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The goal of the Laser Interferometer Gravitational-Wave Observatory (LIGO) Project is to 
detect and study astrophysical gravitational waves and use data from them for research 
in physics and astronomy. LIGO will support studies concerning the nature and nonlinear 
dynamics of gravity, the structures of black holes, and the equation of state of nuclear 
matter. It will also measure the masses, birth rates, collisions, and distributions of black 
holes and neutron stars in the universe and probe the cores of supernovae and the very 
early universe. The technology for LIGO has been developed during the past 20 years. 
Construction will begin in 1992, and under the present schedule, LIGO's gravitational-wave 
searches will begin in 1998. 

Einstein's general relativity theory de- the curvature is strong, however, it should 
scribes gravity as due to a curvature of behave in a radically different, highly non- 
space-time (1). When the curvature is linear way. According to general relativity, 
weak, it produces the familiar Newtonian the nonlinearity creates black holes (curva- 
gravity that governs the solar system. When ture produces curvature without the aid of 

any matter), governs their structure, and 
The authors are the members of the LIGO Science holds them together against disruption (2). 
Steering Group. A. Abramovici, W. E. Althouse (Chief Inside a black hole, the curvature should 
Engineer), R. W. P. Drever, S. Kawamura, F. J. Raab, nonlinearly amplify itself to produce a 
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sions, or rapid orbital motions), it should 
emanate curvature ripples (gravitational 
waves) that propagate through the universe 
at the speed of light and carry the imprint of 
gravity's quantum-mechanical particle, the 
graviton. - 

This description of gravity is almost 
entirely theoretical and untested. Gravita- 
tional waves have never been observed 
directly [although the orbital decay of neu- 
tron star PSR 1913+16 shows indirectlv 
that they exist and carry energy away from 
binary stars at the rate predicted by general 
relativity (4)]. Our only observational evi- 
dence for the nonlinearity of space-time 
curvature is the observation of tiny pertur- 
bations of planetary and binary star orbits 
(5), and these teach us nothing about the 
rich variety of nonlinear curvature phe- 
nomena that we exDect from ex~erience 
with other nonlinear systems. Moreover, 
although astronomers have found strong 
circumstantial evidence for the existence of 
black holes and astrophysicists invoke them 
to help explain astronomical observations, 
electromagnetic radiation has not yet 
brought to Earth a clean, unequivocal sig- 
nature saying "I come from a black hole," 
and the observations have not been able to 
be used to test any of the predicted proper- 
ties of black holes. 

LIGO offers an opportunity to bring 
nonlinear gravity, black holes, and the 
graviton out of their near isolation as the- 
oretical constructs and into confrontation 
with experiment. LIGO can verify that 

Fig. 1. An example of 
gravitational waveforms 
and the information 
they carry. Each gravi- 
tational wave has two 
waveforms, dimension- 
less functions of time 
called h+ (t)  and h, ( t ) .  
The specific waveforms 
shown here (30) are 
from the last few min- 
utes or seconds of the 
spiraling together of a 

these ripples of curvature (gravitational 
waves) exist. From the force patterns of the 
waves, LIGO can allow researchers to infer 
the graviton's spin (6, 7). From the differ- 
ence in arrival times of electromagnetic- 
and gravitational-wave bursts from the 
same distant event, LIGO can allow re- 
searchers to infer the difference in the 
speeds of gravitational waves and light-a 
difference that must be zero if (as theory 
predicts) the graviton has zero rest mass 
(7). 

The shapes of a gravitational wave's 
oscillations (its waveforms; see Fig. 1) carry 
detailed information about its source, infor- 
mation that LIGO will extract for use in 
physics research. For example, the wave- 
forms from a small black hole spiraling into 
a large black hole carry an unequivocal 
"black hole" signature, a signature that 
maps out, in detail, a portion of the large 
hole's space-time geometry (8, 9); by com- 
paring that map with general relativity's 
predictions, researchers will test highly 
nonlinear aspects of general relativity. The 
waveforms from colliding black holes, when 
compared to those from supercomputer sim- 
ulations, will give insight into the poorly 
understood nonlinear dynamics of gravity 
(10). The waveforms from colliding neu- 
tron stars or from neutron stars being torn 
apart by the tidal gravity of companion 
black holes may reveal the mass-radius re- 
lation for neutron stars, which in turn will 
give information about the equation of state 
of nuclear matter (I I). 

Waveform 
-.~- 

-..--- 

-.-- .--- 

Dependence on e, for I = 90": 

h X H  Py__4_lh* 
e=0.6 e=0.8 

Dependence on r ,  for e = 0: 

compact binary system Time 
(one made of two black holes, two neutron stars, or a black hole and a neutron star). By monitoring 
these waveforms, LlGO can allow researchers to determine (30) the binary's distance from Earth r, 
the masses of its two bodies or, equivalently, their total mass M and reduced mass p, and their 
orbital eccentricity e and orbital inclination to the line of sight 1. To allow the determination of the 
eccentricity e, LlGO will measure the shapes of the individual waveform oscillations; note the 
shapes shown on the upper right. For the determination of L (when e = 0 for pedagogic simplicity), 
LlGO will measure the ratio of the amplitudes, h+ and h,; see the formula in the lower right. The 
parameters r, k, and M determine ( i )  the waveforms' absolute amplitudes as they sweep past a 
frequency f :  ham, a pM2I3r-'f2I3; and ( i i )  the number of cycles n = f2(df/dt)-' that the waveforms 
spend near frequency f :  n a (pM2"f5I3)-I, From and n, LlGO can be used to determine rand 
pM2I3. From ~ M ' I ~ ,  and from late-time post-Newton~an facets of the waveform (31) (not shown here) 
or the frequency at which the inspiral terminates or both, LlGO can be used to deduce the individual 
values of r*, and M (8). The simple inspiral waves shown here are modified at late times by 
post-Newtonian (31) and then fully relativistic (8, 9) effects and then are followed by much more 
complicated waveforms from the final collision or tidal disruption of the black holes or neutron stars. 
It is these final relativistic, collision, and disruption waveforms that will bring LlGO the most 
interesting information. 

