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Search for gravitational waves from galactic and extra-galactic binary neutron stars

B. Abbott,'? R. Abbott,'> R. Adhikari,'> A. Ageev,zo‘27 B. Allen,®® R. Amin,>* S. B. Anderson,'> W. G. Anderson,’
M. Araya,12 H. Armandula,'? M. Ashley,28 F. Asiri,'>* P. Aufmuth,®' C. Aulbert,' S. Babak,” R. Balasubramanian,’
S. Ballmer,13 B.C. Barish,12 C. Barker,14 D. Barker,14 M. Barnes,lz’b B. Barr,35 M. A. Barton,12 K. Bayer,13
R. Beausoleil,*¢ K. Belczynski,23 R. Bennett,*> S. J. Berukoff,'® J. Betzwieser,'> B. Bhawal,'? I. A. Bilenko,?°
G. Billingsley,12 E. Black,'? K. Blackburn,'? L. Blackburn,'® B. Bland,'* B. Bochner,'>! L. Bogue,12 R. Bork,!?
S. Bose,*” P.R. Brady,39 V.B. Braginsky,20 J.E. Brau,’” D. A. Brown,'? A. Bullington,26 A. Bunkowski,>?!

A. Buonanno,>¢ R. Burgess,]3 D. Busby,12 W. E. Butler,’® R. L. Byer,26 L. Cadonati,"® G. Cagnoli,35 J.B. Camp,2]
C.A. Cantley,35 L. Cardenas,12 K. Carter,15 M. M. Casey,35 J. Castiglione,34 A. Chandler,12 J. Chapsl<y,12’b P. Charlton,lz’h
S. Chatterji,"® S. Chelkowski,>*' Y. Chen,® V. Chickarmane,'®' D. Chin,*® N. Christensen,® D. Churches,’

T. Cokelaer,” C. Colacino,* R. Coldwell,>* M. Coles,'> D. Cook,'* T. Corbitt,'* D. Coyne,'* J. D. E. Creighton,*
T.D. Creighton,12 D.R.M. Crooks,* P. Csatorday,13 B.J. Cusack,’ C. Cutler,! E. D’ Ambrosio,'?> K. Danzmann,>>!
E. Daw,'®* D. DeBra,? T. Delker,'!** V. Dergachev,3 % R. DeSalvo,'? S. Dhurandhar,!! A. Di Credico,?’

M. Diaz,”® H. Ding,12 R.W.P. Drever,* R.J. Dupuis,35 J. A. Edlund,'*® P. Ehrens,'? E. J. Elliffe,>® T. Etzel,'?
M. Evans,'? T. Evans,'” S. Fairhurst,>® C. Fallnich,>! D. Farnham,'> M. M. Fejer,26 T. Findley,25 M. Fine,'?
L.S. Finn,2® K. Y. Franzen,** A. Freise,>™ R. Frey,37 P. Fritschel,'® V. V. Frolov,"> M. Fyffe,15 K.S. Ganezer,’

J. Garofoli,'* J. A. Giaime,'® A. Gillespie,lz’n K. Goda,"® G. Gonzilez,'® S. GoBler,*! P. Grandclément,>>°
A. Grant,” C. Gray,14 A.M. Gretarsson,'> D. Grimmett,'> H. Grote,” S. Grunewald,! M. Guenther,'*

E. Gustafson,?®P R. Gustafson,>® W. O. Hamilton,'® M. Hammond,'® J. Hanson,'®> C. Hardham,?® J. Harms, '’

G. Harry,13 A. Hartunian,'? J. Heefner,'? Y. Hefetz,'®> G. Heinzel,” 1. S. Heng,31 M. Hennessy,26 N. Hepler,28
A. Heptonstall,35 M. Heurs,>! M. Hewitson,? S. Hild,> N. Hindman,'* P. Hoang,12 J. Hough,35 M. Hrynevych,lz’q
W. Hua,26 M. Ito,37 Y. Itoh,1 A. Ivanov,12 0. Jennrich,35’r B. Johnson,14 W. W. Johnson,16 W.R. Johnston,29
D.I. Jones,”® L. Jones,”® D. Jungwirth,lz’S V. Kalogera,23 E. Katsavounidis,'> K. Kawabe,'* S. Kawamura,*?

W. Kells,'? J. Kern,'>* A. Khan,'® S. Killbourn,* C.J. Killow,** C. Kim,** C. King,12 P. King,12 S. Klimenko,>*
S. Koranda, K. Kétter,®! J. Kovalik,'>® D. Kozak,'? B. Krishnan,' M. Landry,14 J. Langdale,15 B. Lantz,*®
R. Lawrence,'® A. Lazzarini,'> M. Lei,'? I. Leonor,”” K. Libbrecht,'? A. Libson,® P. Lindquist,]2 S. Liu,'?

