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Abstract. Several interferometric gravitational wave detectors around the world are
now starting to achieve better sensitivity to gravitational waves than ever before. We
describe the prospects these detectors offer for physics and astronomy and review the
rapid progress and the present status of the detectors’ sensitivities. We also report the
progress made by the LIGO Scientific Collaboration in analysing the data produced by
the LIGO and GEO detectors during the Collaboration’s Science Runs.
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1. Gravitational waves and gravitational wave detectors

The quest for gravitational waves is now becoming more exciting than ever before
due to the progress achieved in the new interferometric techniques for their detec-
tion, making the direct observation of gravitational waves a plausible prospect in
the near future.

Gravitational waves, as predicted by Einstein’s theory of general relativity, would
be produced by almost any system with time-varying mass quadrupole. The distur-
bances in the fabric of space-time would travel away from the source at the speed
of light, and produce changes in the distance between freely falling masses, propor-
tional to the distance between the masses. The strain in distances produced by a
binary system of compact stars (neutron stars, black holes) in the last seconds be-
fore coalescence is ~10~2! for systems 200 Mpc away [1], making the measurement
of such small strains a difficult experimental enterprise.

Different search strategies for the detection are now taking place, all complement-
ing each other in several ways. A network of resonant bar gravitational detectors
has been looking for ~1 ms bursts of gravitational waves (exciting their resonance
frequencies near 1 kHz), exchanging data within the International Gravitational
Event Collaboration (IGEC). The IGEC has recently published the results of joint
operation during the years 1997-2000 [2]. The results are consistent with no obser-
vation of gravitational bursts, and set an upper limit on the rate of gravitational
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waves of <100 per year with Fourier component 2 x 1072! Hz™!, and <2 per year
with Fourier component 10720 Hz !,

There are several broadband interferometric gravitational wave detectors in op-
eration and under construction in the world: the LIGO project in the US [3] has
built two detectors, one 2 km long and another 4 km long, in the LIGO Hanford
Observatory, and a third detector 4 km long in the LIGO Livingston Observatory.
The Virgo project [4], a French-Ttalian enterprise, is building a 3 km detector in
Cascina, Italy. The British-German GEOG600 project [5] is running a 600 m long
detector near Hannover, Germany. The Japanese TAMA300 team [6] has been
running a 300 m long detector in Mitaka, near Tokyo, for several years now.

All of these detectors are getting close to their expected sensitivity, and some
of them have already taken data and analysed it for setting upper limits on the
strengths of gravitational waves in the frequency bands between 100 Hz and a
few kHz. When reaching design sensitivity limited by fundamental noise sources
(seismic noise, Brownian motion and shot noise), the frequency band will extend
to frequencies as low as 10-40 Hz, and peak sensitivities in spectral density 3 X
10723 /y/Hz (near 100 Hz).

The future holds even better prospects: there are plans to install ‘advanced’ LIGO
detectors in the LIGO Observatories, taking advantage of technologies developed
at many universities in the LIGO Science Collaboration, some of them tried by the
GEOG600 detector. These advanced detectors would have a sensitivity ten times
better than the present detectors, and offer plausible prospects for many sources
[7]. For binary neutron star systems, the advanced LIGO detectors would be able
to detect the last few minutes before coalescence of systems at 300 Mpc or closer,
with a predicted rate of ~1 per day [8]; it is likely that these detectors will also
allow the detection of black hole binary systems with ten solar masses or smaller.
Systems with large black holes (like the ones at the centers of galaxies) would
emit stronger signals, but sweeping a lower frequency range: this is where a space
detector, with a long baseline, holds the best promise. The LISA project [9] is a
joint NASA-ESA enterprise that could take off as early as 2011; it is in the advanced
designing stages of an interferometric detector with three satellites in a heliocentric
orbit, in the same orbit as the Earth (but 20° behind the Earth). The sources
of gravitational waves for this detector would be plentiful [7], from such exciting
sources as supermassive black holes, and smaller objects ‘falling’ into a black hole.
Galactic binary white dwarf systems would be detected in such numbers that their
signals may not be resolved, forming instead a stochastic background, similar to
more traditional ‘noise’ sources like shot noise and Brownian motion.

