marks an important milestone in making LIGO operational.

placed at the correct distance from the beam splitter, `trapping' the reected light
in the Michelson interferometer. This causes the laser light in the interferometer to
build up to a high level. For the full LIGO-I system, recycling will cause the light to
build up by about a factor of thirty. When this build up occurs, the power-recycled
Michelson interferometer is resonating. That was accomplished within the last few
weeks and we plan next to add one of the 2-km-long arms resonating. This will be
the �nal step in preparation for turning on the full interferometer later this year.

3 Candidate Sources of Gravitational Waves

There are a many known astrophysical processes in the Universe that produce grav-
itational waves8. Terrestrial interferometers, like LIGO, will search for signals from
such sources in the 10Hz - 10KHz frequency band. Characteristic signals from astro-
physical sources will be sought over background noise from recorded time-frequency
series of the strain. Examples of such characteristic signals include the following:

3.1 Chirp Signals

The inspiral of compact objects such as a pair of neutron stars or black holes will
give radiation that will characteristically increase in both amplitude and frequency
as they move toward the �nal coalescence of the system. This chirp signal can be
characterized in detail, giving the dependence on the masses, separation, ellipticity
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of the orbits, etc. A variety of search techniques, including the direct comparison
with an array of templates will be used for this type of search. The waveform for
the inspiral phase is well understood and has been calculated in suÆcient detail for
neutron star-neutron star inspiral. This inspiral phase is well matched to the LIGO
sensitivity band for neutron star binary systems. For heavier systems, like a system
of two black holes, the �nal coalescence and even the ring down phases are in the
LIGO frequency band.

The expected rate of coalescing binary neutron star systems (with large uncer-
tainties) is expected to be a few per year within about 200 Mpc. Coalescence of
neutron star/black hole or black hole/black hole airs may provide stronger signals
but their rate of occurrence (as well as the required detection algorithms) are more
uncertain. Recently, enhanced mechanisms for �10M� blackhole-blackhole merg-
ers have been proposed, making these systems of particular interest. The expected
signal for di�erent compact sources is indicated in �gure 6.

Figure 6: The sensitivity curves of the initial and potential improved LIGO interferometers are

shown and compared with the expected signal from the neutron star - neutron star binary inspiral

benchmark events. Note that the sensitivity of the initial detector has been chosen as a balance

of the arguments above making detection plausible and the use of demonstrated technologies. A
program of improvements is envisioned, as is also indicated.

3.2 Periodic Signals

Radiation from rotating non-axisymmetric neutron stars will produce periodic sig-
nals in the detectors. The emitted gravitational wave frequency is twice the rotation
frequency. For many known pulsars, the frequency falls within the LIGO sensitivity
band. Searches for signals from spinning neutron stars will involve tracking the
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system for many cycles, taking into account the doppler shift for the motion of the
Earth around the Sun, and including the e�ects of spin-down of the pulsar. Both
targeted searches for known pulsars and general sky searches are anticipated.

3.3 Stochastic Signals

Signals from gravitational waves emitted in the �rst instants of the early universe,
as far back as the Planck epoch at 10�43 sec, can be detected through correlation
of the background signals from two or more detectors. Gravitational waves can
probe earlier in the history of the Universe than any other radiation due to the
very weak interaction. Some models of the early Universe can result in detectable
signals. Observations of this early Universe gravitational radiation would provide
an exciting new cosmological probe.

3.4 Burst Signals

The gravitational collapse of stars (e.g. supernovae) will lead to emission of gravita-
tional radiation. Type I supernovae involve white dwarf stars and are not expected
to yield substantial emission. However, Type II collapses can lead to strong ra-
diation if the core collapse is suÆciently non-axisymmetric. The rate of Type II
supernovae is roughly once every 30 years in our own Galaxy. This is actually a
lower bound on the rate of stellar core collapses, since that rate estimate is deter-
mined from electromagnetic observations and some stellar core collapses could give
only a small electromagnetic signal. The ejected mantle dominates the electromag-
netic signal, while the gravitational wave signal is dominated by the dynamics of
the collapsing core itself.

Numerical modeling of the dynamics of core collapse and bounce has been used
to make estimates of the strength and characteristics. This is very complicated
and model dependent, depending on both detailed hydrodynamic processes and the
initial rotation rate of the degenerate stellar core before collapse. Estimating the
event detection rate is consequently diÆcult and the rate may be as large as many
per year with initial LIGO interferometers, or less than one per year with advanced
LIGO interferometers. Probably a reasonable guess is that the initial detectors will
not see far beyond our own galaxy, while an advanced detector should see out to
the Virgo cluster, where the rate is a few/year.

4 LIGO Data Analysis Preparations and Issues

We have been preparing for the analysis of LIGO interferometer data. This has
involved designing and implementing a computer system capable of analyzing LIGO
data, development of algorithms for the various searches and �nally, testing the
extraction of signal from noise on real data. I will only discuss the last item here.

In order to test the ability to pull signals out of real noise data we have used
40m data as shown in �gure 7. The data used was taken in 1994 and consists
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Figure 7: The displacement noise measured in the LIGO 40m suspended mass interferometer
prototype on the Caltech campus. The general shape and level are well simulated by our under-

standing of the limiting noise sources: seismic noise at the lowest frequencies; suspension thermal

noise at the intermediate frequencies; and shot noise or photostatistics at the highest frequencies.