J. Logan,lz’u M. Lormand,15 M. Lubinski,14 H. Ll'ick,2’31 T.T. Lyons,lz’u B. Machenschalk,1 M. MacInnis,13
M. Mageswaran,12 K. Mailand,'> W. Majid,lz’b M. Malec,>*! F. Mann,'? A. Marin,'*" S. Mérka,'>"™ E. Maros,'?
J. Mason,'** K. Mason,"? O. Matherny,14 L. Matone,'* N. Mavalvala,'® R. McCarthy,14 D.E. McClelland,?

M. M(:Hugh,18 J.W.C. McNabb,?® G. Mendell,'* R. A. Mercer,* S. Meshkov,'? E. Messaritaki,*® C. Messenger,33
V. P. Mitrofanov,?’ G. Mitselmakher,** R. Mittleman,'? O. Miyakawa,12 S. Miy01<i,12’y S. Mohanty,29 G. Moreno,'*
K. Mossavi,” G. Mueller,>* S. Mukherjee,29 P. Murray,35 J. Myers,14 S. Nagano,2 T. Nash,'? R. Nayak,”

G. Newton,35 F. Nocera,12 J.S. Noel,40 P. Nutzman,23 T. Olson,24 B. O’Reilly,15 D.J. Ottaway,13 A. Ottewill,”’Z
D. Ouimette,lz’S H. Overmier,15 B.J. Owen,28 Y. Pan,6 M. A. Papa,1 V. Parameshwaraiah,14 A. Parames.waran,1
C. Parameswariah,'> M. Pedraza,'? S. Penn,'® M. Pitkin,*> M. Plissi,*> R. Prix,! V. Quetschke,34 F. Raab,"

H. Radkins,' R. Rahkola,>” M. Rakhmanov,** S.R. Rao,'? K. Rawlins,"’ S. Ray—Majumder,39 V. Re,*?

D. Redding,12’b M. W. Regehr,lz’b T. Regimbau,7 S. Reid,” K. T. Reilly,12 K. Reithmaier,'? D. H. Reitze,**

S. Richman,'>* R. Riesen,'” K. Riles,*® B. Rivera,'* A. Rizzi,'>* D.I. Robertson,>> N. A. Robertson,?%>>
L. Robison,'? S. Roddy,'® J. Rollins,'? J. D. Romano,’ J. Romie,'* H. Rong,**" D. Rose,'? E. Rotthoff,?®
S. Rowan,> A. Rﬁdiger,2 P. Russell,'? K. Ryan,14 I. Salzman,'? V. Sandberg,14 G. H. Sanders,'>* V. Sannibale,'?
B. Sathyaplrakash,7 P.R. Saulson,”” R. Sawage,14 A. Sazonov,** R. Schilling,2 K. Schlaufman,?® V. Schmidt, >4
R. Schnabel,’ R. Schofield,®” B.F. Schutz,'"” P. Schwinberg,14 S.M. Scott,® S. E. Seader,*® A.C. Searle,’

B. Sears,'” S. Seel,'? F. Seifert,' A.S. Sengupta,ll C.A. Shapiro,zg’ae P. Shawhan,'? D. H. Shoemaker,?

Q.Z. Shu,***" A. Sibley,'® X. Siemens,* L. Sievers,'*® D. Sigg,'* A. M. Sintes,"** J.R. Smith,> M. Smith,"?
M. R. Smith,'? P. H. Sneddon,*® R. Spero,'*" G. Stapfer,'® D. Steussy,® K. A. Strain,®> D. Strom,*” A. Stuver,*®
T. Summerscales,?® M. C. Sumner,'? P.J. Sutton,'? J. Sylvestre,lz"“g A. Takamori,'? D. B. Tanner,>* H. Tariq,12
I Taylor,7 R. Taylor,35 R. Taylor,12 K. A. Thorne,”® K. S. Thorne,® M. Tibbits,?® S. Tilav,'>*" M. Tinto,*°
K. V. Tokmakov,?° C. Torres,?’ C. Torrie,'? G. Traylor,15 Ww. Tyler,'2 D. Ugolini,30 C. Ungarelli,33
M. Vallisneri,(”ai M. van Putten,13 S. Vass,12 A. Vecchi0,33 J. Veitch,35 C. Vorvick,14 S.P. Vyachanin,20
L. Wallace,'? H. Walther,'® H. Ward,* B. Ware,'*" K. Watts,'> D. Webber,'? A. Weidner,'” U. Weiland,*'

1550-7998/2005/72(8)/082001(22)$23.00 082001-1 © 2005 The American Physical Society