' 1  

Astro~hvsical sources have oscillation 

Amp (h,) 2 cost -- 

& ,  

periods ranging from many hours to less 
than 1 ms. LIGO is designed to detect onlv 

I I I I Amp (h,) 1 + cos2t 

- 
those signals with oscillation periods faster 
than about 100 ms; slower oscillations are 
difficult to detect with Earth-based systems 
because of low-frequency background dis- 
turbances. Fortunately, many potential 
sources have oscillation periods within 
LIGO's range, including neutron stars, 
black holes with masses of up to lo4 solar 
masses, supernovae cores, and the big bang. 

One can best appreciate LIGO's poten- 
tial for major contributions to astronomy by 
recalling the history of radio astronomy 
(12). Before Jansky's discovery of cosmic 
radio waves in 1932, the universe, as 
viewed solely through visible light, seemed 
serene and auiescent. dominated bv slowlv 
evolving stars. Radio waves revolutionized 
this view; thev revealed our universe's vio- 
lent side: pulsars, quasars, active galactic 
nuclei, and jets that power huge intergalac- 
tic clouds of magnetized plasma. 

The radio revolution was spectacular 
because the information carried by radio 
waves is so different from that carried by 
light. Light, with its submicrometer wave- 
length, is emitted mostly by thermally ex- 
cited atoms in the atmospheres of stars; 
radio waves, with their ten million-fold as 
large wavelengths, are emitted mostly by 
high-energy electrons spiraling in the mag- 
netic fields of pulsars, quasars, or jets. 

This difference between light and radio 
waves pales in comparison with the contrast 
between electromagnetic waves and gravi- 
tational waves. Electromagnetic astronomy 
usually monitors incoherent superpositions 
of radiation from individual electrons, at- 
oms, or molecules; gravitational waves are 
produced most strongly by coherent, bulk 
motions of huge amounts of mass+ither 
material mass or the mass-energy of nonlin- 
ear space-time curvature (7, 13). Electro- 
magnetic waves are easilv absorbed and - 
scattered by matter; gravitational waves 
travel nearly unchanged through all forms 
and amounts of intervening matter (7). 

Compared to electromagnetic tele- 
scopes, LIGO is sensitive to very different 
aspects of the universe. Electromagnetic 
telescopes study such things as stellar atmo- 
spheres, interstellar gas and dust, and pri- 
mordial gas; LIGO is insensitive to these. 
LIGO will seek waves from the final inspiral 
and coalescence of binarv black holes and 
neutron stars, the rapidly spinning cores of 
supernovae, and the first fraction of a sec- 
ond of the big bang (14); to these, electro- 
magnetic telescopes have little or no sensi- 
tivitv. 

These differences produce both uncer- 
tainty and great expectations. It is hard to 
predict, from our present electromagnetic- 
based knowledge, just how sensitive detec- 
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tors in LIGO must be to detect their first 
waves: but once LIGO sees waves. it will 
bring information about the universe that 
we have little hope of gaining in any other 
way. LIGO will teach us about the universe 
of strongly gravitating objects, such as the 
masses, birth rates, and spatial distributions 
of black hole and neutron star binaries in 
the distant universe, and perhaps about the 
shapes of rapidly spinning neutron stars in 
our own galaxy, the spectrum of "cosmic 
strings," and the first fraction of a second of 
the universe's expansion (14). LIGO may 
well bring surprises that rival those of radio 
astronomy. 

Laser Interferometer 
Gravitational-Wave Detectors 

According to general relativity theory, ev- 
ery freely moving particle (called a test 
particle) travels through space-time along a 
geodesic, a path that is the analog of a 
straight line in curved space. Just as the 
curvature of Earth's surface pushes Earth's 
lines of constant longitude (its geodesics) 
together as one travels from the equator 
toward the North or South Pole, so also the 
curvature of space-time pushes neighboring 
space-time geodesics together or apart and 
thereby pushes test particles moving along 
the geodesics together or apart (1). 

If the curvature is that of a gravitational 
wave, then the test particles' relative mo- 
tion is a sum of contributions from two 
different polarizations (Fig. Z), each with its 
own time-evolving waveform: h+ (t) and 
h, (t). This relative motion of test particles 
is the foundation for several different types 
of gravitational-wave detectors (13, 15), 
most notably bar detectors (16) and laser 
interferometer detectors (interferometers 
for short) (17). 