Also, the primary line features are understood as various resonances in the suspension system.

a stretch of 44.8 hours of running. The data was then analyzed for neutron star
binary inspirals using the technique of matched templates (a total of 687 �lters).
The sensitivity of the interferometer was h�3:5 10�19mHz�1=2, which corresponds
to a sensitivity capable of detection within our galaxy, but not beyond. It should
be noted that the expected rate in our galaxy is only �10�6=yr, so this data has
a negligibly small chance for making a detection and the real value of the exercise
is to test and demonstrate the data analysis methods, in advance of obtaining real
LIGO interferometer data.

The data analyzed consists of 39.9 hrs where the interferometer was locked.
This locked data was analyzed using good data segments within that data, which
amounted to 25.0 hrs of data (after removing obvious problems, sections too near
the time lock was acquired, etc.). For the LIGO interferometers, we hope to improve
the fraction of good data available during a running period to at least 90% and we
have required such performance reliability in our interferometer design. The real
data contains lots of features from a real device that indicate the type of problems
that complicate the analysis of interferometer data in LIGO. Some of the types of
peculiar instrumental signals seen in the data are illustrated in Figure 8.

The data was cleaned up using various procedures, for example, removing si-
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Figure 8: An illustration of the types of instrumental signals that must be dealt with in the

LIGO interferometers. These are from the 40m prototype data.

nusoidal artifacts using multi-taper methods. The data has both signi�cant non-
stationary and non-gaussian noise, which we will also need to deal with in LIGO
data. In order to test how well one can extact real binary inspiral chirp signals
from such noise, simulated events have been superimposed on the noise and then
the analysis code was used to extract the signal and determine the parameters of
the injected system (e.g. distance of the source). Figure 9 shows how well the
distance reconstructs for such inserted events as a function of the distance. A per-
fect reconstruction would lie on the diagonal, so the deviation from that line is an
indication of the error in reconstruction. It is clear that the events cluster along the
diagonal as desired. These simulated inspiral events provide an end to end test of
the analysis and simulation code for reconstruction eÆciency. The resulting errors
in distance measurements from the presence of noise are consistent with the signal
to noise ratio(SNR) uctuations and our expectations.

From this data, an upper limit on event rate was determined from SNR of the
`loudest' event. From this analysis the limit on the rate was determined to be
R < 0:5=hour with 90%CL with a detection eÆciency of � = 0:33 = detection
eÆciency. It is worth noting that an ideal detector for this amount of good data
would set a limit of R < 0:16=hour. We can conclude that the present analysis is
within a factor of 3 of what might be expected in an ideal analysis. The challenge
for the development of the data analysis for the LIGO interferometers is to improve
this eÆciency to be as close to the ideal case as possible.

5 Conclusions and Plans

We are optimistic that we will achieve the major milestone this year of locking the
�rst full interferometer as a suspended mass Michelson interferometer with Fabry
Perot arms. We will then be able to concentrate on noise and reliability issues
next year, as well as bring on the second and third interferometers. We expect to
interleave some engineering test runs for data taken during this long turn on phase
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Figure 9: Analysis of simulated events inserted into real 40m noise comparing the distance of

the inserted event with the reconstructed distance from the data analysis.

and already had our �rst such data run last March for a single locked arm. Our
long-term plan is to begin a science data taking mode some time during 2002 with
an eventual goal to collect at least 1 year of integrated coincidence data between
the two sites with sensitivity near 10�21. Depending on how well we do at making
LIGO robust and how quickly we solve the noise problems we estimate that goal
should be reachable by sometime in 2005. At this point, we plan to be prepared to
undertake improvements that will yield a signi�cant improvement in sensitivity.

As described above, the initial LIGO detector is a compromise between per-
formance and technical risk. The design incorporates some educated guesses con-
cerning the directions to take to achieve a reasonable probability for detection. It
is a broadband system with modest optical power in the interferometer arms and
a low risk vibration isolation system. The suspensions and other systems have a
direct heritage to the demonstration interferometer prototypes we have tested over
the last decade. As ambitious as the initial LIGO detectors seem, there are clear
technical improvements we expect to make, following the initial search. The initial
detector performance and results will guide the speci�c directions and priorities to
implement from early data runs.

We anticipate making both reductions of noise from stochastic sources and in
the sensing noise. These improvements will include improvements in the suspension
system to improve the thermal noise, the seismic isolation and improvements to the
sensing noise through the use of higher power lasers in conjunction with improved
optical materials for the test masses/mirrors to handle this higher power. We believe
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it is quite realistic to improve the sensitivity at 100 Hz by at least a factor of 10, and
to broaden the sensitive bandwidth by about a factor without any radically new
technologies or very large changes. This will improve the rate (or volume of the
universe searched) at a �xed sensitivity by a factor of 1000. If the physics arguments
favor an even greater sensitivity in a narrower bandwidth, it will be possible to
change the optical con�guration and make a narrow band device. Longer term and
more major changes in the detector might use new interferometer con�gurations
and drive the system to its ultimate limits determined by the terrestrial gravity
gradient uctuations and the quantum limit.

In conclusion, I might personally remark that the next few years will be very
exciting as we begin to search for gravitational waves at sensitivity levels that
are compatible with theoretical expectations. Although the prospects for early
detection are uncertain, with planned improvements I believe that the detection of
gravitational waves should become a reality within the next decade, and hopefully
sooner.
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