B. ABBOTT et al. PHYSICAL REVIEW D 72, 082001 (2005)

A. Weinstein,'? R. Weiss,'> H. Welling,31 L. Wen,'? S. Wen,'® J. T. Whelan,'® S. E. Whitcomb,'? B. F. Whiting,34
S. Wiley,” C. Wilkinson,'* P. A. Willems,'? P.R. Williams,"* R. Williams,* B. Willke,>' A. Wilson,"'?
B.J. Winjum,zg’e W. Winkler,” S. Wise,** A.G. Wiseman,>* G. Woan,>> D. Woods,' R. Wooley,15 J. Worden,'*
W. Wu,>* 1. Yakushin,'> H. Yamamoto,'? S. Yoshida,?> K. D. Zaleski,*® M. Zanolin,'® I. Zawischa,>!* L. Zhang,11
R. Zhu,! N. Zotov,"” M. Zucker,'> and J. Zweizig12

(LIGO Scientific Collaboration)

'Albert-Einstein-Institut, Max-Planck-Institut fiir Gravitationsphysik, D-14476 Golm, Germany
2Albert-Einstein-Institut, Max-Planck-Institut fiir Gravitationsphysik, D-30167 Hannover, Germany
3Australian National University, Canberra, 0200, Australia
4Calz"form'a Institute of Technology, Pasadena, California 91125, USA
SCalifornia State University Dominguez Hills, Carson, California 90747, USA
SCaltech-CaRT, Pasadena, California 91125, USA
"Cardiff University, Cardiff, CF2 3YB, United Kingdom
8Carleton College, Northfield, Minnesota 55057, USA
Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
YHobart and William Smith Colleges, Geneva, New York 14456, USA
" Inter-University Centre for Astronomy and Astrophysics, Pune-411007, India
12LIGO—California Institute of Technology, Pasadena, California 91125, USA
BLIGO—Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
Y“LIGO Hanford Observatory, Richland, Washington 99352, USA
SriGo Livingston Observatory, Livingston, Louisiana 70754, USA
L ouisiana State University, Baton Rouge, Louisiana 70803, USA
" Louisiana Tech University, Ruston, Louisiana 71272, USA
18Loyola University, New Orleans, Louisiana 70118, USA
Y'Max Planck Institut fiir Quantenoptik, D-85748, Garching, Germany
Moscow State University, Moscow, 119992, Russia
2INASA/Goddard Space Flight Center, Greenbelt, Maryland 20771, USA
2National Astronomical Observatory of Japan, Tokyo 181-8588, Japan
BNorthwestern University, Evanston, Illinois 60208, USA
24Salish Kootenai College, Pablo, Montana 59855, USA
B Southeastern Louisiana University, Hammond, Louisiana 70402, USA
26Stanford University, Stanford, California 94305, USA
27Symcuse University, Syracuse, New York 13244, USA
BThe Pennsylvania State University, University Park, Pennsylvania 16802, USA
PThe University of Texas at Brownsville and Texas Southmost College, Brownsville, Texas 78520, USA
3OTrim'zy University, San Antonio, Texas 78212, USA
M Universitit Hannover, D-30167 Hannover, Germany
2Universitat de les Illes Balears, E-07122 Palma de Mallorca, Spain
33University of Birmingham, Birmingham, B15 2TT, United Kingdom
3University of Florida, Gainesville, Florida 32611, USA
SUniversity of Glasgow, Glasgow, G12 8QQ, United Kingdom
36Um'versity of Michigan, Ann Arbor, Michigan 48109, USA
37University of Oregon, Eugene, Oregon 97403, USA
BUniversity of Rochester, Rochester, New York 14627, USA
39University of Wisconsin—Milwaukee, Milwaukee, Wisconsin 53201, USA
“OWashington State University, Pullman, Washington 99164, USA
(Received 30 May 2005; published 25 October 2005)

We use 373 hours ( = 15 days) of data from the second science run of the LIGO gravitational-wave
detectors to search for signals from binary neutron star coalescences within a maximum distance of
about 1.5 Mpc, a volume of space which includes the Andromeda Galaxy and other galaxies of the Local
Group of galaxies. This analysis requires a signal to be found in data from detectors at the two LIGO
sites, according to a set of coincidence criteria. The background (accidental coincidence rate) is
determined from the data and is used to judge the significance of event candidates. No inspiral
gravitational-wave events were identified in our search. Using a population model which includes the
Local Group, we establish an upper limit of less than 47 inspiral events per year per Milky Way equivalent
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galaxy with 90% confidence for nonspinning binary neutron star systems with component masses between

1 and 3M,,.

