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ABSTRACT

Aims. A transient astrophysical event observed in both gravitati wave (GW) and electromagnetic (EM) channels would yield
rich scientific rewards. A first program initiating EM folleups to possible transient GW events has been developekartised

by the LIGO and Virgo community in association with severatitpers. In this paper, we describe and evaluate the metlsadsto
promptly identify and localize GW event candidates and tuest images of targeted sky locations.

Methods. During two observing periods (Dec 17 2009 to Jan 8 2010 and?$e®ct 20 2010), a low-latency analysis pipeline was
used to identify GW event candidates and to reconstruct wigpsssible sky locations. A catalog of nearby galaxies ailkyMVay
globular clusters was used to select the most promising s&iipns to be imaged, and this directional information dekvered to
EM observatories with time lags of about thirty minutes. At Carlo simulation has been used to evaluate the lowdgatéw
pipeline’s ability to reconstruct source positions cotlsec

Results. For signals near the detection threshold, our low-laterggriahms often localized simulated GW burst signals tosten
of square degrees, while neutron gteutron star inspirals and neutron gbéack hole inspirals were localized to a few hundred
square degrees. Localization precision improves for maidBr stronger signals. The correct sky location of signed above
threshold and originating from nearby galaxies may be oleskwith~50% or better probability with a few pointings of wide-field
telescopes.

Key words. gravitational waves - methods: observational
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1. Introduction consisting of two neutron stars (NS-NS) or a neutron star and
i a stellar-mass black hole (NS-BH), the inspiral stage predu
The Laser Interferometer Gravitational-Wave Observatlofye most readily detectable GW signal. The energy flux reach-
(LIGO) (Abbott et al. 2009a) and Virgo (Accadia et alijhg parth depends on the inclination angle of the binarytorbi
2011) have taken significant steps toward grawtanonalaNa.eh,:ltiVe to the line of sight. The initial LIGO-Virgo netwois

(GW) astronomy over the past decade. The LIGO Scientiliggitive to optimally oriented NS-NS mergers from as faaaw
Collaboration operates two LIGO observatories inthe USh@ ¢ 3 Mpc, and mergers between a NS and Ma(black hoie
with the GEO 600 detector (ick et al. 2010) in Germany. ot 15 70 Mpc (Abadie et al. 2010c). Models of the stellar com-
Together with Virgo, located in Italy, they form a detect@tn .t ghject population in the local universe estimate the o
work capable of detecting GW signals arriving from all direc\g NS mergers detectable with initial detectors to be betwe
tions. Their most recent joint data taking run was betweéy Jb o 154 and 02 per year. With advanced detectors, these range
2009 and October 2010. GEO 600 and Virgo are currently Op@nirs are expected to increase to 440 and 930 Mpc, resggtiv
gtlng ddurlng summer Zglfl’ er]nle the LIdGO mtErferometelmha . The energetics of these systems suggest that an EM counter-
een decommissioned for the upgrade to the next-generatipyy; i ikely. The final plunge radiates of ordef3@rgs of grav-
Advanced LIGO detectors (Harry et al. 2010), expected 10 h&yiqna| binding energy as gravitational waves. If evenmels
operational Qround 2015. Virgo will also be up.g.raded 10 D®EO {14 ction of this energy escapes as photons in the obserand,b
Advanced Virgo (Acemese et al. 2008). Additionally, thevne e reqyiting counterpart could be observable to largeuiss.

LCGT detector (Kuroda & The LCGT Collaboration 2010) iSrhe v transients that are likely to follow a NS-BH or NS-NS
planned in Japan. These “advanced era” detectors are expeg rger are described below.

to detect compact binary coalescences, possibly at a rate 0fghort-hard gamma-ray bursts (SGRBS), which typically have
dozens per year, after reaching design sensitivity (Abetl®. 4, ations of 2 seconds or less, may be powered by NS-NS
2010c). . . . or NS-BH mergers (Nakar 2007; &8zaros 2006; Piran 2004).
Detectable, transient GW signals in the LIB@Ogo fre-  agerglows of SGRBs have been observed in wavelengths from
quency band require bulk motion of mass on short time scalggqis 1o X-ray, and out to Gpc distances (Nakar 2007; Gehrels
Emission in other channels is also possible in many suckilsapi et 41 2009). Optical afterglows have been observed fronwa fe
changing massive systems. This leads to the prospect i S@.\s of seconds to a few days after the GRB trigger (see, for

transient GW sources may have co_rresponding electrom'agngg(amme' Klotz et al. (2009a)), and fade with a power taty
(EM) counterparts which could be discovered with a low laen \ynereq is between 1 and 1.5. At 1 day after the trigger time, the
response to GW triggers (Sylvestre 2003; Kanner et al. 2008arent optical magnitude would be between 12 and 20 for a
Stubbs 2008; Kulkarni & Kasliwal 2009; Bloom et al. 2009). ~ gq;rce at 50 Mpc (Kann et al. 2011), comparable to the distanc
Finding these EM counterparts would yield rich scientifigy \which LIGO and Virgo could detect the merger.
rewards (see Sect. 2), but is technically challenging duento Even if a compact binary coalescence is not observable in
perfect localization of the gravitational wave signal amter- gamma-rays, there is reason to expect it will produce anrgbse
tainty regarding the relative timing of the GW and EM emisape optical counterpart. Li & Pacagki (1998) suggested that,
sions. Thls.paper details our recefffiogt to construct a prompt during a NS-NS or NS-BH merger, some of the neutron star's
search for joint GWEM sources between the LIG@rgo de-  mass'is tidally ejected. In their model, the ejected neuticin
tector network and partner EM observat(_)rles (sge Sect.f®). Tnatter produces heavy elements througbrocess nucleosyn-
search was demonstrated during two periods of live LAB@O  thesis, which subsequently decay and heat the ejecta, ipgwer
running: the “winter” observing period in December 2009 angh gptical afterglow known as a kilonova. The predictedazpti
January 2010 and the *autumn” observing period in Septemghission is roughly isotropic, and so is observable regagbf
and October 2010. We focus here on the design and performage orientation of the original binary system. This emissi®
of software developed for rapid EM follow-ups of GW candigypected to peak after about one day, around magnitude 8 for

date events, as well as the procedures used to identifyiis@mi  s,yrce at 50 Mpc (Metzger et al. 2010), and then fade over the
GW triggers and to communicate the most likely sky locationg,rse of a few days following the merger.

to partner EM observatories. The analysis of the obsemalio
data is in progress, and will be the subject of future pubibces.
2.1.2. Stellar Core Collapse

Beyond the compact object mergers described above, somie oth
astrophysical processes are plausible sources of obseGat
2.1. Sources emission. GW transients with unknown waveforms may be dis-
. o ] covered by searching the LIGO and Virgo data for short peariod
A variety of EM emission mechanisms, both observed and thgr excess power (bursts). The EM counterparts to some likely
oretical, may occur in association with observable GW segirc sqyrces of GW burst signals are described below.
Characteristics of a few scenarios helped inform the desi@h  Core-collapse supernovae are likely to produce some amount
execution of this search. Here, some likely models are ptede of gravitational radiation, though large uncertaintiei skist
along with characteristics of the associated EM emission. in the expected Waveforms and energetics_ Most mode'squedi
GW spectra that would be observable by initial LIGO and Virgo
from distances within some fraction of the Milky Way, but not
from the Mpc distances needed to observe GWs from another
Compact binary systems consisting of neutron stargoadick galaxy (Ott 2009). Neutrino detectors such as SuperKamibéa
holes are thought to be the most common sources of GW enasd IceCube should also detect a large number of neutriaos fr
sion detectable with ground-based interferometers. Radiaf a Galactic supernova (Beacom & Vogel 1999; Halzen &&&a
energy and angular momentum causes the orbit to decay-(in&fl09; Leonor et al. 2010). Galactic supernovae normallyldvou
ral) until the objects merge (Cutler et al. 1993). For a systebe very bright in the optical band, but could be less thanalwi