An interferometer detector uses four test 
masses hung by wires near the vertex and 
ends of an "L" (Fig. 3). The separation L1 
between the two test masses alone the first - 
arm is nearly the same as that (L2) along the 
second arm, L1 =: L2 = L. At frequencies 
above their pendular swing frequency 
(about 1 Hz), the test masses move freely 
horizontally. A gravitational wave (of the 
appropriate polarization) incident perpen- 
dicular to the ulane of the interferometer 
pushes the masses back and forth relative to 
each other, stretching one arm while 
squeezing the other, and thereby changing 
the arm-length difference AL = Ll - L2. For 
other directions of incidence, the fractional 
difference in arm length caused by the wave, 
ALL, is equal to a linear combination of the 
two polarization waveforms (1 3), 

AUt) 
-- 

L - F+h+(t) + F,h,(t) = h(t) (I) 

The coefficients F+ and F, are of order 

Fig. 2. A general-relativistic z 
gravitational wave propa- 
gating in the z direction 
squeezes and stretches the 
separation of test particles 
in a plane perpendicular to 
the z axis. The wave acts 
by a combination of its two 
polarizations: + ("plus") 
polarization pushes test particles together along the x direction and pushes them apart along they 
direction when h+(t) is positive and it reverses the forces when h+(t) is negative; x ("cross") 
polarization pushes and pulls test particles, as determined by the sign of h,(t), at 45" angles from the 
x and y axes. 

unity and depend on the direction to the 
source and the orientation of the detector. 
We call h(t) the gravitational-wave strain 
that acts on the detector. Notice that the 
relative motion of the test masses caused by 
the wave is proportional to their initial 
separation, one of the fundamental facts 
that drives the design of LIGO. 

Laser interferometry is used to monitor 
AL, and thence the gravitational-wave 
strain h(t) = ALIL. In LIGO's first inter- 
ferometers, the interferometry (18) will be 
performed as follows (Fig. 3): One face of 
each test mass is polished and coated to 
form a mirror with high reflectivity, low 
transmissivity, and very low scattering and 
absorption. The two mirrors along each 
arm form a Fabry-Perot resonant optical 
"cavity," which gives the effect of having 
the light traverse the arm many times. A 
laser beam shines onto a beam splitter at 
the vertex of the L, and the splitter directs 
half of the light along each arm, exciting 
the two Fabry-Perot cavities. The end 
mirror of each cavity has much lower 
transmissivitv than the mirror near the 
vertex, so light from each excited cavity 
exits through its vertex mirror and back 
toward the beam splitter. The splitter is 
adjusted to recombine the two returning 
beams so that most of the recombined 
light returns toward the laser and a tiny 
portion propagates toward the photodetec- 
tor. 

When a gravitational wave changes the 
length L1 or L2 of one of the cavities, it 
slightly shifts the cavity's resonant frequen- 
cy relative to the laser frequency and there- 
by changes the phase of the light in the 
cavity and the phase of the light that exits 
from the cavity toward the beam splitter. 
Because the wave affects the two arms 
differently, it shifts the relative phases of 
the light exiting the two cavities and there- 
by alters their interference at the beam 
splitter, causing a slight change in the 
intensity at the photodetector. This change 
in photodetector signal is proportional to 
AL(t) , and thence to the gravitational- 
wave strain h(t). 

The photodetector signal is highly sen- 
sitive to h(t), as the following order-of- 

Fig. 3. A schematic view of a LIGO interferom- 
eter. 

magnitude calculation shows. The relative 
phase change between the light emerging 
from the two cavities is 

where A is the light's wavelength and B is 
the mean number of times the light 
bounces back and forth in the cavities 
before exiting (proportional to the cavi- 
ties' finesse). The phase change A@ can be 
monitored at the photodetector output 
with a precision that is limited by photon 
shot noise, that is, by randomness in the 
arrival times of the. photons; the limit is 
A@ = l / ~ T l ,  where N is the number of 
photons incident on the beam splitter 
during the time (roughly a gravitational- 
wave period) that the photodetector's sig- 
nal is being integrated. Correspondingly, a 
gravitational-wave strain that would give a 
signal of the same magnitude as that of the 
measurement fluctuations is 

Actually, A@ is proportional to B and hmin 
is proportional to IIB only if the mean light 
storage time in the cavities, BLIc, is less 
than half of a gravitational-wave period (c, 
speed of light); if B is made larger, there is 
no further improvement of hmin. For exam- 
ple, the limit is B = 400, assuming 100-Hz 
waves and an arm length L = 4 km. Given 
the quality of the LIGO mirrors, only 1% of 
the photons will be lost to scattering and 
absorption in the 400 bounces, so almost all 
of the stored light will exit back toward the 
laser. This light will be recycled (18) back 
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into the interferometer by a high-reflectiv- gration time. Correspondingly, for the 
ity mirror placed at the location marked R above parameters the minimum detectable 
in Fig. 3. (This makes the entire interfer- wave has a strength (Eq. 3) 
ometer a single resonant cavity with arms 
that are subcavities.) The total power avail- 0.5 pm 

able in the interferometer for making the 
measurement will then be -100 times as 

.-- (tLm)(&) 
great as the laser's output power. For a laser 1 
ou ut of 60 W, this means that N = 2 x 5' (,,-) = (4) lo2 photons are incident on the beam 
splitter during a 10-ms photodetector inte- As shown below in Fig. 10, this sensitivity 

Test mass 
Test mass chamber 
Test mass chamber 
Beam sprier 
Beamsplitterchamber 4 1  

I Laser and input optics 
' Output optics 
Laser beam 

Flg. 4. Schematic layout of the initial LIGO facilities. For each interferometer, the laser beam is 
conditioned in an input optics chain before it reaches the beam splitter. After passing through the 
beam splitter, the beams enter the chambers containing the test masses, where they are directed 
into a 2-km or 4-km interferometer cavity. After leaving the cavity, the beams, now back in the test 
mass chambers, are directed back to the beam splitter and then into an output optics chain that 
terminates with the photodetector. At site 1, all elements of the 4-km interferometer lie along the two 
arms, whereas the beam splitter and input and output optics chains for the 2-km interferometer lie 
between the two arms. 

