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We analyze 25 hours of data from the LIGO 40-meter prototype laser interferometric gravitational wave detector
taken during the third week of November 1994. The instrument was sensitive enough to detect the gravitational-
wave chirps that would be emitted by coalescing compact binary systems within our Galaxy. The data stream
was searched using optimal matched filtering — the first implementation/test of this technique on real interfer-
ometric data. These methods will be an important part of upcoming LIGO data analysis. An upper limit on the
rate R of neutron star binary inspirals in our Galaxy is obtained: Witfi; confidenceR < 0.5/hour. Similar
experiments with LIGO interferometers will provide constraints on the population of tight binary neutron star
systems in the Universe.

A world-wide effort is underway to construct and op- harmonics. There are also transient features occurring every
erate a new generation of broad-band gravitational radiafew minutes: bursts of noise with durations betweenl
tion detectors. These include the US Laser Interferomeand~ 500 ms. Burst sources include accidental excitation
ter Gravitational-wave Observatory (LIGOI): [1] project, the of high-order transverse optical modes driven by (natural or
French/ltalian VIRGO projecf_[Z], the British/German GEO- man-made) seismic disturbances, strain releases in mechani-
600 projectlB], the Japanese TAMA proje'l_it [4], and the Aus-cal structures, saturation of electronic servo loops, and EMI.
tralian ACIGA projectl’.:')]. The detectors are laser interferom-These deviations from Gaussian noise are extremely difficult
eters containing suspended optical elements: a gravitationtd model and classify using standard techniques. This led us
wave changes the relative optical phase in two perpendiculdo develop filter approximations and time/frequency statistical
paths, shifting the interference pattern at the beam splilfter [6}ests which make matched filering methods perform well on
Within the next decade, these il#ées should permit direct real data.
experimental observation of gravitational waves from sources This Letter reports the techniques, details, and results of
at tens to hundreds of Mpc distance. a search through this data set for binary inspiral chirps—the

A 40-meter interferometer has been under development gravitational waveforms produced by pairs of orbiting com-
Caltech since 1983. During the pastdde, the LIGO project pact stars or black holes. For concreteness, we focus our at-
has used this prototype instrument to develop and test the optiention on neutron star binaries in our Galaxy. These systems
cal and control elements for the full scale detectors under coremit gravitational waves (primarily at twice the orbital fre-
struction in Hanford WA and Livingston LA [7]. In November quency) over periods of tens to hundreds of millions of years,
1994, this instrument was configured as a suspended, modgradually losing energy. As the stars move closer together,
lated Fabry-Perot interferometer: light returning from the twothe orbit circularizes and its period decreases. The search re-
arms was independently sensig:d [8]. In this configuration, theorted here is for the gravitational waves that would be emit-
detector had its best differential displacement sensitivity oted during the final few seconds of this process; the stars orbit
~ 3.5 x 10~mHz /2 over a bandwidth of approximately hundreds of times per second at separations of tens of km be-
a kHz centered at 600 Hz. fore plunging together. Preliminary searches performed using

A week-long test run of the instrument was made betweedO-meter data are reported in Refs: [7,9].
14 and 20 November 1994 prior to a major reconfiguration. The data stream was searched usiragched filtering This
This run yielded 44.8 hours of tape; both arms were in opmethod [1_b] uses linear filters constructed from the expected
tical resonance for 39.9 hours (89% of the time). The datawaveforms. These waveforms have been calculated by two
taking periods are shown in Fig. 1. Although the Novemberindependent groups (with identical results) in the 2nd-order
1994 data was taken for diagnostic purposes, it provides apost-Newtonian (2PN) approximation, using different tech-
excellent opportunity to extract observational limits on gravi-niques [-1_:1]. Careful estimates suggest that these approxima-
tational wave sources, and to examine analysis techniques. tions result in a reduction of 10% of signal to noise ratio

A major challenge arises because the real data stream do€NR) [i_i]. For example, the waveform for2ax 1.4 Mg,
not satisfy the usual stationary and Gaussian assumptionisinary is a sweeping sinusoid which enters the pass band of
The 40-m data have the expected colored broadband backie detector around 120 Hz. The frequency and amplitude in-
ground but with significant deterministic components (speccrease during the ensuing 255 cycles; after 1.35 seconds the
tral peaks); these include 10? sinusoidal components aris- frequency has increased to 1822 Hz and the waveform is cut
ing from mechanical modes of the suspension and 60 Hz lineff by the merger of the stars.