2. Motivation

2.1.1. Compact Binary Coalescence
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if obscured by dust or behind the Galactic center. Opticabem1993; Vallisneri 2000; Flanagan & Hinderer 2008; Andersson
sion would first appear hours after the GW and neutrino sigretlal. 2011; Pannarale et al. 2011; Hinderer et al. 2010).

and would peak days to weeks later, fading over the course of Observing EM counterparts of NS-NS and NS-BH merger
weeks or months. events will give strong evidence as to which class of soufce,

Long-soft gamma-ray bursts (LGRBs) are believed to be agither, is the source of SGRBs (Bloom et al. 2009). In aduljtio
sociated with the core collapse of massive stars (Wooslég;19if some neutron star mergers are the sources of SGRBs, &colle
MacFadyen & Woosley 1999; Piran 2004; Woosley & Bloonion of joint EM/GW observations would allow an estimate of
2006; Metzger et al. 2011). A large variety of possible GWtemithe SGRB jet opening angle by comparing the number of merger
ting mechanisms within these systems have been proposiéd, @vents with and without observable prompt EM emission, and
some models predicting GW spectra that would be observasme information would be obtainable even from a single loud
from distances of a few Mpc with initial LIGO and Virgo (Fryerevent (Kobayashi & Mszros 2003b; Seto 2007).
et al. 2002; Kobayashi & MszAros 2003a; Corsi & MsAros An ensemble of these observations could provide a novel
2009; Piro & Pfahl 2007; Korobkin et al. 2011; Kiuchi et almeasurement of cosmological parameters. Analysis of thie we
2011). The afterglows of LGRBs, like the afterglows of SGRB#nodeled GW signal will provide a measurement of the lumi-
typically show power law fading witle = 1 — 1.5. However, nosity distance to the source, while the redshift distaseeea-
the peak isotropic equivalent luminosity of LGRB aftergiig surable from the EM data. Taken together, they provide a di-
typically a factor of 10 brighter than SGRB afterglows (Nakarect measurement of the local Hubble constant (Schutz 1986;
2007; Kann et al. 2010). Markovic 1993; Dalal et al. 2006; Nissanke et al. 2010).

An off-axis or sub-energetic LGRB may also be observed as Finally, all of the above assume that general relativithis t
an orphan afterglow or dirty fireball (Granot et al. 2002; Rtte COrrect theory of gravity on macroscopic scales. JoinyGW
2003). These transients brighten over the course of sesayal ©bservations can also be used to test certain predictiogeref
or even weeks, depending on the observing band and viewing &l relativity, such as the propagation speed and potaizof
gle. Identifying orphan afterglows in large area surveyshsas GWs (Will 2005; Yunes et al. 2010; Kahya 2011). _
Rykoff et al. (2005), has provenficult, but a GW trigger may In the case that the transient GW source is not a binary

help distinguish orphan afterglows from other EM varidjili = merger event, the combination of GW and EM information will
again prove very valuable. In this scenario, the gravitetio

waveform will not be known a priori. Any distance estimate
2.1.3. Other Possible Sources would be derived from the EM data, which would then set the
verall scale for the energy released as GWs.
As in the merger case, the linking of a GW signal with a
own EM phenomenon will provide insight into the undertyin
&%sical process. For example, the details of the centigihen

Cosmic string cusps are another possible joint source of G
(Siemens et al. 2006; Damour & Vilenkin 2000) and EM,
(Vachaspati 2008) radiation. If present, their distinct Giy-

nature will distinguish them from other sources. On the oth
hand, even unmodeled GW emissions can be detected using
burst search algorithms, and such events may in some cases gic;
duce EM radiation either through internal dynamics or tigiou ;o
interaction with the surrounding medium. Thus, our joirdrsé
methods should allow for a wide range of possible sources.

drives LGRBs are unknown. The GW signal could give cru-
clues to the motion of matter in the source, and potiytia
nguish between competing models. A similar insighbin
source mechanism could be achieved for an observation of
GW emission associated with a supernova. Rapid identidicati
may also allow observation of a supernova in its earliest mo-
ments, an opportunity that currently depends on luck (Szetgr

2.2. Investigations enabled by joint GW/EM observations etal. 2008).

A variety of astrophysical information could potentiallg lex-
tracted from a joint GWEM signal. In understanding the pro-2'3' Extend GW Detector Reach
genitor physics, the EM and GW signals are essentially cominding an EM counterpart associated with a LI®@®go trig-
plementary. The GW time series directly traces the bulk amti ger would increase confidence that a truly astrophysicafteve
of mass in the source, whereas EM emissions arising from obid been observed in the GW data. Using EM transients to help
flows or their interaction with the interstellar medium gively distinguish low amplitude GW signals from noise eventsvedio
indirect information requiring inference and modeling. @e a lowering of the detection threshold, as was done in searche
other hand, observing an EM counterpart to a GW signal reducgich as Abbott et al. (2010). Kochanek & Piran (1993) estahat
the uncertainty in the source position from degrees to arcsehat the detectable amplitude could be reduced by as much as a
onds. This precise directional information can lead totiifiea- factor of 15, increasing theféective detector horizon distance
tion of a host galaxy, and a measurement of redshift. Some spgie maximum distance at which an optimally oriented and lo-
cific questions that may be addressed with a collection ott joicated system could be detected) by the same factor and thus in
GW/EM signals are discussed below. creasing the detection rate by a factor of 3. In practiceatteal

If the GW source is identified as a NS-NS or NS-BH mergeimprovement in GW sensitivity achieved by pairing EM and GW
additional investigations are enabled with an EM counterpaobservations depends on many factors unique to each séarch,
The observation of the EM signal will improve the estimatifn cluding details of the source model and data set, and sdfis di
astrophysical source parameters. For example, when dttgmpcult to predict in advance.
parameter estimation with a bank of templates and a singée da In the case of a coincidence between a GW signal and a dis-
stream, the source’s distance, inclination angle, andlango- covered EM transient, the joint significance may be calealat
sition are largely degenerate. A precise source positiom fan by assuming that the backgrounds of the EM and GW search are
EM counterpart would help break this degeneracy (Dalal .et &@dependent. The False Alarm Rate (FAR) of a &M coin-
2006; Nissanke et al. 2010). High precision parameter estintidence is the FAR of the GW signal, as described in Sect. 4.2,
tion may even constrain the NS equation of state (Cutler.et timesa, the expected fraction of observations associated with a
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false or unrelated EM transient. The false alarm fractianay GW counterparts can dramatically reduce the needed sky cov-
be estimated using fields from surveys not associated with Gdkage by focusing observations on galaxies within the witgta
triggers. The measured value @fwill depend heavily on the limits of the GW detectors (Kanner et al. 2008; Nuttall & Sutt
telescope being used, the cuts selected in image analgas-g 2010). Limiting the search area to known galaxies may also
tic latitude of the source and other factors. For exampleres  improve the feasibility of identifying the true counterp&iom

with the Palomar Transient Factory require a sophisticelest among other objects with time-varying EM emissions (Kutikar
sification mechanism for rejecting contaminants. Eachfset-o & Kasliwal 2009). Even within the Milky Way, a search may
age subtractions covering 100 - 200 square degrees yiel@® emphasize known targets by seeking counterparts withiouglo
candidates. Of these, 30 - 150 sources are selected aftesimpar clusters, where binary systems of compact objects may fo
ing cuts optimized for the detection of fast evolving tramss efficiently (O’Leary et al. 2007).