Fig. 5. An artist's conception of a 
type 1 LIGO test mass chamber 
(see the symbols in Figs. 4 and 6), 
that is, the vacuum system mod- 
ule that houses an interferome- 
ter's test masses. The vertical cyl- 
inder serves as an air lock that 
can be opened to the outside 
from above or, with a horizontal 
gate valve at its base, opened to 
the main vacuum pipe below. The 
large assemblage in the air lock is 
a passive vibration isolation sys- 
tem (a cascaded stack of me- 
chanical filters consisting of 
masses and elastomer springs), 
from which are suspended the 
test mass and a steering mirror 
that deflects the light beam from 
the beam splitter to the test mass 
and back. The upper laser beam 
is an auxiliary that monitors the 
separation between test mass 
suspension points, so feedback 
can maintain a fixed separation, 
thereby helping with vibration iso- 
lation (27). The passive vibration 
isolation system and its suspend- 
ed test mass and mirror can be 
raised into the air lock and the 
gate valve can be closed to per- 
mit modifications without interfer- 
ing with the main vacuum or with 
other interferometers. 

should be sufficient for the detection of 
large numbers of gravitational-wave sources 
and the use of these sources for a rich 
program of physics and astronomy research. 

Several other optical configurations are 
possible for the interferometer and may be 
used in future LIGO detectors (19). For 
example, by inserting a light-recycling mir- 
ror between the beam splitter and the pho- 
todetector, one can greatly improve the 
interferometer's sensitivity in a narrow fre- 
quency band, while degrading it outside 
that band (20). 

LlGO 

LIGO will be a facility open to the national 
community and capable of housing many 
successive generations of interferometers 
with a variety of optical designs. The prin- 
cipal features of LIGO are dictated by the 
following considerations: 

1) Each interferometer's test masses 
must be housed in a vacuum to avoid 
buffeting by air molecules. The optical path 
must also be in vacuum to prevent fluctua- 
tions in the number of air molecules in the 
beam from causing fluctuations in the 
light's phase. The most sensitive LIGO 
interferometers will require a vacuum of 
10-~ torn. 

2) An interferometer's sensitivity im- 
proves as its arm length L is increased. 
Achieving sensitivities adequate for the 
expected waves (Fig. 10 below) requires 
arms several kilometers in length. LIGO 
has been designed with 4-km-long arms. 

3) The vacuum pipe running between 
the test masses of each arm will have a 
diameter of 1.2 m so that it can accommo- 
date multi~le detectors as well as auxiliarv 
laser beak required in some advanced de- 
tectors (21). 

4) To firmly distinguish real gravita- 
tional waves from "non-Gaussian" bursts of 
instrumental and environmental noise, the 
outputs of interferometers at two widely 
semted sites will have to be correlated. 
T l k e  interferometers will be used: a single 
4-km interferometer at one site and two 
interferometers, 4 and 2 km long, sharing 
the same vacuum system (22) at the other 
site. If, instead, LIGO were to have only a 
single vacuum system at a single site, noise 
bursts would probably prevent its interfer- 
ometers from recording any meaningful 
data whatsoever. 

5) Each interferometer's test masses 
must be suspended from vibration isolation 
systems that protect them from seismic and 
acoustic vibrations, and the test masses' 
vacuum chambers must be large enough to 
house these isolation systems. 

6) Before entering the interferometer, 
the laser light must be conditioned in a 
variety of ways: it must be frequency-stabi- 
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lized, phase-modulated, amplitude-stabi- 
lized, and spatially shaped to control vari- 
ous spurious noise sources. This condition- 
ing requires a long input optics chain 
housed in s~ecial vacuum chambers. A 
similar output optics chain must be placed 
between the interferometer and the photo- 
detector. 

Figure 4 shows a schematic layout of 
LIGO's two sites. At site 1 the two inter- 
ferometers (one 4 km, the other 2 km) are 
interleaved in such a wav that either can be 
removed from the vacuum system without 
interfering with the other and without - 
breaking the main vacuum. Figure 5 shows 
how this capability is designed in the vac- 
uum chambers housing the test masses. 

The two LIGO facilities and their first 
three-interferometer detector system will be 
constructed from 1992 through 1996 at a 
cost of -$ZOO million. Subsequent detector 
systems will cost several million dollars 
each. The LIGO project is implemented by 
the "LIGO team," a group of scientists and 
engineers at the California Institute of 
Technology (Caltech) and the Massachu- 
setts Institute of Technology, and impor- 
tant contributions are coming from groups 
at other institutions, including the Univer- 
sity of Colorado, Stanford University, and 
Syracuse University, and from industry. 

LIGO's initial confieuration is the min- u 

imum that can house a three-interferome- 
ter detector system capable of detecting 
the predicted waves and monitoring one of 
their two waveforms. This initial config- 
uration has been designed to permit an 
upgrade (presumably after gravitational 
waves have been detected) into the con- 
figuration shown in Fig. 6. The upgraded 
LIGO can house three independent detec- 
tor systems that operate simultaneously. 
These detector systems might be in differ- 
ent stages of development or might be 
optimized for different types of gravitation- 
al waveforms, for example, broadband 
bursts from black hole collisions or mono- 
chromatic waves from pulsars in some 
chosen narrow-frequency band. From time 
to time one of the detector systems can be 
removed and a new one can be inserted in 
its place, with minimal interference with 
the other two systems. 