In this article, we will describe the latest results from the LIGO Scientific Col-
laboration, which has begun taking data with the three LIGO detectors and the
GEOG600 detector. Although the detectors are not working yet at their goal sen-
sitivity, they have better sensitivity than previous detectors and work in some
frequency bands never explored before. Even though the likelihood of a detection
from known or understood sources is very low, the data available make the search
for gravitational waves a very worthwhile enterprise: we need to test our data anal-
ysis methods on real data; we can use the data to set upper limits on the different
plausible kinds of gravitational waves; and, most importantly, we begin to open
‘new eyes’ for physics and astronomy.
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2. Science Runs and progress in sensitivity

The LIGO Scientific Collaboration gathered data for 17 days in September 2002
during its first Science Run (S1). Since then, the Collaboration has taken data
in two other two-month long Science Runs: S2 in February—April 2003 and S3 in
October 2003—January 2004. The S1 run used the GEO600 detector and the three
LIGO detectors [10]. During S2, the GEO detector did not run, and the TAMA
detector took data in coincidence. During the most recent Science Run, the GEO
detector and TAMA were running part of the time. The GEO and LIGO data is
analysed by the LIGO Scientific Collaboration; and the TAMA data is analysed by
the TAMA project team, but there are plans underway to combine results, showing
that the era of an international network of detectors is becoming a reality.

During S1, the GEO detector used a power-recycled Michelson configuration,
and used a folded arm configuration to achieve an effective arm length of 1200 m.
Since then, the GEO detector has made significant progress towards its final con-
figuration, using an output mirror for signal-recycling, and achieved significantly
improved sensitivity for S3. The LIGO detectors have been operating with their
final optical configuration, a power-recycled Michelson with Fabry—Perot cavities in
their arms for all the Science Runs. The LIGO detectors have different sensitivities
in each of the Science Runs, as shown in figure 1 for S1. However, their sensitivities
improved very significantly from one science run to the next, as shown in figure 2.

The duty cycle of the detectors, or fraction of time the detectors are operational,
is also different for different instruments: GEQ, having an alignment control system
fully implemented, achieves an impressive 98%; the LIGO Hanford detectors had
duty cycles varying between 58% and 73% in all three Science Runs; the LIGO
Livingston has a considerably lower duty cycle, varying between 22% and 47%,
mostly due to local human activity nearby. A new seismic isolation upgrade is
being installed in 2004 in the LIGO Livingston Observatory to improve the duty
cycle, and to make seismic disturbances at both LIGO Observatories comparable.

One way to post a single figure of merit to qualify a noise spectrum in a gravi-
tational wave detector is the maximum distance at which the signal emitted by a
binary neutron star system, with average orientation in the sky and of its orbit,
is found with a high signal-to-noise ratio when analysing the data with matched
templates [11]. Using this figure of merit, the LIGO detectors have improved from
a maximum reach of 5 kpc with H2 in the last engineering run before S1, to 100 kpc
with L1 (covering the galaxy) in S1, to 1 Mpc also with L1 (reaching Andromeda)
in S2, to 6 Mpc with H1 (reaching several other galaxies) in S3.

3. Results from the first Science Run

The LIGO Scientific Collaboration has formed four ‘search’ groups, that develop
and test algorithms to search for different kinds of gravitational waves: signals
coming from inspiral sources (compact binary systems before coalescence); signals
forming a stochastic background (from cosmological origin, early universe or from
unresolved sources); signals originated as a continuous monochromatic wave by
rotating stars; and short duration signals, or bursts, from sources such as supernovae
explosions and collisions of compact stars. All groups have obtained results with the
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Figure 1. Typical power spectral densities of the noise measured in the three
LIGO detectors during the S1 run.
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Figure 2. Examples of noise power spectra in the different Science Runs of
the LIGO Scientific Collaboration.

data taken in the first Science Run, which have been published elsewhere [12-15],
and we summarize in the following paragraphs.

3.1 Inspiral signals from compact binary systems

Compact binary systems with black holes, neutron stars, or white dwarfs will evolve
with increasingly smaller orbits and smaller energies, until the systems get close
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enough to coalesce. The orbital evolution until some time before the final coales-
cence can be approximated using ‘post-Newtonian’ expansions of Einstein’s equa-
tions, which are particularly accurate for binary neutron star systems. The binary
system emits gravitational radiation predominantly at twice its orbital frequency,
and this emission circularizes and shrinks the orbit, thus increasing the amplitude
and frequency of the gravitational waves emitted. The wave-form has a ‘chirp’
character, with the coalescence happening for neutron stars at an orbital radius
of 15 km, corresponding to gravitational waves of 1 kHz, so the signal will sweep
through the detectors’ band in the last seconds before coalescence.