The effect of the gravitational wave on the detector is de-3.0M, [:_1'(_5]. The bank contains 687 filtefd;, and is designed
scribed by a dimensionless straift). The gravitationalwave so that no more tha2% of SNR would be lost if the mass
produces a differential chang®L(t) = Lh(t) in the lengths parameters\/ of a signal did not exactly match one of the
of the two perpendicular interferometer armss [6], whére= M. For each mass pai¥/,, in the template bank two real
38.25m is the average arm length. For a binary system (cirsignals are constructed:

cular orbits, no spin) with masséd = (my, ms) this strain o _
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D These are the time-domain outputs of optimal filters matched
Herea is a constant determined by the orbital phase and orit® the waveform of théth mass-pairVi;,. The denominator
entation of the binary systent, is the laboratory time at (| f]) is (an estimate of) the one-sided power spectral den-
which the chirp signal first enters the detector pass-band, arglty 0f v(¢); if the detector’s noise is stationary and Gaussian,
KM (¢ — t,) are the amplitudes of the two polarizations of thethen these fllters. are optimal. The normghzaﬂon fadir” is
gravitational waveform produced by an inspiraling binary sys-chosen so that, in the absence of any signals, the mean value
tem which is optimally oriented at Mpc. An optimally ori-  Of [X};“(£)]? is unity. We define the SNR for theh template
ented binary system would be located on thexis of a coor-  Waveform to be
dinate system in which the two interferometer arms define the 5 5
z,y-axes, and with the normal to its orbital plane parallel to pr(t) = SNR= \/[X;:(ﬂ] + [XE @]
the z-axis. The effective distanc® depends on the distance | N .
to the source and on its orientation with respect to the detec"’-‘rr'veol at by maximizing over the ph.ase of the binary
tor, which has a non-uniform response. If the source is nopYStem. The effective d'_Standé at which cqalescgnce of
optimally oriented, therD is greater than the source-detector 2 1'4M@ stars WOUI.d. Iy|eld an SNR of .10 n the interfer-
distance. The 2PN formulae fb!i\{c are taken from![11]. ometer is shown in Fig., 1. (The normalization of the SNR

Our primary detector signal is derived from the feedbackfonows Ref. [_1_5] and other literature on data analysis. The

forces applied to hold the interferometer in resonance. Thifoot-mean-square value of the SNR for a single template is
signal, which is proportional to the differential-dispement V2 in the presence of Gau55|an'n0|se alone.) .

AL(t), is filtered to increase the dynamic range of the record- 'The data was processgd, using FFT methods, in overlap-
ing system by attenuating the large seismically driven, Iowp'flgz 25'65 segments)(® samples). To a\(0|d enq effects,
frequency components of the detector output, and to preven%) ,(|f|) in Eq. (1) was tru'ncated & 13.35 in the time do-
aliasing by attenuating the high frequencies. This filtered"&": The longest chirp S|gnal'was'2.4s long, so the d@ta
voltage v() was recorded at a 9868.42 Hz sample rate byere overlapped by the tota] fllter |mpulse response time of
a 12 bit analog-to-digital converter. The reduction of SNR™ 15.65 (155072 samp'les) giving a filter outpyt QUratlon of .
arising from quantization errors is less than 0.9% [13]. The™ 10-85s/segment. Since the process of bringing the opti-
instrument’s frequency and phase respoﬁ$¢) was deter- cal cavities mtg resonance (chk) excites mechamcal modes
mined at the beginning of each of elevend hour data runs of the suspension wires, we discarded the first three minutes

using a swept-sine calibratioh j14] in which known perturba-Cf o(ljata aftder ea%h ||°Ck ELCC]IiIiSh, allowing thef rrr:echanlclzal ced
tive forces were applied to the interferometer. The eleven cal"odes to damp below other noise sources. Of the 39.9 locke

ibration curves differ by less thai¥, having the largest vari- hours of datg, 8.8 hours were in int.ervals'too short to analyze;
ations around the 1 kHz unity-gain point of the differential- 111 locked intervals remained. Discarding the startup tran-
mode servo loop. Bcause errors in calibration affect the SNR sient impulse response of the filters and the first three minutes

only at second order, we estimate the effects of any calibratioﬂf lock yielded39.9 8.8 6.0 = 25.0 hours of data analyzed,

errors or drifts on SNR to be less thai3%. The voltage out- ' 8289 intervals of filter output (Fig, 1).