(Bloom et al. 2011). Using classification software desigfoed An emphasis on extragalactic and globular-cluster sources
PTF data (Oarical) (Bloom et al. 2011), the selected sournes has the potential drawback that any counterparts in theepdén
dergo an automatic classification as type “transient” orialde the Milky Way may be missed. Also, neutron star mergers that
star” based on time-domain and context properties. Progisioccur at large distances from their host galaxies may nobbe o
candidates are selected for additional, spectroscoparedtson. served, though the population with large kicks should bellsma
Of the sources that are classified as transients, and tHewéal (Berger 2010; Kelley et al. 2010).

up spectroscopicallyy 82% are supernovae (Bloom etal. 2011). Our selection of fields to observe was weighted towards ar-
To use EM transience to improve confidence in a GW signal, tkas containing known galaxies within 50 Mpc. The utilizethea
time-domain sky in the wavelength of interest must be well utog of nearby galaxies and globular clusters, and the psocgs
derstood. Transients that are found in directional and tioie- selecting fields to observe, is described in Sect. 5.

cidence with GW triggers would increase confidence in the GW

signal only if the chance of a similar, incidental coincidens

understood to be low (Kulkarni & Kasliwal 2009). 3. GW and EM Instruments
3.1. Gravitational Wave Detector Network
2.4. Implications for Search Design The LIGO and Virgo detectors are based on Michelson-type

Characteristics of the target sources helped determinewhe nterferometers, with Fabry-Perot cavities in each arm and
where to seek the EM counterparts to GW event candidates. PGWVer recycling mirror between the laser and beamspliter t
reasons discussed in this section, the search strateggnpees dramatically increase the power in the arms relative to pEm
in this paper emphasizes capturing images as soon as Fazosg‘mphelson design. The GEO 600 detector uses a folded imterfe

after the GW trigger, along with follow-up images over subs@meter without Fabry-Perot arm cavities but with an addaio
quent nights. The rates of stellar core-collapse and cotgac €CYCling mirror at the output to resonantly enhance the G s
ject mergers within our own galaxy are much less than one g&t- AS a gravitational wave passes through each interfefem

year, and so field selection was strongly weighted towards feiNduces a “strain” (a minuscule change in length on thesord
gions containing nearby galaxies. of 1 part in 16* or less) on each arm of the interferometer due
The observations and theoretical models of EM transierjsthe guadrupolar perturbation of the spacetime metrie. ifih
discussed above provided guidance when choosing the ebs&pjferometers are designed to measurediferential strain on
ing cadence. GRB optical afterglows have been observedgjurg‘e two arms through interference of the laser light wherloe
the prompt emission phase (Klotz et al. 2009b) and up to ma _gams are recombined at the beam splitter, with the relafive
hours after the trigger. For this search, the first attemphage i@l phase modulated by the passing gravitational wavé b
the source position was made as soon as possible aftertvali§h @l 2009a). . .
ing a GW trigger. In both the kilonova (Li & Pac@gki 1998) In 2009-2010 there were two operating LIGO interfer-
and supernova (Ott 2009) models, some time lag exists batw@&neters, each with 4-km arms: H1, located near H@gford,
the release of GW and EM emission, primarily due to the tim&ashington, and L1, located in Livingston Parish, Louisian
it takes the outflowing material to become optically thinisth Virgo (V1) has arms of length 3 km and is located near Cascina,
time lag may be from several hours for a kilonova, up to day&!y: GEO 600 data was not used in the online search destribe
for a core-collapse supernova. Furthermore, Coward e@L1) " this paper, but was available foffine reanalysis of promis-
show that for GRBs that areffeaxis, the optical afterglow may INd event candidates. The large physical separation bethee
not be visible until days after the burst. For these reasans instruments means that th&exts of local environmental back-
peated observations over several nights are desirable, e 9round can be mitigated by requiring a coincident signal if-m
light curves obtained by observing the same fields over plalti tiP1e interferometers. Each interferometer is most safesib
nights are critical clues for discovering and classifyiransient GW signals traveling parallel or anti-parallel to zenitiof the
SOUrCes. antenna pattern varies gradually over the sky, so that ttezde

Knowing where to look for the counterpart to a GW trigi0rs are essentially all-sky monitors.
ger is challenging. Directional estimates of low signal tise 1 he EM follow-up program described in this paper was exer-
ratio (SNR) binary inspiral sources with the 2009-10 GW deteCiSed during the 2009-2010 science runs. While single-tetec
tor network have uncertainties of several tens of squareedsg 1199€ers had been generated with low latency in earliemeeie
(Fairhurst 2009). This suggests using telescopes with @ diel 'Uns for diagnostic and prototyping purposes, 2009-2018 wa
view (FOV) of at least a few square degrees if possible. evihe first time that a systematic search for GW transientsgusin

with such a “wide field” instrument, there is a striking misB® 1 £ jier science runs included a second interferometer at Hanford,

between the large area needing to be searched, and the sizeQfjeq H2, with 2-km arms. H2 will reappear as part of Advanced LIGO,

single FOV. either as a second 4-km interferometer at Hanford or else at a site in
The problem may be partially mitigated by making use offestern Australia. The latter option would greatly improve the source

the known mass distribution in the nearby universe. A sefnch localization capabilities of the network (Fairhurst 2011; Schutz 2011).
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the full LIGO-Virgo network was performed with low latency, B AN TS
and the first time that alerts were sent to external obseieato -, — LOFAR I*f +| Piofthe Sky | &
-ROTSEb iaf T8 8 o
3.2. Optical and Other Electromagnetic Observatories + ; =8 ‘ SO,
Liverpool S
In an efort to explore various approaches, the telescope netwc by, kUL N »
used in 2009-10 was intentionally heterogeneous. Howev ‘ T N
most of instruments had large fields of view to accommods ‘ )] [ Sottaprer |
the imprecise GW position estimate. The approximate lopati * + ¥
of each EM observatory is shown in Fig. 1, and Tables 1 anc )
show some of the properties of each observatory. N

_ Fig. 1. A map showing the approximate positions of telescopes
3.2.1. Optical Instruments that participated in the project. The Swift satellite obagory is

The Palomar Transient Factory (PTF) (Law et al. 2009; Rau notre g r?]t an allrb|trc<ia?r1 Itcr>]cat|ogl.i Tgerlnm?r?eb |sPa(§Qtehd fromakdl

et al. 2009) operates a 7.3 square degree FOV camera moumgcl ap place € public domain by . Ligu

on the 1.2 m Oschin Telescope at Palomar Observatory. A typ-

ical 60 s exposure detects objects with a limiting magnitude

R = 205. For the autumn observing period, the PTF team dR-band for a typical 180 s exposure. For each accepted trigger
voted ten fields over several nights at a target rate of 1eri@ in the autumn run, Zadko repeatedly observed the five gaaxie
every three weeks. considered most likely to host the source over several sigtite

Pi of the Sky (Malek et al. 2009) observed using a camertarget trigger rate for Zadko was one trigger per week.
with a 400 square degree FOV and exposures to limiting mag- The Liverpool telescope (Steele et al. 2004) is a 2 m
nitude 11-12. It was located in Koczargi Stare, near Warsawbotic telescope situated at the Observatorio del Roqusde
The camera was a prototype for a planned system that will 8#uchachos on La Palma. For this project the RATCam instru-
multaneously image two steradians of sky. The target rate waent, with a 21 square arcminute field of view, was used. This
approximately 1 per week in the autumn run, followed up wittmstrumentation allows a five minute exposure to reach magni
hundreds of 10 s exposures over several nights. tuder’ = 21. This project was awarded 8 hours of target-of-

