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ABSTRACT

Aims. A transient astrophysical event observed in both grawiteti wave (GW) and electromagnetic (EM) channels woulddyiel
rich scientific rewards. A first program initiating EM follewps to possible transient GW events has been developedarmsed
by the LIGO and Virgo community in association with severitpers. In this paper, we describe and evaluate the mettsadisto
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 and3e|®ct 20 2010), a low-latency analysis pipeline was
used to identify GW event candidates and to reconstruct migpsssible 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 delvered to
EM observatories with time lags of about thirty minutes. At Carlo simulation has been used to evaluate the lowdgt&iV
pipeline’s ability to reconstruct source positions cotiyec

Results. For signals near the detection threshold, our low-laterggrahms often localized simulated GW burst signals tosten
of square degrees, while neutron gtautron star inspirals and neutron #éack hole inspirals were localized to a few hundred
square degrees. Localization precision improves for natdbr stronger signals. The correct sky location of sigmeadl above
threshold and originating from nearby galaxies may be aleskwith~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

The Laser Interferometer Gravitational-Wave ObservatoaMSte"ar-maSS black hole (NS-BH), the inspiral stage predu

- - = e most readily detectable GW signal. The energy flux reach-
(LIGO) dAbb_o__tt_e__t__a.I.LZQ_O_Qa) and Vlrgd_(Ac_ngdLa_ej al. 2011, g Earth depends on the inclination angle of the binarytorbi
have taken significant steps toward gravitational wave (G_ lative to the line of sight. The initial LIGO-Virgo netwloiis
astronomy over the past decade. The LIGO Scientifigsiive to optimally oriented NS-NS mergers from as faaaw
Collaboration operates two LIGO observatories in the U.3q 39 Mpc, and mergers between a NS and Mablack hoie
along with the GEO 600 detectdr (Liick etlal. 2010) in Germany + 1o 70 Mpc [(Abadie 61 AL 2010b). With advanced detectors,
Together with Virgo, located in ltaly, they form & detect@n hege range limits are expected to increase to 440 and 930 Mpc
work capable of detecting GW signals arriving from all d"recrespectively.

tions. Their most recent joint data taking run was betweén JU 11q energeti
getics of these systems suggest that an EM counter-
2009 and October 2010. GEO 600 and Virgo are currently Op%rért is also likely. The final plunge radiates of ordeP16rgs

ating during summer 2011, while the LIGO interferometenseha ¢ o 4yjitational binding energy as gravitational wavesvén a

been decommissioned for the upgrade to the next-generatifiL| fraction of this ener ; ;
m%g] N gy escapes as photons in the vinger
Advanced LIGO detector al. 2010), expected to ey the resulting counterpart could be observable te ldis

operational around 2015. Virgo will also be upgraded to bes ; ; _
come Advanced Virgd (Acernese etlal. 2008). Additionalig t ?ag_cs; r';g?gl:lr\/la::aag:;ecr;;[ts)etgatl;[e?(r)svI|ke|y to follow a NS-BH or
new LCGT detector (Kur : The L T,, llaboration 2010 Short-hard gamma-ray bursts (SGRBs), which typically have
is planned in Japan. These “advanced era” detectors aretexbedu ations of 2 seconds or less, may be powered by NS-NS
to detect compact binary cqalesce_nces, po_s:sibl at a rateoPE\lS-BH mergEFSL(M&kIéQQIOIZ" Mészafos 2006: Piran 2004).
dozen)s per year, after reaching design sensii *  Afterglows of SGRBs have been observed in wavelengths
: ) _ ) from radio to X-ray, and out to Gpc distancés (Nakar 2007;
Detectable, transient GW signals in the LIBDQO fre- [Geprels et I 2009). Optical afterglows have been observed
guency band require bulk motion of mass on short time scalg$m, 3 few tens of seconds to a few days after the GRB trigger
Emission in other channels is also possible in many suchliapi see, for examplé, Klotz etal. (2009a)), and fade with a powe
changing massive systems. This leads to the_ prospect ﬁmt S¢aw t-, wherea is between 1 and 1.5. At 1 day after the trigger
E?&?'em GtW sotjrcehs_ r::ay hlzvg Cgrrespon?jlngtﬁleclztrorlnagnﬁ];ne, the apparent optical magnitude would be between 12 and
counterparts which could be discovered with a 1ow 1a¥en > for 4 source at 50 Mpmll), comparable to the
response to GW triggers (Sylvesire 2003; Kanner et al. ' 20Qfstance to which LIGO and Virgo could detect the merger.
'Stubbs 2008; Kulkarni & Kasliwal 2009; Bloom etial. 2009). ~"£yen if a compact binary coalescence is not observable in
Finding these EM counterparts would yield rich scientifigamma-rays, there is reason to expect it will produce anrebse
rewards (see Sedil 2), but is technically challenging dugto gpe optical counterpaft. Li & Paczyniski (1998) sugge e,
perfect localization of the gravitational wave signal amiter- during a NS-NS or NS-BH merger, some of the neutron star's
tainty regarding the relative timing of the GW and EM emismassis tidally ejected. In their model, the ejected neuticim
sions. This paper details our recefioet to construct a prompt matter produces heavy elements througtrocess nucleosyn-
search for joint GWEM sources between the LIG@rgo de-  inesis, which subsequently decay and heat the ejecta, jpmwver
tector network and partner EM observatories (see Sect.t8). Tap optical afterglow known as a kilonova. The predictedagpti
search was demonstrated during two periods of live LI8@0  emjssion is roughly isotropic, and so is observable regardibf
running: the “winter” observing period in December 2009 anghe orientation of the original binary system. This emissi®
January 2010 and the “autumn” observing period in SeptemRgiacted to peak after about one day, around magnitude 18 for

and October 2010. We focus here on the design and performageg) rce at 50 Mp¢ (Metzger etlal. 2010), and then fade over the
of software developed for rapid EM follow-ups of GW candizqrse of a few days following the merge1r.