Even in this upgraded form, LIGO by 
itself will not be able to extract all of the 
information from a gravitational wave [the 
direction to its source and the two wave- 
forms h+(t) and h, (t)]. Full extraction will 
require combining the outputs of interfer- 
ometers at three or more widely separated 
sites, and for all-sky coverage there must be 
at least four sites (23). LIGO will rely on 
other nations to provide the third and 
fourth sites of the network. Vigorous efforts 
toward doing so are under way in Europe 
(15) and are being initiated in Japan and 

a 
Site 2 

Fig. 6. Schematic layout of the LIGO facilities after a possible future upgrade. Site 1 accommodates 
three 4-km and three 2-km interferometers without interference, and site 2 accommodates three 
4-km interferometers. 

Australia (15). The angular resolution of 
this international network will range from a 
few arc minutes to a few degrees, depending 
on the shapes of the waveforms and the 
signal-to-noise ratio (23). This is compara- 
ble to the resolutions of radio telescopes in 
about 1950, when the first optical identifi- 
cations of radio sources were being made. 

LIGO Interferometers and 
Their Noise 

The noise in any interferometer is of two 
types: Gaussian (noise with a Gaussian 
probability distribution) and non-Gaussian. 
Because of the Gaussian distribution's ex- 
tremely fast falloff with increasing noise 
amplitude, Gaussian noise is exceedingly 
unlikely to produce noise bursts larger than 
a few standard deviations. By contrast, 
interferometers can show large, non-Gaus- 
sian noise bursts several times per hour due, 

f (Hz) 
Fig. 7. The expected total noise in each of 
LIGO's first 4-km interferometers (upper solid 
curve) and in a more advanced interferometer 
(lower solid curve). The dashed curves show 
various contributions to the first interferometer's 
noise. 

for example, to sudden strain releases in the 
wires that suspend the test masses. The only 
sure way to remove such non-Gaussian 
noise in a LIGO detector system is by 
correlating the outputs of the system's three 
interferometers. Once this is done, the 
system's sensitivity will be governed by the 
remaining, Gaussian noise. 

The G_aussian noise is characterized by a 
spectrum h( f ) defined as follows. An inter- 
ferometer's output consists of the true grav- 
itational-wave strain h(t)- (Eq. 1) plus the 
Gaussian noise h,,,,,(t); h (f ) is the square 
root of the power spectral density of h,,,,,(t) 
at frequency f. When the interferometer 
measures a gravitational-wave burst (such 
as from an inspiraling black hole binary) 
that has a strain amplitude h,,,, a charac- 
teristic (mean) frequency fc, and a duration 
of n cycles, the measurement, obtained 
with optimal filter techniques, will have the 
signal-to-noise ratio (1 3) 

where 

is called the wave's characteristic ampli- 
tude, and 

is the interferometer's root mean square 
(rms) noise for a one-cycle-long burst at the 
source's characteristic frequency fc (24). 
[Equations 6 and 7 can be regarded as an 
approximate definition of the interferome- 
ter's noise spectrum h( f ) .] 

The LIGO team has developed tentative 
design parameters for the first LIGO inter- 
ferometers. (The design will not be finalized 
until 1993.) A guiding philosophy for this 
design is that it should use only current 
technology. These first interferometers are 
expected to have a Gaussian noise spectrum 
h ( f )  depicted by the upper solid curve in 
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Fig. 7. The individual contributions to this 
noise, shown as dashed curves, arise from 
the following sources: 

1) Below -70 Hz, the total noise (up- 
per solid curve) will be dominated by "seis- 
mic noise" (ground vibrations due to the 
seismic background, to man-made sources 
such as trafhc on roads or railroads, or to 
wind forces coupled to the ground by trees 
and buildings), which is transmitted to the 
test masses through their suspensions. The 
test masses will be protected from such 
noise by a passive seismic isolation system 
(Fig. 5) and the final pendulum suspension. 
The seismic noise limit is very steep because 
such a vibration isolation system loses its 
effectiveness at low frequencies. 

2) Between -70 and -200 Hz, the 
noise is predominately due to off-reso- 
nance, thermally induced vibrations of the 

test masses and their suspensions. These 
thermal vibrations will produce the noise 
shown in Fig. 7, assuming 10-kg test 
masses and a lo7 quality factor for their 
pendulum suspensions. 

3) Above -200 Hz, photon shot noise 
will dominate. This is the type of noise 
discussed in the text preceding Eq. 3. The 
curve shown in Fig. 7 is based on the 
assumptions of 2 W of effective laser power 
[comparable to that of existing argon ion 
lasers or to frequency-doubled neodyrni- 
um:yttrium-aluminum-garnet (Nd:YAG) 
lasers that are being developed by the LIGO 
team's Stanford collaborators], mirrors with 
a fractional power loss of 5 x lo-' per 
reflection (which has been demonstrated in 
smaller mirrors, but not yet in the 201m 
size required for LIGO), and a factor of 30 
gain in effective laser power by light recy- 

Fig. 8. A photograph of the 40-m prototype interferometer at Caltech. 

Fig. 9. The displacement noise 
achieved by 40-m prototype inter- 
ferometers at various times in the 
past, and comparison with the 
estimated displacement noise in 
the first LIGO interferometers (see 
Fig. 7 and Eq. 8). The lines of 
constant h,, were computed F 
from Eqs. 7 and 8 with the proto- 
type arm length. L = 40 m (or, in 

$ 1015 

parentheses, the LIGO arm ,g 10ie 
length, L = 4 km). 

5000 
f (Hr) 

cling [comparable with what has been dem- 
onstrated in interferometers with tixed mir- 
rors (25)l. 

A number of other noise sources must be 
controlled; all are expected to be less im- 
portant than these three. 