With the data from the 17 day-long first Science Run for the two most sensitive
detectors (the Livingston and Hanford 4 km interferometers), we have searched
for wave-forms matching a second post-Newtonian approximation of gravitational
waves emitted by binary neutron star systems. In principle, we could have seen
signals from such systems in the Milky Way and even in the Magellanic Clouds, as
proven with simulated injected signals in the data, although the predicted probabil-
ity for such an event was very low: the predicted rate is about 1 event/2500 yr. Not
surprisingly, no trigger with consistent masses and signal-to-noise ratio was found
at both detectors within a 11 ms time window. Nonetheless, we used the results
for the search using data at both detectors (even if not operating in coincidence) to
set an observational upper limit [12] R < 1.7 x 10? events per year per Milky Way
equivalent galaxy, with 90% confidence, on the coalescence rate of binary systems
in which each component has a mass of 1-3 solar masses.

We defined candidate events in each detector as the data that matched a wave-
form template with a threshold in signal-to-noise of 8, and a quality-of-fit threshold
based on a non-centrally distributed, time-frequency, x2? parameter, corresponding
to a x?/DOF threshold of 3.5 for a signal with SNR =8 (however, the threshold
is a function of the SNR of the candidate). Only candidates in each detector with
high enough SNR and low enough y? were kept, and then tested for coincidence.

The average distance at which an inspiral system with two 1.4 solar masses neu-
tron stars in the optimal direction and orientation with respect to each detector
would produce a signal-to-noise ratio of 8 was ~180 kpc for the Livingston detec-
tor, and ~50 kpc for the Hanford detector. There were hundreds of candidates
with signal-to-noise ratio larger than 8 in the Livingston detector at times when
the Hanford detector was also taking data, but no candidate corresponded to a
possible source close enough to expect a signal-to-noise ratio larger than 8 in the
Hanford detector. Thus, we had a background of event candidates that could not
be confirmed by coincidence, either because the other detector was not operating,
or because the source, if true, would have produced too weak a signal in the second
detector. We used this background to set the observational galactic upper limit.
The actual limit was determined by the loudest candidate, a trigger in L1 with
SNR =15.9 (when H1 was not operating). Upon further inspection, this candidate
was determined to have been caused by a saturation in the photodiode used to
detect the gravitational wave signal.

3.2 Stochastic background

A stochastic background of gravitational waves could be produced by cosmological
sources from the early universe, or from many unresolved astrophysical sources.
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There upper limits on stochastic background set by Big Bang nucleosynthesis are
well below the initial LIGO detectors’ sensitivities, but the data analysis for such
sources is interesting in its own right as a direct observational upper limit. The
spectrum of a stochastic background is usually described by a dimensionless quan-
tity Qgw(f), representing the energy density per unit logarithmic frequency due
to gravitational waves, as a fraction of the critical energy needed to close the uni-
verse: Quw (f) = (f/pc)dpew/df. A flat, frequency-independent, isotropic, unpolar-
ized, stationary and Gaussian spectrum {2, would produce a stationary, Gaussian
strain-spectrum Sgy(f) o< f3 in units of strain?/Hz.

A stochastic background of gravitational waves could be detected with cross-
correlation techniques using two or more detectors, assuming that the noise in the
detectors is uncorrelated. A cross-correlation analysis was done for all three pairs of
LIGO detectors, using data from the first Science Run. The expected signal overlap
between a pair of distant detectors is a function of frequency: the signals between
the Livingston detector and any of the Hanford detectors are not correlated at
frequencies above a few hundred Hertz. The analysis for the LLO-LHO pairs was
done in the band 40-314 Hz, and in the band 40-300 Hz for the LHO pair, excluding
some frequency bins with known or possible correlations (such as harmonics of the
power lines at 60 Hz).

The absence of instrumental correlations was proven to be a bad assumption for
the two detectors in the Hanford Observatory: a strong, negative correlation was
observed in their signals later traced to acoustical disturbances. The measured cor-
relation between the LHO detectors and the Livingston detector were both consis-
tent with zero correlation, and an upper limit was set assuming a Gaussian statistics
with fixed rms deviation (with the rms deviation measured from the data). The
best upper limit was obtained from the L1-H2 pair [13]: Qoh%y, < 2345, with 90%
confidence and with higp being the Hubble constant in units of 100 km/s/Mpc.
This limit is four orders of magnitude better than the previous direct limits set by
interferometric detectors!