DOI: 10.1103/PhysRevD.72.082001

I. INTRODUCTION

The search for gravitational waves has entered a new era
with the scientific operation of kilometer scale laser inter-
ferometers. These L-shaped instruments are sensitive to
minute changes in the relative lengths of their orthogonal
arms that would be produced by gravitational waves [1].
The Laser Interferometer Gravitational-wave Observatory
(LIGO) [2,3] consists of three Fabry-Perot-Michelson in-
terferometers: two interferometers are housed at the site in
Hanford, WA; a single interferometer is housed in
Livingston, Louisiana. In 2003, all three instruments si-
multaneously collected data under stable operating condi-
tions during two science runs. Even though the instruments
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were not yet performing at their design sensitivity, the data
represent the best broadband sensitivity to gravitational
waves that has been achieved to date.

In this paper, we report the methods and results of a
search for gravitational waves from binary neutron star
systems, using data from the science run conducted early
in 2003. These waves are expected to be emitted at fre-
quencies detectable by LIGO during the final few seconds
of inspiral as the binary orbit decays due to the loss of
energy in gravitational radiation [4]. A previous search [5],
using data from the first LIGO science run, reported an
upper limit on the rate of coalescences within our Galaxy
and the magellanic clouds. This paper uses an analysis
pipeline which is optimized for detection by using data
only from times when interferometers were operating
properly at both LIGO sites. By demanding that a gravita-
tional wave be seen at both sites, we strongly suppress the
rate of background events from nonastrophysical distur-
bances. Moreover, this approach allows us to judge the
significance of any apparent event candidate in the context
of the background distribution, which is also determined
from the data.

The search described here has essentially perfect effi-
ciency for detecting binary neutron star inspirals within the
Milky Way and the magellanic clouds (as measured by
Monte-Carlo simulations), and could detect some inspirals
as far away as the Andromeda and Triangulum galaxies
(M31 and M33). The rate of coalescences in these galaxies,
based on the population of known binary neutron star
systems [6], is expected to be very low, so that a detection
by the present search would be highly surprising. In fact,
no coincident event candidates were observed in excess of
the measured background. The data are therefore used to
place an improved direct observational upper limit on the
rate of binary neutron star coalescence events in the
Universe.

II. DATA SAMPLE

The LIGO Hanford Observatory (LHO) in Washington
state has two independent detectors sharing a common
vacuum envelope, one with 4 km long arms (H1) and one
with 2 km long arms (H2). The LIGO Livingston
Observatory (LLO) in Louisiana has one detector with
4 km long arms (L1). All three detectors operated during
the second LIGO science run, referred to as S2, which
spanned 59 days from February 14 to April 14, 2003.
During operation, feedback to the mirror positions and to
the laser frequency keeps the optical cavities near reso-
nance, so that interference in the light from the two arms
recombining at the beam splitter is strongly dependent on
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the difference between the lengths of the two arms. A
photodiode at the antisymmetric port of the detector senses
this light, and a digitized signal is recorded at a sampling
rate of 16384 Hz. This channel can then be searched for a
gravitational-wave signal. More details on the detectors’
instrumental configuration and performance can be found
in [3,7].

While the detailed noise spectrum of a detector affects
different gravitational-wave searches in different ways, we
can summarize the sensitivity of a detector for low-mass
inspiral signals in terms of the range for an archetypal
source. Specifically, the range is the distance at which an
optimally oriented and located binary system' with the
mass of each component equal to 1.4Mg would yield an
amplitude signal-to-noise ratio (SNR) of 8 when extracted
from the data using optimal filtering. During the first LIGO
science run (referred to as S1), the L1 detector had the
greatest range, typically 0.18 Mpc. During the S2 run, all
three detectors were substantially more sensitive than this,
with ranges of 2.0, 0.9, and 0.6 Mpc for L1, H1, and H2
averaged over all times during the run. Typical amplitude
spectral densities of detector noise are shown in Fig. 1.

The amount of science data with good performance and
stable operating conditions was limited by environmental
factors (especially high ground motion at LLO and strong
winds at LHO), occasional equipment failures, and peri-
odic special investigations. Over the 1415 h duration of the
S2 run, the total amount of science data obtained was 536
hours for L1, 1044 hours for H1, and 822 hours for H2.

The analysis presented here uses data collected while the
LLO detector was operating at the same time as one or both
of the LHO detectors. Science data during which both H1
and H2 were operating but L1 was not, amounting to 385
hours, was not used in this analysis because of concerns
about possible environmentally induced correlations be-
tween the data streams of these two colocated detectors;
this data set, as well as data collected while only one of the
LIGO detectors was in science mode, will be used in a
separate analysis together with data from the TAMA300
detector [8], which conducted “Data Taking 8” concur-
rently with the LIGO S2 run.