; aniral e A The data are corrupted by sources of non-stationary noise
utwy, (t) that would be produced by a binary inspiral is given
putu,(t) P y yinsp g that are poorly understood.eBause of the broad-band nature

e P (1)
h(t)

by . i .
of the interferometric detector, one can reject many of these
t o o omifs transient events; they do not have the time-frequency behavior
vn(t) = / R(t —t")h(t')dt" = / h(f)R*(f)e”"™"df  of the chirp signals we are searching for. In our search, these

transient events are discriminated from chirps by?aime-

using the notatio)(¢) andd)( f) to denote Fourier-transform frequency test (Sec. 5.24 of Ref. [16]). The frequency band
pairs. (DC to Nyquist) is divided intg subintervals, chosen so that
We search for inspiral waveforms using (digital) matchedfor & chirp superposed on Gaussian' noi.se with the observed
filtering. Because the inspiral waveforms depembn the ~POWer spectrum the expected contributionptés equal for
source massed/ = (m;,ms) we use a “bank” of template each subinterval. One then forms a statigticby summing

waveforms placed closelyneugh [15] in parameter space to the squares of the deviations of thesignal values from the
detect any signal in the mass rany® M, < mq,ms <  €xpected value for each of the two template polarizations. We



choosep = 20 so that Galactic signals which fall at the maxi- than an ad-hoc modelThe injected waveforms were drawn
mal template mismatch would not be rejected. In the presendeom a population of binary neutron stars with a spatial num-
of Gaussian noise plus chirp the statistic hag alistribution  ber distribution given by N' e~ D?/2D3 D dDx e |21/hz gz
with 2p — 2 = 38 degrees of freedom [iL6]. whereD is Galactocentric radiug), = 4.8 kpc, Z is height
Occasionally, there arditghes in the data when the instru- off the Galactic plane, anfl; = 1 kpc is the scale height.
ment's output significantly exceeds its RMS value. Some ofThis distribution is similar to the one presented in Ref. [17].
these arise from seismically-induced mode-cleaner rockingrhe detection efficiencyis the fraction of these simulated in-
which excites off-axis optical modes. These glitches causepirals which registered as events in our filtering/analysis pro-
the outputs of the optimal filters to ring, but do not resemblecedure; itincreases as the SNR threshglis decreased, or as
binary inspiral chirps and are uniformly rejected by the time-y? is increased, and is shown in Fig. 2 for the most-probable
frequency technique described above. However these glitchesass range [18] of .29 to 1.45 M, (the results depend very
biasS,(|f|) enough to create non-optimal filters. To preventweakly on the mass).
this problem the power spectrum was estimated by averaging The results of our analysis give an event rate bound. With
it for the 8 glitch-free segments closest in time to the segmemd0% confidence, the rate of binary inspirals in our Galaxy
being analyzed. The glitches were identified by seeing if tods less thanRgoy = 3.89/[T¢(pmax X2)] Where pmax is the
many samples fell outside-a30 range or any fell outside a largest SNR event observed, and the threshdld= 49.5 is
+50 range. The number of segments (8) was chosen to rezhosen so that there isl8% chance of rejecting a real chirp
duce the variance of the spectrum while still tracking changesignal in stationary Gaussian noise. (This is a Bayesian cred-
in instrument performance. ible interval computed using a “uniform prior” for the event
About 32 hours of clock time on a 48 node DEC Alpharate. The dimensionless numerator depends only on the confi-
based Beowulf computer system at UWM were required tadence level.) Thus we finghax = 8.34 at x2 = 49.5. The ef-
process this data. Each node has a theoretical peak péfeiency emax = 0.33 gives Rggy, = 0.5/hour. This is a90%
formance of 600 double-precision Mflops; the maximumconfidence limit if the loudest event is a real binary inspiral
throughput is 29 GFlops. The output of the filtering processevent. If the loudest event is noise, the confidence 80%.
is a list of signals for each segmentthe maximum (ovet)  Thus,Rygy gives a conservative upper limit on the event rate
SNR obtained for each filtér in our bank of 687 filters, the when the detector noise is poorly understood. (While some
time ¢; at which that maximum occurred, the value of ifie  of the louder events in Fig. 2 are instrumental artifacts aris-
statistic for that filter, andv*-°. In a given segment of data, ing from seismic disturbances or laser power fluctuations, the
we say that an event has occurred if the maximum SNR, ovelbudest event was detected during fairly normal instrument
aII filters for which the statistig? lies below some threshold operation.)