The QUEST camera (Baltay et al. 2007), currently mounte@pportunity time, which was split into 8 observations of uho
on the 1 m ESO Schmidt Telescope at La Silla Observatogach, with a target rate of 1 trigger per week.
views 9.4 square degrees of sky in each exposure. The tpkesco
is capable of viewing to a limiting magnitude B8 ~ 20. The
QUEST team devoted twelve 60 s exposures over several ni
for each trigger in both the winter and autumn periods, with [2OFAR (Fender et al. 2006; de Vos et al. 2009; Stappers et al.
target rate of 1 trigger per week. 2011) is a dipole array radio telescope based in the Netitsla

ROTSE 111 (Akerlof et al. 2003) is a collection of four robotic but with stations across Europe. The array is sensitivedo fr
telescopes spread around the world, each with a 0.45 m aperguencies in the range of 30 to 80 MHz and 110 to 240 MHz, and
and 3.4 square degree FOV. No filters are used, so the speatesil observe multiple simultaneous beams, each with a FWHM
response is that of the CCDs, spanning roughly 400 to 900 nvarying with frequency up to a maximum of around®2Buring
The equivalenR band limiting magnitude is about 17 in a 20 she autumn run, LOFAR accepted triggers at a target rate of 1
exposure. The ROTSE team arranged for a series of thirtyesagper week and followed up each with a four-hour observation in
for the first night, and several images on following nights, f its higher frequency band, providing~®25 square degree field
each autumn run trigger, with a target rate of 1 trigger pezkwve of view.

SkyMapper (Keller et al. 2007) is a survey telescope located Although not used in the prompt search during the science
at Siding Spring observatory in Australia. The mosaic camefun, the Expanded Very Large Array (Perley et al. 2011) was
covers 5.7 square degrees of sky in each field, and is mountséd to follow up a few triggers after the run with latencié8 o
on a 1.35 m telescope with a collecting area equivalent to and 5 weeks.
unobscured 1.01 m aperture. It is designed to reach a lignitin  The Swift satellite (Gehrels et al. 2004) carries three instru-
magnitudeg ~ 21 (>7 sigma) in a 110 s exposure. SkyMappements, each in dierent bands. Swift granted several target of
accepted triggers in the autumn run with a target rate of 1 pgpportunity observations with two of these, the X-ray Tetgse
week, with several fields collected for each trigger. (XRT) and UV/Optical Telescope (UVOT), for the winter and

TAROT (Klotz et al. 2009a) operates two robotic 25 cm teledutumn observing periods. The XRT is an imaging instrument
scopes, one at La Silla in Chile and one in Calern, France LiRith @ 0.15 square degree FOV, sensitive to fluxes arount? 10
the ROTSE Ill system, each TAROT instrument has a 3.4 squ&@scnt/s in the 0.5-10 keV band. A few fields were imaged for
degree FOV. A 180 second image with TAROT in ideal condgach trigger that Swift accepted.
tions has a limitingR magnitude of 15. During the winter run,
TARQOT observed a single field during one night for each trig;
ger. In the autumn run, the field selected for each trigger was
observed over several nights. TAROT accepted triggers aithThe online analysis process which produced GW candidaje tri
target rate of 1 per week. gers to be sent to telescopes is outlined in Fig. 2. After dath

Zadko Telescope (Coward et al. 2010) is a 1 m telescope loinformation on data quality were copied from the interfeeam
cated in Western Australia. The current CCD imager observies sites to computing centers, threé@elient data analysis algo-
fields of 0.15 square degrees down to magnited@0 in the rithms identified triggers and determined probability skys.

g%.%z. Radio and X-ray Instruments

Trigger Selection
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Data Generation | Identify ‘ Writeto | Select Triggers and | Send Alerts a detection statistic above a nominal threshold, and oicguim

andTranster | Tlgzers | Datshase | Determine Polnting | to Telescopes times where all three detectors were operating normallyewe
H1 recorded in the Gravitational-wave Candidate Event Da@ba
— Cews >

Data (GraCEDD).

L1 °°f‘ed The trigger generators also produced likelihood maps over
o AN 0 . . . . . o

I~ conptar the sky (skymaps), indicating the location from which thgnsil
Vi centers was most likely to have originated. A brief introduction tach
i > MBTA D) trigger generator is presented in Sects. 4.1.1 —4.1.3.
Added latency: Total Latency:
<1min. <1min. 3-6 min. <1 min. 2-3 min. 10-20 min.| ~30 minutes 4.1.1. Coherent WaveBurst

Fig. 2. A simplified flowchart of the online analysis with approx- 5 erent waveBurst has been used in previous searches for GW

imate time rgquirements for each stage. Data af_‘d_ informat'ﬁursts, such as Abbott et al. (2009b) and Abadie et al. (2010b
an dat_atqufallty W?re ginlerﬁtled atdt(l/el Han;ord, !_l\c/jlr;gstod,t 8The algorithm performs a time-frequency analysis of data in
irgo interferometers (H1, L1, an ) and copied to cen ra{he wavelet domain. It coherently combines data from all de-

|dzed (c:jomput%r c??t_ers. Theh(_)nr:me evenf[t;mggetr gtﬁnecr;@t%z tectors to reconstruct the two GW polarization wavefohm@)
uced concident triggers which were writién into the r and hy(t) and the source coordinates on the sky. A statistic is

archive. The LUMIN and GEM algorithms selected statistical constructed from the coherent terms of the maximum likeli-

sjgnificant _tr_iggers _from the archive and chose pOintingi.J'OChood ratio functional (Flanagan & Hughes 1998; Klimenkolet a
tions. Significant triggers generated alerts, and werela®d 55 for each possible sky location, and is used to rank each
manually. If no obvious problem was found, the triggers-est, . sion in a grid that covers the sky (skymap). A detailed de
mated coordinates were sent to telescopes for potentlaiol scription of the likelihood analysis, the sky localizatistatistic

up- and the performance of the cWB algorithm is published else-
where (Klimenko et al. 2011).

The search was run in two configurations whiclffeti in
their assumptions about the GW signal. The “unconstrained”
search places minimal assumptions on the GW waveform, while
the “linear” search assumes the signal is dominated by desing
gw polarization state (Klimenko et al. 2011). While the uncon
Strained search is more general, and is the configurationvdes
used in previous burst analyses, the linear search has been s

better estimate source positions for some classes odlsign
Fl the online analysis, the two searches were run in paralle

The process of downselecting this large collection of giggo
the few event candidates that received EM follow-up is dbedr
in this section.

After event candidates were placed in a central archive; ad
tional software used the locations of nearby galaxies arlklyMi
Way globular clusters to select likely source positionc{Sg).
Triggers were manually vetted, then the selected targete w
passed to partner observatories which imaged the sky in-an
tempt to find an associated EM transient. Studies demoimgjrat
the performance of this pipeline on simulated GWs are preslenfy 1 2. Omega Pipeline
in Sect. 7.