Of all the data, approximately 9% (uniformly sampled
within the run so as to be representative of the whole data
set) was used as playground data for tuning parameters and
thresholds in the analysis pipeline, and for use in identify-
ing vetoes that were effective in eliminating spurious
events. This playground data set was excluded from the
gravitational-wave inspiral upper limit calculation because
event selection and pipeline tuning, as described in
Secs. IV, V, and VI, introduces statistical bias which cannot
be accounted for. The playground data set was searched for

'An optimally oriented and located binary system would be
located at the detector’s zenith with its orbital plane perpendicu-
lar to the line of sight between the detector and the source.
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FIG. 1 (color online).  Typical sensitivities, expressed as am-
plitude spectral densities of detector noise converted to equiva-
lent gravitational-wave strain, for the best detector during the S1
run (the Livingston detector) and for all three detectors during
the S2 run. The solid lower line is the design sensitivity for the
LIGO 4-km detectors; the dashed line is the design sensitivity for
the LIGO 2-km detector at Hanford.

inspiral signals, however, so a potential detection during
these times was not excluded. After applying data quality
cuts (as detailed in Sec. V) and accounting for short time
intervals which could not be searched for inspiral signals
by the filtering algorithm (described in Sec. IV), the ob-
servation time consisted of 242 hours of triple-detector
data, plus 99 hours of L1-HI1 and 32 hours of L1-H2
data, for a total observation time of 373 hours. For the
upper limit result, the nonplayground observation time was
339 hours. A summary of the amount of single-, double-,
and triple-detector times is provided in Fig. 2.

L1

H1 H2

FIG. 2. The number of hours that each detector combination
was operational during the S2 run. The upper number gives the
amount of time the specific instruments were coincidentally
operational. The lower number gives the total time that was
searched for inspiral triggers. The shaded region corresponds to
the data used in this search.
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As with earlier analyses of LIGO data [5], the output of
the antisymmetric port of the detector was calibrated to
obtain a measure of the relative strain s = AL/L of the
detector arms, where AL = L, — L, is the difference in
length between one arm (the x arm) and the other (the y
arm), and L is the average arm length.
Reference calibration functions, tracing out the
frequency-dependent response of the detectors, were mea-
sured (by moving the end mirrors of the detector with a
known displacement) before and after the science run, and
once during the science run; all three measurements gave
consistent results. The changing optical gain of the cali-
bration was monitored continuously during the run by
applying sinusoidal motions with fixed frequency to the
end mirrors. This continuous monitoring, averaged once a
minute, allowed for small corrections to the calibration due
to loss of light power in the arms, which can be caused by
drifting optical alignment.

III. TARGET SOURCES

Binary neutron star (BNS) systems in the Milky Way,
known from radio pulsar observations [9], provide indirect
evidence for the existence of gravitational waves [10].
Based on current astrophysical understanding, the spatial
distribution of binary neutron stars is expected to follow
that of star formation in the Universe. A measure of star
formation is the blue luminosity of galaxies appropriately
corrected for dust extinction and reddening. Therefore we
model the spatial distribution of double neutron stars ac-
cording to the corrected blue-light distribution of nearby
galaxies [11]. While the masses of neutron stars in the few
known binary systems are all near 1.4M, population syn-
thesis simulations suggest that some systems will have
component masses as low as ~1Mg and as high as the
theoretical maximum neutron star mass of ~3My [12].
Thus, we search for inspiral signals from binary systems
with component masses in this range. Note that the higher-
mass systems radiate more energy in gravitational waves
and can thus be detected at a greater distance at a given
SNR. For component masses below 1My, a search is
reported in Ref. [13].

When the LIGO detectors reach their design sensitiv-
ities, they will be capable of detecting inspiral signals from
thousands of galaxies, reaching beyond the Virgo Cluster
for systems with optimal location and orientation. At that
sensitivity, the rate of detectable binary neutron star co-
alescences could be as high as 0.7 per year, though it is
more likely to be an order of magnitude smaller [6]. For
this analysis, our target population includes the Milky Way
and all significant galaxies within a distance of 3 Mpc,
which is roughly the maximum distance for which a
3-3M,, inspiral could be detected in coincidence by the
L1 and HI interferometers with a SNR of 6 in H1. This
population includes the Local Group of galaxies, whose
total blue luminosity is dominated by the Andromeda

PHYSICAL REVIEW D 72, 082001 (2005)

Galaxy (M31), as well as some galaxies from neighboring
groups. We cannot hope to detect all inspirals within this
volume, because most systems in the population have
lower masses and because the received signal amplitude
is reduced, on average, depending on the orientation and
location of the source relative to the detector.