X2, exceeds a threshold. The total numbelNV of events ob- It is useful to compare the limit obtained hetRygy, =
served in the data set of Fig. 1 is plotted as a function of these.5 /hour, with the limit that could be obtained from the ideal
thresholds in Fig.:2. analysis of an instrument that could detect every Galactic

Without operating two or more detectors in coincidence,event. Operating for the same total tiffie= 25.0 hours with
it is impossible to characterize the non-Gaussian and noran efficiencye = 1, the limit obtained would be three times
stationary background well enough to establish confident debetter: Rgqy, = 0.17/hour.
tection. However one may estimate upper limits on the rate Stellar population studie§ [19] indicate expected rates
of Galactic neutron star binary inspirals (Poisson-distributed0—6yr—1!, far below our limit. Nevertheless this work does
in time) using a method which requires minimal assumptionsgrovide a direct observational limit on these rates from a new
about detector noise. Our limityyy, is based on the prob- type of search, and it demonstrates some of the methods be-
ability of a Galactic neutron star binary signal being as louding developed to analyze data from the next generation of in-
(having a SNR as large) as the loudest observed event. If thstruments. A previous search using 100 hours of coincident
rate is greater thamgy, then it is likely that we would ob- GIasgow/Garching interferometer data gave an upper limit on
serve louder events. dause the detector was only sensitiveburst sources, .[20]. The current generation of resonant-mass
to a fraction of Galactic binary inspirals (Fig. 1), the event- detectors,[21] has established upper limits on monochromatic
rate bound depends on two numbers: (i) the efficiengy  signals and stochastic background, but not on binary inspi-
with which the instrument and filtering/analysis process carral. A coincidence analysis of bar data for coalescing bina-
detect a binary inspiral in the Galaxy at the SNR.x of the  ries might produce a stronger limit than ours; these bars are
loudest observed event, and (i) the total len@th= 25.0  sensitive enough to detect coalescing binaries throughout the
hours of filtered data. Galaxy and have accumulated much more observation time.

We determined the efficieneyby Monte-Carlo simulation, The LIGO interferometers will permit detailed analysis im-
doing additional runs through the data set, and adding simupossible to achieve with the prototype experiment. Compre-
lated Galactic inspiral waveforms [convolved with the detec-hensive instrument monitoring will permit the thorough char-
tor response functiof(f)] at 30 s intervals into the detector acterization of instrument anomolies and removal of some en-
outputu(t). This allows us to characterize the detection pro-vironmental noise. Simultaneous correlation between three
cess with the properties of the real instrumental noise rather



independent instruments will provide lower false alarm rateg15] B. J. Owen, Phys. Rev. B3, 6749 (1996).

and greater statistical confidence. This will augment the techi16] B. Allen et al, GRASP: a data analysis package for gravita-
niques used here and allow LIGO to detect sources, as well  fional wave detectioversion 1.8.4. Manual and package at:
as set tight rate limits. For example, if the loudest coinci- _ Attp://www.Isc-group phys.uwm.egu/

dent event detected by the LIGO interferometers has a SNR7I S- J. Curran and D. R. Lorimer, Mon. Not. R. Astron. S5,

. . 347 (1995).

Pmax = 5.5, then we would obtain the limit [18] L. S.(Finn,)Phys. Rev. Let?3, 1878 (1994).

_5 _s _1 {55Mpc 3 lyr [19] E. S. Phinney, Astrophys. 380, L17 (1991).

Roon = 6 x 107 Mpc™“yr (T—> (T ) ; [20] D. Nicholsonet al., Phys. Lett. A218, 175 (1996).
max obs [21] P. Astoneet al, Astropart. Physz, 231 (1997); P. Astonet al.,

on the rate of inspiral in the universe, whéig is the obser- Phys. Lett. B385, 421 (1996); E. Maucelit al, Phys. Rev. D
vation time, and-,,.« is the distance to an optimally oriented 56, 6081 (1997).
source with SNRp,.x = 5.5. For the initial LIGO interfer-
ometers, the distance is... = 55Mpc; it will be ten times o ° © 1 2
larger for the enhanced interferometers, giving an expected 20Novo |- o w77 T
rate limit of 6 x 10~®Mpc~?yr~!. These limits should be ~ °**'* &, T L L
compared to the best guess rat&€ af10~3Mpc >yr~! given 14 Nov 94 |- e o)
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