In the Omega Pipeline search (Abadie et al. 2010b), triggers
. . are first identified by performing a matched filter search with
4.1. Trigger Generation a bank of basis waveforms which are approximately (co)sine-

Sending GW triggers to observatories with less than an teur Faussians. The search assumes that a GW signal can be decom-
tency represents a major shift from past LIGBgo data anal- posed into a small number of these basis waveforms, and so is
yses, which were reported outside the collaboration atesstonMOSt sensitive to signals with a small time-frequency vaum
several months after the data collection. Reconstructngce Coincidence criteria are then applied, requiring a triggéh

positions requires combining the data streams from the LIGEPNSistent frequency in another interferometer within gsph
Virgo network using either fully coherent analysis or a ©din cally consistent time window. A coherent Bayesian positien

dence analysis of single-detector trigger times. A key stép- construction code (Searle et al. 2008, 2009) is then apptied
tency reduction was the rapid data replication processhictw €Mmaining candidates. The code performs Bayesian maizaral
data from all three GW observatory sites were copied to sevefion over all parameters (time of arrival, amplitude andapiala-
computing centers within a minute of collection. tion) other than direction. This results in a skymap pravigihe
For the EM follow-up program, three independent GW dd2robability that a signal arrived at any time, with any aryzle
tection algorithms (trigger generators), ran promptly asad a_md polarlzanon, asafuncnon_ ofd|rect|qr_1. Further rrmgza-
became available, generating candidate triggers witmdige 10N iS performed over this entire probability skymap tawerat
between five and eight minutes. Omega Pipeline and coher@riti"g!é number, the estimated probability that a signaer
WaveBurst (CWB), which are both described in Abadie et gf°M any dlrectlpn. Th& statistic is constructed from this num-
(2010b), searched for transients (bursts) with only loose £€F and other trigger properties.
sumptions regarding waveform morphology. The Multi-Band
Template Analysi; (MBTA) (Me}rion_ 2004), searched for sigz 1 3 MBTA
nals from coalescing compact binaries. Triggers were rcble
their “detection statistic”, a figure of merit for each arsyy The Multi-Band Template Analysis (MBTA) is a low-latency
known asQ, n, andpcombined respectively. The statistiogfor implementation of the matched filter search that is typyoadled
cWB andpcombinedfor MBTA are related to the amplitude SNRto search for compact binary inspirals (Marion 2004; Buigkul
of the signal across all interferometers whilds related to the 2010). In contrast to burst searches which do not assume any
Bayesian likelihood of a GW signal being present. Triggeith w particular waveform morphology, MBTA specifically targéte
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waveforms expected from NS-NS, NS-BH and BH-BH inspinclude times of large seismic disturbance, non-standatet-i
rals. In this way it provides complementary coverage to tivsto ferometer configurations, and temporary saturations dbuar
searches described above. photodiodes in the interferometer sensing and controlesyst

The search uses templates computed from a second orfiemark such times, monitor programs analyze auxiliary tata
post-Newtonian approximation for the phase evolution @ thproduce lists of abnormal time segments with low latency. Whe
signal, with component masses in the range IM3dand atotal a trigger was identified, it was automatically checked agfain
mass of< 35Mg. However, triggers generated from template#iese lists; triggers which occurred in stretches of uratedee
with both component masses larger than the plausible limit of tit&ta were automatically rejected. During this search,hube
NS mass—conservatively taken to b& Bl for this check— GW detectors were simultaneously collecting science tuali
were not considered for EM follow-up, since the optical emiglata for roughly 45% of the time.
sion is thought to be associated with the merger of two nautro
stars or with the disruption of a neutron star by a stellassna
black hole. 4.4. Manual Event Validation

Triggers from each interferometer are clustered and used to
search for coincidence among the individual detectors.€fo g In addition to automated checks on data quality, signifitagt
erate a candidate event for follow-up, triggers with caesis gers were manually vetted. Trigger alerts were broadcasilto
physical parameters must be present in all three |\&@o in- laboration members via e-mail, text message, a websitejrand
terferometers. For each triple coincident trigger, thelskption the interferometer control rooms as audio alarms. For elech) a
was estimated using the time delay between detector sitks alow-latency pipeline expert conferred with personnebateof
the amplitude of the signal measured in each detector (fairh the three observatory sites to validate the event. Pipebperts
2009). Before the observing period, a set of simulated gaaviand scientists monitoring data on-site providegrZzbverage in
tional wave signals was used to measure the distribution-of 8 hour shifts. Assigned personnel confirmed the automateed da
rors in recovering the time delays and signal amplitudes THuality results, checked plots for obvious abnormalitzes) ver-
sky localization algorithm then uses these distributianassign  ified that there were no known disturbances at any of the three

probabilities to each pixel on the sky. observatory sites.
The intention of manual event validation was to veto spuri-
4.2, Estimating False Alarm Rates ous events caused by known non-GW mechanisms that have not

been caught by low-latency data quality cuts, not to remeve e
The primary quantity used to decide whether an event shaulddry non-GW trigger. In fact, at current sensitivities, mostall
considered a candidate for follow-ups was its FAR, the ayeraof the triggers are unlikely to represent true astrophysizents.
rate at which noise fluctuations create events with an equalThe trade-ff for this additional check on the quality of the trig-
greater value of the detection statistic. For the winter auFAR  gers was added latency (usually 10 to 20 minutes) betwegn tri
of less than 1 event per day of livetime was required to send ger identification and reporting to the EM observatorieds It
imaging request to the ground-based telescopes, with ahighossible that as the search matures in the Advanced [Ego
threshold for Swift. For the autumn run, the FAR threshold waera the validation process can be fully automated.
0.25 events per day of livetime for most telescopes, witiotsir
requirements for sending triggers to Palomar TransientoFac
and Swift. Livetime is here defined as time all three intemfer
eters were simultaneously collecting usable science data.

As in previous all-sky burst searches, e.g. Abbott et d&. Choosing Fields to Observe

(2009b) and Abadie et al. (2010b), the FAR for the two burst
pipelines was evaluated using the time-shift method. Is thThe uncertainty associated with GW position estimates, ex-
method, artificial time shifts, between one second and a tew h pected to be several tens of square degrees (Fairhurst,2809)
dred seconds, are applied to the strain series of one or morelarge compared to the FOV of most astronomical instruments.
terferometers, and the shifted data streams are analyziedh& Moreover, the likely sky regions calculated from interfmeter
regular coherent search algorithm. The shifted data peositd data may be irregularly shaped, or even contain severaidisj
estimate of the background noise trigger rate without ang trregions. It is impractical to image these entire regionigia
coincident gravitational wave signals. During the onlimala limited amount of observing time for a given instrument. fehe
ysis, at least 100 time shifts were continuously evaluatéd wis thus a need to carefully prioritize fields, or tiles, of astru-
latencies between 10 minutes and several hours. The FARnoént to optimize the likelihood of imaging the true graviatl
each event candidate was evaluated with the most recemt avaave source.
able time shifts.

L . The LUMIN software package was created to gather GW
The MBTA pipeline evaluated the FAR analytically based o P g g

: X . Y figgers from the three trigger generators, and use the aggm
single interferometer trigger rates, rather than usin@ ®iifts. 54’ |5cations of known galaxies to select fields for each- opti
This is computationally simpler than the burst method. ¥&td 5| o1 radio instrument to observe. In addition, LUMIN indés
since MBTA is a coincident rather than a coherent analysis, a5 that were used to facilitate trigger validation (Séat) and
allows the FAR to be evaluated with data from the minutes ifigmmynication with robotic telescopes. Fields for obstova

mediately preceding the trigger time (Marion 2004). with the Swift XRT and UVOT were selected with slightly dif-
ferent criteria by a separate software package, the Gtivitd
4.3. Online Data Quality to Electro-Magnetic Processor (GEM). During the testing-pr

cess, GEM also applied the tiling criteria for optical tel@ses
A number of common occurrences may make a stretch of intéo-simulated skymaps, and so provided an important comsigte
ferometer data unsuitable for sensitive GW searches. Ebe@mpcheck between LUMIN and GEM.
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5.1. Galaxy Catalog Unlike the burst algorithms, MBTA assumes the GW source

. . is a merging binary, and estimates some of the source’s Si
The Gravitational Wave Galaxy Catalog (GWGC) (White et ang 4 atly

: ) - “parameters for each trigger. This allows the galaxy cateldzp
2011) was created to help this and future searches quickly id 55 hjieq in a slightly dierent way. Each interferometer measures
tify nearby galaxies.