3.3 Continuous wave sources

Rotating compact stars emit gravitational waves at twice their rotation frequency
if they have any quadrupolar moment, such as non-spherical distribution due to
crust ‘cracks’ or ‘mountains’ on neutron stars. The known millisecond pulsars
can be such sources and they make the search for gravitational waves they may
be emitting particularly interesting because their position in the sky and their
rotation frequencies are known. We used the data from all four detectors in the
first Science Run to search for the fastest known pulsar, PSR J193+2134, with a
rotation frequency of 642 Hz. An upper limit on the amplitude of gravitational
waves emitted by this pulsar can be set from its spin-down rate, and the limit,
ho < 2 x 10725 is well below the limit the initial LIGO detectors will be able to
set with one year of observation. However, the limit set by the data taken with
the first Science Run is a direct limit, and the experience gained in this search
can now be used to look for all known pulsars. Two independent methods were
used, a frequency domain and a time domain method, used for 401 h of GEO
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data, 13 h of L1 data, 209 h of H1 data and 214 h of H2 data. The best result
is obtained from the L1 detector, which had the best sensitivity. A frequentist
upper limit [14] of hg < (2.7 & 0.3) x 10722 with 95% confidence was obtained
from the frequency domain analysis, derived from the statistic distribution of the
ho parameter estimated from 60 s short Fourier transforms. A Bayesian upper
limit [14] of ho < (1.4 £ 0.1) x 10722 with 95% confidence was obtained, also for
L1, heterodyning the data at the known pulsar frequency, taking into account the
motion of the detector on the Earth with respect to the source.

An upper limit on the gravitational wave amplitude emitted by the pulsar can
also be interpreted as an upper limit on the neutron star’s equatorial ellipticity. For
an estimated distance of 3.6 kpc, the Bayesian limit hg < x10722 corresponds to an
upper limit in ellipticity of 2.9 x 107* (10*> g cm?/1..). Both these limits are much
higher than the limits set by the spin-down rate, but they are significantly better
than the previous limits from direct observations on the same system. Similar
limits for the ellipticity from a search of unknown pulsars may place interesting
constraints on the interior magnetic fields or the existence of solid cores in neutron
stars.

3.4 Gravitational wave bursts

Many sources of gravitational waves will produce ‘bursts’ of gravitational wave ra-
diation that are not easily modeled, like the coalescence of compact binary systems
(with neutron stars and black holes) or supernovae explosions. The search for these
gravitational waves in a broadband detector like the interferometric detectors of
the LIGO Scientific Collaboration need methods that are model-independent, qual-
itatively different from the ones used for inspiral sources or continuous waves (both
well-modeled), and for stochastic background (assuming a background present at
all times in the search). Several methods are being developed for these searches,
and two methods were tried from the beginning to the end looking for coincident
events in all three LIGO detectors during the first Science Run.

The search for gravitational bursts may be the oldest one in the field, since bar
detectors have been looking for such events in their data for decades now with
ever increasing sensitivity. However, the interferometric detectors truly open a
new window for the observation of these events in frequency bands never explored
before.

The search focused on bursts between 4 ms and 100 ms in the frequency band
between 150 and 3000 Hz, and set a bound for the rate of such events detected
in all three detectors of 1.6 events/day at 90% confidence level [15]. To interpret
these results in terms of gravitational wave amplitudes, a source model is needed;
in the absence of physical models, the data are interpreted in terms of the detection
efficiency of simple wave-forms with Gaussian shapes, and since waves modulated
with a Gaussian envelope, parametrized by their root-sum-square strain h,s. The
sensitivity of the detectors in these units was between 10719 and 10~ 17strain / VHz
depending on the parameters of the wave-form.

Two different algorithms were used to identify gravitational wave candidates in
each detector. One method set a threshold on the output of a differentiator linear
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filter applied to the uncalibrated, but prefiltered, data in the time domain, mea-
suring in effect the ‘slope’ in the data. The parameters of this method were tuned
to make it most sensitive to sine waves of ~1 kHz. A second method was done in
the time—frequency domain, looking for clusters in the time—frequency plane that
are not consistent with noise. This method used an adaptive threshold, derived
from its estimation of the expectations from measured noise in six minute inter-
vals. From the set of triggers generated by each method for the three detectors,
a temporal coincidence window and, for the time—frequency method, a frequency
consistency cut was applied to select the gravitational wave candidates. The slope-
measuring method had a 40 ms ringdown time associated with some impulsive
events, so a 50 ms window was required to find the triple-coincident candidates.
The time—frequency analysis has a time resolution of 125 ms, and based on simu-
lated signals, a time window of no more than 500 ms was required. The frequency
window determining consistency among triple-coincident candidates identified by
the time—frequency method was 80 Hz. A clustering method was also used on the
resulting triggers. A background rate for each method was estimated using time
shifts between Livingston and Hanford data (to keep possible correlations between
the Hanford detectors included in the background), to compare with the actual
number of events that resulted from the search. However, the background estimate
for the slope-measuring method was deemed unreliable, since the measured back-
ground changed on short time-scales due to the non-stationarity of the noise. The
time—frequency method, using an adaptive threshold, had a more reliable back-
ground estimation that could be meaningfully compared with the actual measured
rate.