Throughout LIGO's operation, its inter- 
ferometers will be continually improved. 
The lower solid curve of Fig. 7 depicts the 
noise in a candidate next-generation ad- 
vanced interferometer. (The technology 
and techniques for this and other advanced 
interferometers are now under develop- 
ment.) This advanced interferometer's 
noise reduction would be largely achieved 
in three ways: (i) To reduce the photon 
shot noise, the effective laser power would 
be increased to 60 W and the mirror losses 
would be improved to permit recycling the 
light 100 rather than 30 times. ('The result- 
ing rms shot noise, h- = q h ( f )  at f = 
100 Hz, is in accord with the esti- 
mate in Eq. 4.) (ii) To reduce the pendu- 
lum suspensions' thermal vibrations, their 
quali factor would be increased from lo7 7 to 10 by a change in their material and 
geometry, and the test masses would be 
increased from 10 to 1000 kg. (iii) To 
reduce the seismic vibrations, the isolation 
stack would be upgraded, and an active 
isolation system (26, 27) might be used. 

Prototype lnterferwneter 
Development 

The designs of the first and advanced LIGO 
interferometers and the confidence that 
their expected noise levels can be achieved 
are the result of extensive experiments car- 
ried out over the past decade in the LIGO 
team's laboratories and elsewhere. These 
experiments have separately tested various 
performance requirements and interferome- 
ter components. The predicted perfor- 
mance of LIGO interferometers must be 
pieced together from these individual ex- 
periments without any unified demonstra- 
tion, because laboratory-scale interferome- 
ters are significantly different from 4-km 
LIGO interferometers-different because 
various noise sources scale d8erently with 
increasing arm length and changing fie- 
quency. 

One of the key instruments being used 
in the development and testing of compo- 
nents and techniques for full-scale LIGO 
interferometers is.a 40-m prototype at Cal- 
tech (Fig. 8). Experiments with this proto- 
type (28) have tested a variety of interfer- 
ometer components and a wide range of 
their performance measures; Fig. 9 shows 
measurements of displacement noise, 
A&(f ). [AL(f) is the square root of the 
power spectral density of AL and is related 
t o h f  by 

Uf > = W f >  (8) 
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Fig. 10. Comparison between the 
expected, rms noise h,,, in 
LIGO's first and advanced detec- 
tor systems and the characteristic 
amplitude h, of gravitational- 
wave bursts from several hypoth- 
esized sources. NS, neutron star; 
BH, black hole. 

See Eqs. 1 and 7.1 The bottom spectrum in 
Fig. 9 is the prototype's displacement per- 
formance in November 1991. Long-term 
prototype progress is shown by a compari- 
son with the January 1984 spectrum, and 
recent shorter term progress is shown by a 
comparison with the October 1990 spec- 
trum. Also shown is the displacement noise 
expected in LIGO's first 4-km interferome- 
ters. 

The 1991 spectrum shows a number of 
peaks superimposed on a smooth back- 
ground. Some of the low-frequency peaks 
are due to imperfections in electromechan- 
ical servos, and the largest peaks at higher 
frequency are due to mechanical resonances 
in an intermediate reference cavity. All of 
these peaks can be removed with further 
work, leaving only peaks due to thermally 
excited vibrational modes of the test mass- 
es' suspension wires (the clusters of peaks 
near 330, 500, and 650 Hz). Even in its 
present state, the spectrum's baseline level, 
not the peaks, is the more accurate measure 
of the detector's displacement sensitivity, 
because narrow peaks can be filtered out in 
the data analysis with minimal loss in sig- 
nal. 

The baseline noise is due to a number of 
different sources. At high frequencies 
(above - 1 kHz), the noise is dominated by 
shot noise and is consistent with the level 
predicted for the current laser power and 
interferometer optical configuration. At 
very low frequencies (below - 120 Hz), the 
observed noise is due to ground vibrations 
that couple through the suspensions to the 
test masses. The level of this noise compo- 
nent is somewhat higher than the LIGO 
goal, in part because of the ground vibra- 

tion level in the Caltech laboratory, which 
is a factor of 10 higher than measured levels 
at remote sites more representative of prob- 
able LIGO sites. In the intermediate re- 
gion, the noise spectrum contains contribu- 
tions from a number of sources, the relative 
importance of which varies with frequency. 
In addition to seismic noise and shot noise, 
there are significant contributions from 
thermal noise and from scattered light that 
recombines and interferes with the main 
laser beam. All of these noise sources can 
be reduced with further work. For example, 
the level of noise due to scattered light is 
highly dependent on the detailed configura- 
tion of the interferometer; because of space 
constraints within its current vacuum 
chamber, the 40-m prototype does not con- 
tain many of the measures planned for the 
first LIGO interferometers to control scat- 
tered light. 

Experiments performed on the 40-m 
prototype and other special purpose setups 
have (i) tested and confirmed the photon 
shot noise formula used to predict the noise 
spectra of LIGO interferometers; (ii) tested 
the formula for the noise from residual gas 
and confirmed the vacuum requirement in 
the beam tubes; (iii) demonstrated the ef- 
fective power enhancement due to recy- 
cling in a Fabry-Perot interferometer (25); 
and (iv) allowed the development of a 
technique for laser stabilization (29) and 
verified that sufficient frequency stability 
can be achieved for the first LIGO interfer- 
ometers. 

Taken together, these separate experi- 
ments, and others ~erformed in other lab- 
oratory facilities, give us confidence that 
the fundamental noise sources are under- 

stood and that the LIGO noise perfor- 
mance goals of Fig. 7 can be achieved. 
However, a final demonstration of all 
aspects of the LIGO detectors' perfor- 
mance must await the 1996 installation of 
the first detector system in the full-scale 
LIGO facilities. 