. , . . a quantity known asffective distance
The catalog contains up-to-date information compiled fromq y &l

the literature on sky position, distance, blue magnituda; m

jor and minor diameters, position angle and galaxy type for 1+ co.\? 12

53,225 galaxies ranging out to 100 Mpc, as well as 150 Milky Der =D [Ff (T) +FZ cos L} , 2)
Way globular clusters. White et al. (2011) compared the ogtal

with an expected blue light distribution derived from SD $%ad

and concluded that the GWGC is nearly complete out40 whereD is the actual distance to the sourcés the inclination
Mpc. The catalog improves on the issue of multiple entries fangle between the direction to the observer and the angualar m
the same galaxy siered by previous catalogs by creating thenentum vector of the binary, arfé, andF, are the antenna re-
GWGC from a subset of 4 large catalogs, each of which lis§gonse functions of the particular interferometer. Thedrtgnt

a unique Principal Galaxy Catalogue (PGC) number for evef¢ature of the Bective distance is that it is always greater than or
galaxy (Paturel et al. 1989). The catalogs used were: arteghddaequal to the true distance to the source. For each MBTA trigge
version of the Tully Nearby Galaxies Catalog (Tully 1987 t the galaxy catalog is then only considered out to the sntaifes
Catalog of Neighboring Galaxies (Karachentsev et al. 2004) fective distance measured for that trigger, with a maximasp
V8k catalog (Tully et al. 2009), and HyperLEDA (Paturel et akjple dfective distance of 50 Mpc. After the catalog is downse-

2003). Also included is a list of 150 known Milky Way globulariected in this way, each pixel is weighted by the fractionhaf t
clusters (Harris 1996). These are all available freelyr@lbut a catalog’s total mass contained in that pixel, i.e.

local, homogeneous list is essential for rapid follow-upgmses.

P=> M™L 3
5.2. Weighting and Tiling Algorithm Z b 3

To make use of the galaxy catalog, and choose tiles for each GW

trigger, similar algorithms have been implemented in theMGEwith the sum over all galaxies associated with the pixel, and
and LUMIN software packages. Y M€ = 1 for a sum over the downselected catalog.

The position information from the trigger generators (see These procedures require a pixel’s coordinates to be consis
Sect. 4.1) is encoded in skymaps that assign a likelihooddb € tant with a known galaxy’s location to be targeted by telpgso
0.4° x 0.4° pixel in a grid covering the sky. In practice, onlyqowever, in the case that the skymap does not intersect with
the 1000 most likely pixels are retained, limiting the skgaato -any galaxies in the catalog, the likelihood from the GW skgma
roughly 160 square degrees. The search volume is further liglgne is used as each pixel's likelihodel £ L). In practice, this

ited by keeping only objects in the catalog with an estimalied s 4 very rare occurrence and only happens in the case of a very
tance of less than 50 Mpc, as the current sensitivity of the G\{)g||-|ocalized skymap.

Sv%tjlgt%r: (g:a?gc?; glgng:gegyn??rt‘g'ggggﬁggn;a'n;ggi;%&rw The actual pointing coordinates requested for each tgbesco
y - APP ° are selected to maximize the total contaifeslimmed over pix-

the pixels in an average skymap contain a local galaxy onglob e : S .
lar cluster listed in the GWGC catalog. els within the FOV. If multiple pointings are allowed witheth

For burst triggers, the tiling algorithms treat the lumiips same instrument, additional tiles with the next higheskiram

of each galaxy or globular cluster as a prior for its liketiicto are then selected. The tile selection process is illustrat&ig.
host a GW emitting event. The blue light luminosity is useéas
proxy for star formation, indicating the presence of masshars
that may be GW burst progenitors themselves and may evoy&. Galaxy Targeting for Small-Field Instruments
into compact binaries that eventually merge. In additioaakv
sources of GWs are assumed to be more numerous than strbhg logic used for selecting pointings for the Swift satelivas
sources, so that a closer galaxy should contain rdetestable  similar to that of ground-based telescopes, except thaguse
sources than a more distant galaxy of the same mass (Nuttalth& narrower Swift FOV required greater precision, care was
Sutton 2010). This leads to assigning the following likebld to taken to ensure the target galaxies were within the seléieteld
each pixel: The coordinates supplied to Swift for follow-up were those o
M;iL the matched galaxy itself in cases where there was only gesing
P o Z D, @) galaxy in a pixel, but the center of the &.4° pixel in cases
! where the central coordinates of an extended source wesigleut

whereL is the likelihood based only on the GW data, avd the pixel or there were multiple galaxies in the pixel. Sifeseer
andD are the blue light luminosity (a rough proxy for mass) antpllow-ups were allowed using Swift than with other scopes,
distance of the associated galaxy or globular cluster. Theis mMinimum requirement was placed on the statifticontained
over all the objects associated with a particular pixel ghiwill ~ Within the pixels selected for X-ray observation.
be 0 or 1 galaxy for the majority of pixels). Extended nearby Zadko and Liverpool Telescope also have relatively narrow
sources which have a major axis larger than the pixel size hdields. For these telescopes, no attempt was made to captlie m
their mass divided evenly over each pixel falling within #de tiple galaxies in a single field. Instead, the weighting sctén
lipse of the disk defined by their major and minor axes. Oné&egn. 1 was applied to each galaxy rather than each pixel hend t
this calculation is performed for each pixel, the entirerskyp is center coordinates of the top ranked galaxies were pasghd to
renormalized to a total likelihood equal to unity. observatories.
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Fig. 3. The weighting and tiling process for a simulated signal nstcted by cWB. The skymap is shown in the left panel with
the highest likelihood regions in red, and lower ranked Igikeblue, along with galaxy locations marked as black escIThe right
panel shows the location and approximate size of the thregethQUEST tiles, along with the locations of pixels thatratained
after weighting by the galaxy catalog. The injection looatis caught by the southernmost tile, and is marked with tariak.

6. Observing Strategy human intervention. In a few cases this allowed responsestim
o of less than a minute after an alert was sent, though response
6.1. Communication times of a few hours were more typical due to wait time for tar-

After an event candidate passed manual inspection, a Seapt gets to be overhead.

launched to pass the GPS time and selected field center loca-
tions to the QUEST, ROTSE Ill, SkyMapper, TAROT, Zadko,
Liverpool Telescope, and LOFAR observatories. During tire a

tumn run, a total of fiv h alerts wer nt. During th . X . g
. un, a tota ot fve Such alerts were se uring the-(e QROT responded to one winter run trigger, taking six images

lier) winter run, 8 event candidates were passed to the TAR the niaht of th ¢ Swift al ded 1 i
and QUEST observatories. The number of field locations pas$E! (1€ Ngnt of the request. Switt also responded 1o onedrigg
I the winter run, taking one exposure of each field followting

to each telescope for each GW event candidate are listecas th
“Tiles per Trigger” in Table 2. During the autumn run, in case'€duest, and then a second set of exposures on a later dage to b
where the fields selected for a particular instrument were ulrllsed as reference images.