Searching over a total of 35.5 h of data, five triple-coincident candidate events
were found with the slope-measuring method, and six with the time—frequency
method, although none of the events detected by one method were detected by
the other. The background estimate for the time—frequency method was 10.1 £+ 0.6
events.

The efficiencies of both methods to detect ad hoc Gaussian and sine-Gaussian
wave-forms were measured, and together with the background estimate for the
time—frequency method, we can draw an exclusion region in the h,ss-rate plane as
an upper limit. For 554 Hz, sine-Gaussians with a @@ = 9 decay parameter, the
upper limit on the rate is 2 events/day with h,g > 10717 strain/ VHz.

4. Conclusions

Several papers have now been published on the results from the frist Science Run of
the LIGO Scientific Collaboration using data from four interferometric detectors.
There is already better data taken by the Collaboration in the second and third
Science Runs, and all detectors are rapidly progressing in sensitivity. It is likely then
that within a year the LIGO detectors will be working at their design sensitivity.

The VIRGO detector is also making progress and it has now successfully sent
light through both the 3 km-long arms. There are plans for data exchange between
the LIGO Scientific Collaboration and the TAMA detector as well as with VIRGO,
when it begins taking data.
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Gravitational wave bar detectors published results from a 3-year joint search,
and also keep improving in sensitivity and data quality.

Although predicted rates from known astrophysical systems for all these detectors
remain low, the window opened by new and better instruments keeps getting larger
and clearer: we can now look for waves in different frequency bands, as also in the
same frequency bands, with increasing sensitivity. Even in the absence of detection,
the observational upper limits may begin constraining theories of gravitational wave
sources in the near future.

More importantly, what has been proven is that the field of gravitational wave
physics can work very fruitfully, taking advantage of better technology and of the
opportunity of international collaboration. The projections for the future are very
bright with advanced interferometric detectors and even space detectors: the start-
ing time of these projects may likely be in the next decade and both of them have
high predicted event rates for known sources.

Acknowledgements

The author gratefully acknowledges the support of Louisiana State University, and
of the National Science Foundation through the grant PHY-0135389.

References

[1] K Thorne, Gravitational waves from compact bodies, in: Compact stars in binaries,
Proceedings of the 165th Symposium of the International Astronomical Union edited
by Jan van Paradijs, E P J van den Heuvel and Erik Kuulkers (Kluwer Academic
Publishers, Dordrecht, 1996); gr-qc/9506084

[2] International Gravitational Event Collaboration: P Astone et al, Phys. Rev. D68,
p022001 (2003)

[3] A Abramovici et al, Science 256, 325 (1992); For recent progress, see Daniel Sigg,
Class. Quantum Gravit. 21, S409 (2004)

[4] For the VIRGO Collaboration: F Acernese et al, Class. Quantum Gravit. 21, S385
(2004)

[5] B Willke et al, Class. Quantum Gravit. 21, S417 (2004)

[6] Ryutaro Takahashil and the TAMA Collaboration, Classical Quantum Gravit. 21,
$403 (2004)

[7] C Cutler and K Thorne, An overview of gravitational-wave sources, in General
relativity and gravitation, Proceedings of the 16th International Conference edited by
Nigel T Bishop and Sunil D Maharaj (World Scientific, 2002); gr-qc/0204090

[8] M Burgay et al, Nature 426, 531 (2003)

Kalogera et al, Astrophys. J. 601, L179 (2004)

[9] Karsten Danzmann and Albrecht Rdiger, Class. Quantum Gravit. 20, S1 (2003)

[10] The LIGO Scientific Collaboration: B Abbot et al, Nucl. Instrum. Methods A517,
154 (2004)

[11] Patrick Sutton, S3 performance of the LIGO interferometers as measured
by sensemonitor, LIGO Technical document T030276-00-Z, http://www.ligo.
caltech.edu/docs/T/T030276-00.pdf

Pramana — J. Phys., Vol. 63, No. 4, October 2004 671



Gabriela Gonzalez

[12] The LIGO Scientific Collaboration: B Abbott et al, Phys. Rev. D69, 122001 (2004);
gr-qc/0310049

[13] The LIGO Scientific Collaboration: B Abbott et al, Phys. Rev. D69, 122004 (2004);
gr-qc/0312088

[14] The LIGO Scientific Collaboration: B Abbott et al, Phys. Rev. D69, 082004 (2004);
gr-qc/0308050

[15] The LIGO Scientific Collaboration: B Abbott et al, Phys. Rev. D69, 102001 (2004);
gr-qc/0312056

672 Pramana — J. Phys., Vol. 63, No. 4, October 2004