Comparison of LIGO Sensitivities 
with Estimated Wave Strengths 

LIGO's first detector system might see grav- 
itational waves, and the advanced detectors 
discussed above are highly likely to see 
them. Success will probably come between 
the first-detector level and the advanced 
level, that is, a few years after LIGO goes 
into operation. 

This urediction is based laraelv on the - ,  

best understood of the hypothesized sourc- 
es: the final, minute-long inspiral of a neu- 
tron star binary. Because the 10-km-sized 
stars are 100 km apart when LIGO is most 
sensitive to them, they are not yet tearing 
each other apart, and the details of their 
wave emission are understood (1 3, 30, 3 1) .  
The uncertainty in the waves' strength 
arises solelv from the uncertain distance to 
the nearest such sources. The observed 
statistics of binary neutron stars in our own 
galaxy, extrapolated to include distant gal- 
axies, give a best estimate (32, 33) of 200 
Mpc (650 million light years) for the dis- 
tance to which LIGO must look to see three 
neutron star inspirals per year. Further anal- 
ysis (32) of the uncertainties in the data 
gives an "ultraconservative upper limit" of 
1000 Mpc and an "optimistic lower limit" 
of -23 Mpc. 

Figure 10 shows the characteristic ampli- 
tudes h, (Eq. 6) of the waves from neutron 
star binaries at these three distances (34). . , 

The waves sweep with time from low fre- 
quency to high, that is, from left to right in 
Fig. 10 (see waveform in Fig. I). As the 
frequency increases, the waves' amplitude 
ham increases; however, the number of 
cycPes n = f2(dfldt)-' spent near each fre- 
quency f decreases, and the characteristic 
amplitude h, - ham,& (which determines 
the signal-to-noise ratio) decreases slightly 
(see dashed arrows in Fig. 10). (The verti- 
cal arrows along the bottom of Fig. 10 mark 
the remaining times, 1 min and 1 s, until 
the final neutron star collision, and the 
distances, 100 km and 20 km, between the 
stars.) 

Fieure 10 allows a com~arison of these 
u 

signal strengths with the expected noise in 
the first and advanced LIGO detectors. The 
lower curve of each pair is the rms noise h,, 
(Eq. 7) in each 4-km interferometer, as 
computed from the noise estimates of Fig. 
7. The upper curve in each pair is the 
sensitivity to bursts, 

hsB = 1 lh,, (9) 
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that is, the strength h, that a burst must 
have-if it arrives onlv rarelv. from a ran- , , 
dom direction, with an arbitrary polariza- 
tion, and at a random, unpredictable 
time-in order for us to be highly confident 
that it is not due to Gaussian noise (35). [If 
the neutron stars' final collision produces a 
strong enough burst of gamma rays for 
detection at Earth (36), then the gamma 
burst will dictate the time at which to 
expect the gravitational-wave burst, and 
the waves can then be identified with con- 
fidence at h, = hsd3, that is, a factor of 3 
below the upper curve in each pair.] 

Figure 10 shows that LIGO's first detec- 
tors will be about good enough to detect 
three neutron star inspiral events per year at 
the "o~timistic" level. and the advanced 
detectdrs will be about' good enough at the 
"ultraconservative" level. Most likely, the 
first detection will be somewhere in be- 
tween. 

The first detection can be used for wave- 
form studies (Fig. I), even if it barely 
exceeds the detectors' burst sensitivity hsB, 
because hsB is far above the interferometers' 
rms noise (35). Each factor of 2 sensitivity 
improvement thereafter not only will im- 
Drove the accuracies of waveform studies. 
but also will increase the rate of observed 
signals by a factor Z3 = 8, because the event 
rate scales with volume, that is, is propor- 
tional to hz. Correspondingly, if three 
neutron star inspirals occur each year at 200 
Mpc (the best estimate), then the rate will 
be about one event everv 2 to 3 davs in the 
advanced detector system. 

Figure 10 also shows, at 200 Mpc [the 
best current estimate for how far LIGO 
must look to see three such events uer vear 

& ,  

(32, 33)], the waves from a neutron star 
spiraling into one -10-solar mass black 
hole and from two -10-solar mass black 
holes spiraling together. Although the 
three-~er-vear distance for these sources is . , 
much less certain than that for neutron star 
binaries, the waves at a eiven distance are - 
stronger-so strong, in fact, that the ad- 
vanced detector system could see the inspi- 
ral of black hole binaries throughout the 
universe (out to cosmological distances, 
where the event rate should be -10.000 
times as high as that at the best-estimate 
distance of 200 Mpc, or several events per 
hour). 

Figure 1 shows how LIGO can allow 
researchers to infer, from the inspiral wave- 
forms, the details of the binary's orbits and 
the masses of its black holes or neutron 
stars. In the last second of the binary's life, 
its inspiral waveforms gradually give way to 
collisional, merger, or tidal-disruption 
waveforms (depending on the nature of the 
binary), from which one can extract funda- 
mental physics-(i) from the final collision 
of comparable-mass holes: details of the 

poorly understood, highly nonlinear dy- 
namics of space-time curvature (10); (ii) 
from the inspiral of a small hole into a large 
hole: a detailed, partial map of the large 
hole's curvature (8, 9); (iii) from the tidal 
disruption of a neutron star by its compan- 
ion black hole: the neutron star's radius 
(which, combined with its measured mass, 
will give information about the equation of 
state of nuclear matter); and (iv) from the 
collision of two neutron stars: their colli- 
sional dynamics and perhaps their radii. For 
two neutron stars, the collisional waveform 
will be concentrated at frequencies of 500 
to 1000 Hz. where the detectors'  hoto on 
shot noise is severe; so studying the colli- 
sion will require specialized detectors with 
enhanced high-frequency sensitivity (and 
consequently reduced low-frequency perfor- 
mance). For binaries containing two black 
holes more massive than about ten suns, by 
contrast, the final waveform may be at low 
enough frequencies for study with the 
broadband, advanced detectors of Fig. 10. 