observable due to daylight or latitude, no alert was senh¢o t
observatory. In most cases, alerts were sent via a direkesoc L .
connection from a LIGO computing center at Caltech with [P FOr mostobservatories in the summer run, the observing plan
mask protection. Alerts to ROTSE IIl, SkyMapper, TAROT, ang&!led for capturing a firstimage of the selected fields aslkap
Zadko used the format of GCN notices. Alerts to LOFAR an@S Possible, with follow-up observations every night orrgve
the Liverpool Telescope used the VOEvent format (Williams &ther night out to five days after the trigger time. For the op-
Seaman 2006). For QUEST, the GPS time and field positiofig2l Observatories, any night's observation included 2nore
were posted as ASCII tables to a password protected web Q}rgosures for each f|eld,.to help eliminate asteroids, CGD ar
which was regularly polled by the QUEST scheduler. acts, and other contaminants from the data set. In auditi

. . . . me fields were imaged at later times, up to a month after the
The Palomar Transient Factory received field locations a ger time, to provide reference images, or possibly {atea

GPS times using the VOEvent format via a socket connection;’ . : S
but with a more restrictive FAR threshold than the otherazti nggé_?u;\é%vgit gﬁﬁaet%g'%ﬂtfoqu\,gv e“(;nt%i ST 'rAeFégle_ ZR%j.Fg’EP;(Z_

ngricgf:csdtggiss% tg?gtee rzgvrierte A(\)Iglr}t/sst%né\f\(/)ifr ;Eo'frég?ﬂg_n'c ted a more aggressive observing plan, collecting a sétiofi3
tra action by the onE)caII team pWhO entered field coordinates 29> in rapid succession on the first night, and then setgof ei
y ’ images on each of 15 nights following the trigger with intdsv

an online form. The Pi of the Sky prototype telescope was € f two days on average. As in the winter run, Swift made one

gaged through automated e-mails and manual checks of a p%?(?)'osure of each field following the trigger, and then caoddc
word protected web page.

a reference image after a lag of several weeks. The Liverpool
Telescope devoted roughly one hour of observation uporivece
ing a trigger, and then collected reference images a few sveek
after the trigger time. The LOFAR response was not automated
The wide variety of telescopes involved in the search led tofatelescope operator made a single, four hour observatien on
diversity of observing strategies, with each partnerirgugrap- to four days after delivery of a trigger. SkyMapper also iesql
plying a diferent cadence. By design, most of the telescopesrranual intervention to respond to a trigger, and so respbaode
the network were robotic, and could respond to alerts withoa best &ort basis.

During the winter run, QUEST responded to three triggers,
aking 2 exposures of each field on the night of the request.

6.2. Telescope Response
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Fig. 4. Plots of typical uncertainty region sizes for the Omega)(pd unconstrained cWB (bottom) pipelines, as a function of
GW strain amplitude at Earth, for various waveform typese Téearched area” is the area of the skymap with a likelihcddes
greater than the likelihood value at the true source londi@hore the galaxy catalog is used to further limit the search regidre
solid line with symbols represents the median (50%) peréorce, while the upper and lower dashed lines show the 75%%d 2
quartile values. Near the detection threshdids(~ 1022 HzY/?) , uncertainty regions are typically between 10 and 100 qua
degrees. The Omega pipeline performs poorly on white naisgtidbut exceptionally well on sine-Gaussians becauselésigned

to identify signals that are well-localized in frequencyse.

7. Performance Study luminosity. The simulation set and the analysis used theesam
catalog, so the results presented in Figures 6 — 8 make the as-
7.1. Simulated Waveform Injections sumption that the blue light luminosity distribution of gales

in the GWGC is a good tracer of GW sources in the local uni-

An ensemble of simulated GW signals was generated to m&gfse. Signals were superimposed on real LIGO-Virgo gaavit
sure the &ectiveness of the reconstruction and follow-up prdional wave data taken between August and December 2009.

cedures. For the Omega and cWB burst pipelines, these “soft- while performance studies in this paper were done using
ware injections” were a mix of ad hoc sine-Gaussian, Ganssigoftware injections, a relatively small number of tests tich
and white noise burst waveforms similar in type and distrdou a Signa| was phys|ca||y put into the interferometer via atits

to those used in previous LIGWrgo all-sky analyses (Abbott (“hardware injections”) were also performed, providingeatuli-
et al. 2009b; Abadie et al. 2010b). While these waveforms a§gnal cross-check.

not based on specific astrophysical models, they do a good job

of characterizing detector response for signals in spefrific

guency ranges (sine-Gaussians) and broadband signate{wtw.2. Testing Results

noise bursts). For MBTA (see Sect. 4.1.3), injections weasvd

from NS-NS and NS-BH inspiral waveforms with a range of paBecause the skymap likelihood regions are often irregularl
rameters. To emulate a realistic spatial distributionheéagec- shaped, the size of the uncertainty region is charactekiyede
tion was calculated with a source distance and directioitléns “searched area”, defined as the angular area of the skymbp wit
a randomly selected galaxy from the GWGC and the simulatikklihood greater than the likelihood at the true souraatmn.
GW amplitudes were weighted to be inversely proportional fthe median searched area as a function of signal strendttis p
distance. Only galaxies within 50 Mpc were included in the-si ted for both cWB and Omega Pipeline in Fig. 4. Here, gravita-
ulation, with weighting factors applied so that the prolighof tional wave amplitudes are expressed in terms of their saot-
originating from each galaxy was proportional to its blughti squared amplitude:
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complex behavior of the Omegéieiency curve is related to the

§103§ use of a hybrid detection statistic which utilizesfelient meth-

> S T ods depending on SNR range. Clearly, events with SNR near the
DETe | E i S NS St SRS threshold for triggering follow-ups, the most likely scen&or

s F T e \"‘j‘ the first detections, are the mosttitiult to localize.

s r T Example #iciency curves for the burst simulation are shown
5 10; in Fig. 7. The diciency for each marker on the plot is calculated
< L as the fraction of signals for which the injected locationswa
B Ik successfully imaged, for alnss range centered on the marker.
S F —a— Allinspiral waveforms Specifically, we require that:

s

R10%E 1. The trigger’s ranking statistic is higher than the tho¢gh

8 F which is chosen to enforce a FAR of about 1 GW trigger per
-810’2 -l 1l - 1 Ll - 11 Ll - - day Of Iivetime-

=710 12 14 16 18 20 22 24 26 2« 2. The true source location is included in one of the chosen

Peombined tiles. Five tiles are allowed for Swift, three tiles for the

. _ _ _ o QUEST camera, and one tile for all other telescopes.
Fig. 5. Plots of uncertainty region sizes for the MBTA pipeline L L .
as a function of combined SNRdmbined. The solid line with Note that éiciencies in this figure do not reach unity even for

symbols represents the median (50%) performance, while {g8d events primarily due to thefliculty of correctly localizing
upper and lower dashed lines show the 75% and 25% quarﬁé‘vs in some regions of the sky where the antenna response of

values. The expected detection threshold is ar neq ~ ON€ Or more interferometers is poor. o .
12. P GBbined The dficiencies produced with these criteria are upper limits

on what would be detected in a real search. They assume that
the EM transient is very bright, and will always be detectied i
the correct sky location is imaged. The quotéiteencies do not
account for the fact that some chosen tiles will not be olekry

due to restrictions from weather, instrument availahiftypxim-

hrss = \/f(|h+ (®) 7 + Ihy (1) [P)dit (4) ity to the Sun or Moon, or the application of a manual veto. The

exact behavior of thefgciency curves will vary depending on
whereh, (t) andhy (t) are the plus- and cross-polarization straithe morphologies of the simulation waveforms selectedaliin
functions of the wave. Sinceis a dimensionless quantitliss the chosen GW trigger FAR of one event per day presumes the
is given in units of HzY/2, For this data, signals near the defalse alarm fraction from the EM transient classificatiopgbine
tection threshold would havigss ~ 102 Hz /2, roughly cor- will be low enough to make a coincidence significant. Many of
responding to the cWB statistic ~ 5 (Abadie et al. 2010Db). these additional complications and their associated itqraef-
These signals were typically localized with median searehsa ficiency are described in Metzger & Berger (2011).
of several tens of square degrees. The coherent positiontec  Nevertheless, these curves provide a measure of the mdtenti
struction algorithms are “tuned” to localize these neaeshold for joint EM/GW searches. If the number of incidental EM tran-
signals as accurately as possible; as a result, some of ¢ke psients in the observed fields can be understood and coumtrolle
reveal a degradation in algorithm performance for very Isigd then the addition of EM data carffectively increase the search
nals. Median searched area is shown for MBTA in Fig. 5, assansitivity to very weak GW signals. For occasional stroWy G
function of the combined SNR of the signal: signals, the plots suggest that only a few pointings of atelpe

are enough to image the true location with better than 586 e

Pcombined = \/[m, (5) ciency.

wherep?,, p?,, andp?, are the single detector SNRs seen in th
Hanford, Livingston and Virgo instruments, respectively.