Table I gives the parameters we use for the galaxies in
the target population out to 1.5 Mpc, i.e., the maximum
distance for which we had a nonzero detection efficiency in
our simulations. The coordinates and distances of the
galaxies in Table I are taken from a catalog by Mateo
[14], when available; this catalog is favored because dis-
tances quoted are from individual, focused studies of each
of the nearby galaxies he includes. The rest of the dis-
tances, with only 100 kpc accuracy, are taken from the
Tully Nearby Galaxies catalog [15]. Data for blue lumi-
nosities are derived from the apparent blue magnitudes
(corrected for reddening) quoted in Ref. [16], and the
distances shown in Table I. We measured the efficiency
of our search using Monte-Carlo simulations, where the
sources in the target population had a mass distribution as
described in Ref. [12], following the same guidelines as in
the population models used in Ref. [17]. We used simula-
tions with a population of neutron stars from galaxies up to
3 Mpc away, overextending our target population, although
we did not detect any simulated injections from sources
farther than 1.5 Mpc away.

Within the LIGO frequency band, the gravitational
waveform produced by binary neutron star systems is
well described by the restricted second-post-Newtonian
approximation [18-20]. The spins of the neutron stars
are not expected to significantly affect the orbital motion
or the waveform [18]. Tidal coupling and other finite-body
effects dependent on the equation of state also are not
expected to significantly affect the waveform in the
LIGO band [21]. The waveform received at Earth is there-
fore parametrized by the masses of the companions, the
distance to the binary, the inclination of the system to the
plane of the sky, and by the initial orbital phase when the
waveform enters the LIGO band. The waveforms consist of
two polarizations, the plus (4) and cross (hy) polariza-
tions, which describe the two orthogonal tidal distortions
produced by the waves. These polarization basis states are
defined with respect to the orientation of the binary orbit
relative to the line of sight. An interferometric detector is
sensitive to a particular linear combination of these two
polarizations; this is described by two response functions
F, and F so that the expected gravitational-wave signal
is

h(t) = Fyhy (1) + Fxhy(2). (D

The response functions depend on the location of the
detector on the Earth and on the orientation of the detec-
tor’s arms. The interferometers at LHO and LLO are
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The galaxies in our population within 1.5 Mpc. The next to last column indicates the number of injections detected in

coincidence (with signal-to-noise-ratio defined in Eq. (10) satisfying p? > 89), over the number of injections performed in our
simulations. The last column indicates the cumulative number of equivalent Milky Way galaxies contributed by systems within the
corresponding distance, calculated from the search efficiency and the blue-light luminosity.

Name Right ascension Declination Distance Blue-light luminosity Detected/injected Cumulative
(Hour:Min) (Deg:Min) (kpc) relative to Milky Way with p2 > 89 Ng
Milky Way cee s cee 1 686/686 1
LMC +05:23.6 —69:45 49 0.128 57157 1.128
SMC +00:52.7 —72:50 58 0.037 8/8 1.165
NGC6822 +19:44.9 —14:49 490 0.01 0/4 1.165
NGC185 +00:39.0 +48:20 620 0.007 1/3 1.1673
MI110 +00:40.3 +41:41 815 0.018 5/100 1.1682
M3l +00:42.7 +41:16 770 2421 108/1791 1.3142
M32 +00:42.7 +40:52 805 0.019 9/129 1.3155
IC10 +00:20.4 +59:18 825 0.031 1/10 1.3186
M33 +01:33.9 +30:39 840 0.319 9/219 1.3318
NGC300 +00:54.9 —37:41 1200 0.052 1/40 1.3331
MS1 +09:55.6 +69:04 1400 0.196 1/147 1.3344
NGC55 +00:14.9 —39:11 1480 0.175 2/122 1.3373

aligned as closely as possible, but the curvature of the
Earth causes a slight difference in their antenna patterns.

IV. FILTERING AND TRIGGER GENERATION

We generated event triggers by filtering the data s(z)
from each detector with matched filters designed to detect
the expected signals. For any given binary neutron star
mass pair, {m;, m,}, we constructed the expected
frequency-domain inspiral waveform template, /(f), using
a stationary-phase approximation to the restricted second-
post-Newtonian waveform [22].2 Here, the tilde indicates
the Fourier transform of a time series h(f) according to the
convention

h(f) = f Y h(ne 2y, )
The matched filter output is then the complex time series
0 ii* H )
Z(Z) = .X(t) + ly([) =4 Me%nftdf (3)
o S()

where x(z) is the (real) matched filter output for the inspiral
waveform with a zero orbital phase, and y(¢) is the (real)
matched filter output for the inspiral waveform with a 7/2
orbital phase. The quantity S(f) is the one-sided strain
noise power spectral density, estimated from the data.
The matched filter variance is given by

s [ RP
o 4]0 S df @)

>The stationary-phase approximation to the Fourier transform
of inspiral template waveforms was shown to be sufficiently
accurate for gravitational-wave detection in Ref. [23].

which depends on the template’s amplitude normalization.
The amplitude SNR is then

p=lzl/o. (5)