Of course, coalescing binaries are not 
the only potential gravitational-wave sourc- 
es for LIGO. There are others (14): rotat- 
ing, slightly nonaxisymmetric neutron 
stars; collapsing stellar cores (as for exam- 
ple, in supemovae); stochastic waves from 
vibrating cosmic strings and from the big 
bang; and, of course, totally unexpected 
tvues of sources. However. these other 

, A  

sources are all uncertain in wave strength, 
event rate, or both. 

One example is a nonaxisymmetric su- 
pernova. Type I1 supernovae are known to 
be triggered by the collapse of a star's core 
to form a neutron star (37). If the collapse 
is axially symmetric, then the gravitational 
waves emitted will be too weak to detect 
beyond our galaxy and the Magellanic 
Clouds (38). On the other hand, if the core 
is spinning sufficiently fast, then centrifugal 
forces may halt its collapse at radii of 
several hundred kilometers, and an insta- 
bility then might [but theory has not yet 
confirmed this (39)] drive the flattened, 
spinning core into a nonaxisymmetric 
shape, so it tumbles like a football turning 
end over end and emits strong gravitational 
waves. If it is the gravitational waves, and 
not hydrodynamic waves, that carry off 
most of the core's excess angular momen- 
tum, thereby permitting it to shrink to 
neutron star size (-10 km), and if 10% of 
type I1 supernovae are triggered by such 
collauses. then the distance to which one 

A ,  

must look to see three such events per year 
is -30 Mpc (40) and the wave strength is 
roughly that shown in Fig. 10 (41). Reduc- 
ing the fraction of type I1 supernovae that 
undergo such collapses by a thousand (to 
0.01%) would increase the distance one 
must look to 300 Mpc. It may well be that 
such nonaxisymmetric supemovae never 

occur in nature, or they may occur so rarely 
that LIGO will never see one. However, 
there is an observational hint of strong 
asymmetry in the recent discovery of a 
neutron star that seems to have been eject- 
ed at 11100th of the speed of light from the 
center of its supernova explosion (42). 

This discussion of nonaxisymmetric su- 
pemovae, with all its "ifs" and "mights," 
illustrates the enormous uncertainties that 
plague estimates of the gravitational waves 
from most astrophysical objects. The great- 
est hope for resolving the uncertainties is to 
search for the waves, and, when they are 
found, to study their waveforms. 

Conclusions 

The fiscal year 1992 National Science 
Foundation budget contains the first por- 
tion of LIGO's -$200-million construction 
cost. The selection of the two LIGO sites is 
now entering its final stage, and the sites 
should be in hand and the construction 
begun at the first site by the end of 1992. If 
future funding is granted at the planned 
rate, construction at the two sites will be 
comuleted in 1995 and 1996. the facilities 
will Ahave been checked o"t and begun 
operation by the end of 1997, and the first 
detector system will be operational in 1998. 

This first detector system may discover 
gravitational waves. If not, experimenters 
will press forward with detector improve- 
ments (for which development is already 
under way), leading toward LIGO's ad- 
vanced detector goals. These improvements 
are expected to lead to the detection of 
waves from manv sources each vear. The 
scientific community can then 'begin to 
harvest the rich information carried by the 
waves, and an upgrade of LIGO can make it 
possible for several research groups simulta- 
neouslv to oDerate several different detector 
systems, eac'h optimized for a different type 
of astrophysical source. 

Note added in proof: While this paper was 
in press, the National Science Foundation 
selected the two LIGO sites from among 19 
proposals. The selected sites are Livingston, 
Louisiana, and Hanford, Washington. 
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Global Tectonics and 
Space Geodesy 

Richard G. Gordon and Seth Stein 
Much of the success of plate tectonics can be attributed to the near rigidity of tectonic plates 
and the availability of data that describe the rates and directions of motion across narrow 
plate boundaries -1 to 60 kilometers wide. Nonetheless, many plate boundaries in both 
continental and oceanic lithosphere are not narrow but are hundreds to thousands of 
kilometers wide. Wide plate boundary zones cover -1 5 percent of Earth's surface area. 
Space geodesy, which includes very long baseline radio interferometry, satellite laser 
ranging, and the global positioning system, is providing the accurate long-distance mea- 
surements needed to estimate the present motion across and within wide plate boundary 
zones. Space geodetic data show that plate velocities averaged over years are remarkably 
similar to velocities averaged over millions of years. 

Plate motion, Earth's most important tec- 
tonic process, was first quantitatively de- 
scribed about 25 years ago (1, 2). Earth's 
strong outer layer that composes the plates 
is termed the lithosphere, which typically 
comprises the crust plus the uppermost 
mantle and is of variable thickness but may 
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typically be -100 km thick. The presum- 
ably much weaker layer immediately below 
the lithosphere is termed the asthenos- 
phere. Plate tectonics is the culmination of 
the hypothesis of seafloor spreading (3). 
That geomagnetic reversals are recorded by 
the seafloor as it spreads away from mid- 
ocean ridges (4) made possible the confir- 
mation of seafloor spreading and the esti- 
mation of seafloor spreading rates (5) .  
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