The simulated GW signals described above were also ugédcertainty in the calibration of GW detectors (Abadie et al
to test the tiling software in order to determine the succats 2010a; Accadia et al. 2011) may impact the ability to cotyect
for imaging the correct sky location with realistic detegatoise, choose the right fields to observe with EM instruments. Tb est
reconstructed skymap shapes, and telescope FOVs. The LUMildte the potential detriment to pointing, we generated argkc
software package was used to determine pointings for groursét of simulated burst signals, with each signal includioge
based telescopes and GEM was used for Swift. level of miscalibration corresponding to realistic cadition er-

Some of the results of this simulation can be seen in Figrs. Before being added to detector noise, each astragtysi
6. The results are plotted as a function of the ranking si@atissignal was scaled in amplitude by a factor betwee$bGand
used by each pipeline. On the y-axis, the “Fraction of triggel.15, and shifted in time by betweeri50 and 15Q:is. The exact
imaged” represents the fraction of triggers with the giveted- amplitude and time “jitter” were randomly selected from tas-
tion statistic that have the correct image location inctidéhin  tributions for each signal entering each detector. The s
the selected tiles. Given a GW trigger, the success ratéeplotthe distribution of values for the timing and amplitudegittvere
in Fig. 6 estimates the odds of choosing the right sky pasitiochosen to match preliminary estimates for the LIGO and Virgo
In this figure, note that the “whole skymap” is limited to 16Q@alibration error budgets around 150 Hz for the 2009—20h0 ru
square degrees, and so does not always include the trueesolMvell above this frequency, the actual timing errors ardyikess
location. The thresholds for initiating follow-ups variedth the than this model; the simulation is conservative in this sens
condition of the interferometers, but was typically arouh@ Some of the results of this simulation, with the cWB algo-
for Q, n = 3.5 for cWB, andpcombineds = 10 for MBTA. The rithm, may be seen in Fig. 8. The success rate is shown for the

%.3. calibration Uncertainty
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Fig. 6. Success rates for the tile selection process based on uraiars cWB (left), Omega (right), and MBTA (bottom) skymaps
An injection recovered with the detection statistic showritee horizontal axis is considered a success if the coroects location
is included in one of the chosen tiles. Typical threshold$dtbow-up areQ2=3.0,7=3.5, angocombine10. Each tile is B5° x 1.85°,
the FOV of both the ROTSE and TAROT telescopes. Statisticegttainties are small with respect to the markers.

entire pipeline, assuming one pointing of 8% x 1.85° FOV,

that were delivered with 30 minutes of latency. Analysis of the

three pointings of the QUEST FOV, and five pointings of a Swifhulti-instrument data set is currently in progress, andéselts

FOV. The curves are shown both with and without tlke&s
of calibration uncertainty. For the low SNR signals that te
most likely for first detections; < 10, the dficiency is within
a few percent with and without the calibration uncertairityis
is expected, since at low signal to noise ratio, timing utadety
from detector noise is larger than timing uncertainty duesti>
bration (Fairhurst 2009). However, for louder signals,dbdity

of the search for jointly observed transients will be puisig at
a later date.

A Monte Carlo study of the GW data analysis algorithms
used in the low latency pipeline demonstrated the abilitthef
LIGO/Virgo network to localize transient GW events on the sky.
Localization ability depends strongly on the SNR of the GW
signal; lower SNR signals are morgfitiult to localize, but are

to correctly choose the right sky location is seen to be mitydesy|so the more likely scenario for the first detections. Signéth

impacted by the accuracy of the calibration.

8. Summary

SNR near the detection threshold were localized with median
sky areas between 10 and 100 square degrees. After limiting
the search to known galaxies and Milky Way globular clusters
within the detection range of the GW observatories, the simu

Mergers of compact binary systems containing neutron siars lation shows that the correct location of signals detectear n
well as some other energetic astrophysica' events, are:mcpe threshold can be |maged with 30-50% success with three fields

to emit observable transients in both the gravitationalenand
electromagnetic channels. Observing populations of @grtals

of size 185° x 1.85°, for instance. Moreover, the ability to im-
age the source position is seen to be only marginally impacte

would likely reveal many details of the GW sources, and couly realistic levels of calibration uncertainty.

even constrain cosmological models.

This search establishes a baseline for low-latency amsalysi

During 2009 and 2010, the LIGO and Virgo collaborationg/ith the next-generation GW detectors Advanced LIGO and
partnered with a large, heterogeneous group of EM observafavanced Virgo. Installation of these second-generatietec

ries to jointly seek transient signals. X-ray, optical, aadio
observatories collected follow-up observations to GWgeig

tors is already in progress, with observations expecteaginb
around 2015. Developing a low-latency response to GW trigge
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Table 1. Partner Instrument Characteristic Properties

Name Band FOV (square degrees) Aperture (m) Exposure Timel(Bniting Magnitude
Palomar Transient Factory Optical 7.3 1.2 60 20.5
Pi of the Sky Optical 400 0.072 10 11.5
QUEST Optical 9.4 1 60 20
ROTSE Il Optical 3.4 0.45 20 17.5
SkyMapper Optical 5.7 1.35 110 21
TAROT Optical 3.4 0.25 180 17.5
Zadko Telescope Optical 0.15 1 180 20
Liverpool Telescope Optical 0.0058 2 3600 21
LOFAR Radio ~25 NA 14400 NA
Swift X-ray 0.15 NA 200-5000 NA
Swift UV, Optical 0.078 0.3 200-5000 24

Notes. Some characteristics of instruments involved in the search. The shown gimitgnitudes are estimates, assuming favorable observing
conditions.

Table 2. Partner Instrument Follow-up Information

Name Run Tiles per Trigger Target Alerts Per Week Triggeaded
Palomar Transient Factory  Autumn 10 /31 1
Pi of the Sky Autumn 1 1 1
QUEST Both 3 1 5
ROTSE Il Autumn 1 1 5
SkyMapper Autumn ~9 1 3
TAROT Both 1 1 3
Zadko Telescope Autumn 5 1 2
Liverpool Telescope Autumn 1 1 1
LOFAR Autumn 1 1 2
Swift Both 5 Y4 2

Notes. Follow-up information for instruments involved in the search. Each ingnirparticipated in either the autumn run, or both the winter
and autumn runs. The column marked “Tiles per Trigger” shows honyrdaferent field locations the instrument attempted to observe for each
accepted GW event candidate. The “Target Alerts Per Week” columnssthat alerts were sent to PTF and Swift at a lower rate than the other
observatories. The final column shows the number of GW event catiegifor which each instrument collected data.
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