The templates were normalized to a binary neutron star
inspiral at an effective distance of 1 Mpc, where the effec-
tive distance of a waveform is the distance for which a
binary neutron star system would produce the waveform if
it were optimally oriented. Thus,

0
0.01 0.1 1 3
Effective Distance (Mpc)

Cumulative NG
N
T
i

0 L L L
0.01 0.1 1 3
Effective Distance (Mpc)

FIG. 3 (color online).  The upper panel shows the histogram of
the number of Milky Way equivalent galaxies (Ny) as a function
of effective distance. Labeled arrows indicate the average range
of the best detector in the first science run (S1), as well as the
average range of each detector during the second science run.
The cumulative total within a given effective distance is shown
in the bottom panel.
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g
Degr = — (6)
p

is an estimate of the effective distance, in Mpc, of a
putative signal that produces SNR p. The number of
Milky Way equivalent galaxies as a function of effective
distance is shown in Fig. 3.

Since each binary neutron star mass pair {m,, m,} would
produce a slightly different waveform, we constructed a
bank of templates with different mass pairs such that, for
any actual mass pair with 1My, = m, = m; = 3M,, the
loss of SNR due to the mismatch of the true waveform from
that of the best fitting waveform in the bank is less than 3%
[24,25].

Although a threshold on the matched filter output p
would be the optimal detection criterion for an accurately
known inspiral waveform in the case of stationary,
Gaussian noise, the character of the data used in this
analysis is known to be neither stationary nor Gaussian.
Indeed, many classes of transient instrumental artifacts
have been categorized, some of which produce copious
numbers of spurious, large SNR events. In order to reduce
the number of spurious event triggers, we adopted a now-
standard y? requirement [26]: The matched filter template
is divided into p frequency bands, which are chosen so that
each band would contribute a fraction 1/ p of the total SNR
if a true signal (and no detector noise) were present. In our
analysis, we used p = 15, as explained in Sec. VIB. We
then construct a chi-squared statistic comparing the mag-
nitude and phase of SNR accumulated in each band to the
expected amount. For a true signal in Gaussian noise, the
resulting statistic is y? distributed with 2p — 2 degrees of
freedom (since the SNR is constructed out of the two
matched filters x and y which are both measured).
Instrumental artifacts tend to produce very large y? values
and can be rejected by requiring y? to be less than some
reasonable threshold. Because of the discreteness of the
template bank, however, a real signal will generally not
match precisely the nearest template in the bank.
Consequently, x? has a noncentral chi-squared distribution
with a noncentrality parameter A < (p — 1)p?u?, where u
is the fractional loss of SNR due to mismatch between
template and signal [26]. For sufficiently small u and
moderate values of p, this effect is not important, but
when p is large, it must be taken into account. This is
done by applying a threshold with the following parame-
trization:

X =(p+8pHE. (7)

The threshold multiplier £*, the number of bins p, and the

value of & were determined by tuning on the playground
data, as will be described in Sec. VIB.

In this analysis, the SNR p(r) was computed for each

template in the bank [27]. Whenever p(z) exceeded a

threshold p*, the value of y* was computed for that time.

If y*> was below the threshold in Eq. (7), then the local
maximum of p(r) was recorded as a trigger. Each trigger is
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represented by a vector of values: the masses which define
the template, the maximum value of p and corresponding
value of y?, the inferred coalescence time, the effective
distance D, and the coalescence phase ¢, = tan™!(y/x).

V. DATA QUALITY CHECKS AND VETOES

In practice, the performance of the matched filtering
algorithm described above is influenced by nonstationary
optical alignment, servo control settings, and environmen-
tal conditions. We used two strategies to avoid problematic
data in this search. One was to evaluate data quality over
relatively long time intervals, using several different tests.
Time intervals identified as being suspect or demonstrably
bad were skipped when filtering the data. The other method
was to look for signatures in environmental monitoring
channels and auxiliary interferometer channels which
would indicate an external disturbance or instrumental
glitch (a large transient fluctuation), allowing us to vefo
any triggers recorded at that time.

Several data quality tests were applied a priori, leading
us to omit data when calibration information was missing
or unreliable, servo control settings were not at their nomi-
nal values, or there were input/output controller timing
problems. Additional tests were performed to characterize
the noise level in the interferometer in various frequency
bands and to check for problems with the photodiodes and
associated electronics. The playground data set was used to
judge the relevance of these additional tests, and two data
quality tests were found to correlate with inspiral triggers
found in the playground. One of these pertained only to the
H1 interferometer; there were occasional, abnormally high
noise levels in the H1 antisymmetric port channel that were
apparent when this signal was averaged over a minute.
Data was rejected only if this excessive noise was present
for at least 3 consecutive minutes. The other data quality
test used to reject data pertained to saturation of the pho-
todiode at the antisymmetric port. These photodiode satu-
ration events correlated with a small, but significant,
number of L1 inspiral triggers. We required the absence
of photodiode saturation in the data from all three
detectors.

A gravitational wave would be most evident in the signal
obtained at the antisymmetric port. We examined many
other auxiliary interferometer channels, which monitor the
light in the interferometer at points other than the antisym-
metric port, to look for correlations between glitches found
in the readouts of these channels and inspiral event triggers
found in the playground data. These auxiliary channels are
sensitive to certain instrumental artifacts which may also
affect the antisymmetric port, and therefore may provide
highly effective veto conditions. Although these channels
are expected to have little or no sensitivity to a gravita-
tional wave, we considered the possibility that an actual
astrophysical signal could produce the observed glitches in
the auxiliary channel due to some physical or electronic
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coupling. This possibility was tested by means of hardware
injections, in which a simulated inspiral signal is injected
into the data by physically moving one of the end mirrors
of the interferometer. These hardware injections were used
for validation of the analysis pipeline, as described in
Sec. VIC. Unlike the software injections that are used to
measure the pipeline efficiency (described in Sec. VIB),
these hardware injections allow us to establish a limit on
the effect that a true signal would have on the auxiliary
channels. Only those channels that were unaffected by the
hardware injections were considered safe for use as poten-
tial veto channels.

We used an analysis program, glitchMon, [28] to iden-
tify large amplitude transient signals in auxiliary channels.
Numerous channels were examined by glitchMon, which
generates a list of times when glitches occurred, identified
by a filtered time series crossing a chosen threshold. A veto
condition based on a given list of glitthMon triggers was
defined by choosing a fixed time window around each
glitch and rejecting any inspiral event trigger with a co-
alescence time within the window.

For each veto condition considered, we evaluated the
veto efficiency (percentage of inspiral events eliminated),
use percentage (percentage of veto triggers which veto at
least one inspiral event), and dead time (percentage of
science-data time eliminated by the veto). Once a channel
was identified, some tuning was done of the filters used,
and the thresholds and time windows chosen, to optimize
the efficiency, especially for high SNR candidates, without
an excessive dead time. The parameter tuning was done
only with the inspiral triggers found in the playground.

No efficient candidate veto channels were identified for
H1l and H2; there were some candidates for LI1.
Nonstationary noise in the low-frequency part of the sen-
sitivity range used for the inspiral search appeared to be the
dominant cause for glitch events in the data. The original
frequency range for the binary neutron star inspiral search
extended from 50 Hz to 2048 Hz. It was discovered that
many of the L1 inspiral triggers appeared to be the result of
nonstationary noise with frequency content around 70 Hz.
An important auxiliary channel, L1:LSC-POB_I, propor-
tional to the length fluctuations of the power recycling
cavity, was found to have highly variable noise at 70 Hz.
As a consequence, it was decided that the low-frequency
cutoff of the binary neutron star inspiral search should be
increased from 50 Hz to 100 Hz. This subsequently re-
duced the number of inspiral triggers. An inspection of
artificial signals injected into the data revealed a very small
loss of efficiency for binary neutron star inspiral signal
detection resulting from the increase in the low-frequency
cutoff.

Even after raising the low-frequency cutoff, the L1:LSC-
POB_I channel was found to be an effective veto when
filtered appropriately. Because of the characteristics of the
inspiral templates’ response to large glitches, we decided to
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veto with a very wide time window, —4 s to +8 s, around
the time of each L1:LSC-POB_I trigger. With this choice,
12% of the BNS inspiral triggers with p > 8 in the play-
ground were vetoed, as well as 5 out of the 9 triggers found
in the playground with p > 10. The use percentage of the
veto triggers was 18% for p > 8 and 0.7% for p > 10,
whereas values of 3% and <0.1% (respectively) would be
expected from random coincidences if the veto triggers had
no real correlation with the inspiral triggers. The total L1
dead time using this veto condition in the playground was
2.7%. The performance in the full data set was consistent
with that found in the playground: the final observation
time (including playground) was reduced by this veto from
385 hours to 373 hours. A more extensive discussion of
LIGO’s S2 binary inspiral veto study can be found in [29].

VI. SEARCH FOR COINCIDENT EVENT
CANDIDATES

A. Analysis pipeline

The detection of a gravitational-wave inspiral signal in
the S2 data would (at the least) require triggers in L1 and
one or more of the Hanford instruments with consistent
arrival times (separated by the light travel time between the
detectors) and waveform parameters. Requiring temporal
coincidence between the two observatories greatly reduces
the background rate due to spurious triggers, thus allowing
an increased confidence for detection candidates. When
detectors at both observatories are operating simulta-
neously, we may obtain an estimate of the rate of back-
ground triggers by time shifting the Hanford triggers with
respect to the Livingston triggers and applying the s