date events, as well as the procedures used to identifyfisigmi
GW triggers and to communicate the most likely sky locations

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

Beyond the compact object mergers described above, some oth
astrophysical processes are plausible sources of obse @t
emission. GW transients with unknown waveforms may be dis-
covered by searching the LIGO and Virgo data for short period
2.1. Sources of excess power (bursts). The EM counterparts to some likely
) o ] sources of GW burst signals are described below.
A variety of EM emission mechanisms, both observed and the- Core-collapse supernovae are likely to produce some amount
oretical, may occur in association with observable GW sesirc of gravitational radiation, though large uncertaintieif skist
Characteristics of a few scenarios helped inform the desngh in the expected waveforms and energetics. Most modelsgiredi
execution of this search. Here, some likely models are ptede G spectra that would be observable by initial LIGO and Virgo
along with characteristics of the associated EM emission.  from distances within some fraction of the Milky Way, but not
from the Mpc distances needed to observe GWs from another
galaxy (Of ). Neutrino detectors such as SuperKamidé&a
and IceCube should also detect a large number of neutriaos fr
Compact binary systems consisting of neutron stargomfdack a Galactic supernova (Beacom & Vogel 1999; Halzen &8l
holes are thought to be the most common sources of GW enf2§09;/ Leonor et al. 2010). Galactic supernovae normallyléou
sion detectable with ground-based interferometers. Radiaf be very brightin the optical band, but could be less thanalovi
energy and angular momentum causes the orbit to decay (frebscured by dust or behind the Galactic center. Opticabem
spiral) until the objects merge (Cutler etlal. 1993). Forstesyn sion would first appear hours after the GW and neutrino signal

2. Motivation

2.1.1. Compact Binary Coalescence
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and would peak days to weeks later, fading over the courseAnfdersson et al! 2011; Pannarale eétlal. 2011; Hinderer et al.

weeks or months. 2010).

Long-soft gamma-ray bursts (LGRBs) are believed to be as- OPserving EM counterparts of NS-NS and NS-BH merger
sociated with the core collapse of massive sfars (Woosleg;19events will give strong evidence as to which class of souifce,
IMacFadyen & Woosléy 1999: Pifdn 2004; Woosley & Bloongither, is the source of SGREs (Bloom etial. 2009). In adujtio
2006: [Metzger et al. 2011). A large variety of possible G\ SOme neutron star mergers are the sources of SGRBs, &<olle
emitting mechanisms within these systems have been pHen of joint EM/GW observations would allow an estimate of
posed, with some models predicting GW spectra that woulld® SGRB jet opening angle by comparing the number of merger
be observable from distances of a few Mpc with initial LIGC#Vents with and without observable prompt EM emission, and
and Virgo (Fryer etdl[ 2002 Kobayashi & Mészaros 2003§0me information would be obtainable even from a single loud
Corsi & Mészards|_2009|_Piro & PfaHl_2007;_Korobkin et alévent (Kobayashi & Meszaios 2003b; Seto 2007).
2011:[Kiuchi et al 2011). The afterglows of LGRBs, like the An ensemble of these observations could provide a novel
afterglows of SGRBs, typically show power law fading witfneasurement of cosmological parameters. Analysis of tiie we
a = 1 - 1.5. However, the peak isotropic equivalent luminognodeled GW signal will provide a measurement of the lumi-
ity of LGRB afterglows is typically a factor of 10 brighterah nosity distance to the source, while the redshift distasceea-

SGRB afterglows (Nakir 2007; Kann etlal. 2010). surable from the EM data. Taken together, the% Erovide a di-

rect measurement of the local Hubble const 1986;

An off-axis or sub-energetic LGRB may also be observed Rfarkovic1993[ Dalal et al. 2006: 010
erge R : 6: Nissanke et al. 2010).
an orphan afterglow or dirty fireball (Granot et Finally, all of the above assume that general relativityis t

%:Bt)a.nwsssstrgg;fﬁé?ngr:)gnh:ﬁg ggsért\r/]iﬁgggffaorf ds\%?/vyz:g carrect theory of gravity on macroscopic sc_ales. J_oir_n/GW
le. Identifyin ,or han afterglows in large area survewshsas 8Bservat!o_ns can also be used to test certain predlc'q()_gemf
gee. g orp 9 . 9 Ve eral relativity, such as the propagation speed and potarirof

. (2005), has provenfticult, but a GW trigger may - ;
help distinguish orphan afterglows from other EM variaili GWs. (Willl20051 Yun 0: Kahya 2011).

In the case that the transient GW source is not a binary
merger event, the combination of GW and EM information will
2 1.3. Other Possible Sources again prove very valuable. In this scenario, the gravitetio
waveform will not be known a priori. Any distance estimate
Cosmic string cusps are another possible joint source Weuld be derived from the EM data, which would then set the
GW (Si [._2006; Damour & Vilenkin_2000) and Enverall scale for the energy released as GWs.

1.2008) radiation. If present, their distinct @i AS in the merger case, the linking of a GW signal with a
nature will distinguish them from other sources. On the othénown EM phenomenon will provide insight into the underly-
hand, even unmodeled GW emissions can be detected using @/physical process. For example, the details of the ceetra
burst search algorithms, and such events may in some cases gine that drives LGRBs are unknown. The GW signal could give
duce EM radiation either through internal dynamics or tigtou crucial clues to the motion of matter in the source, and poten

interaction with the surrounding medium. Thus, our joirgrsé  tially distinguish between competing models. A similarighs
methods should allow for a wide range of possible sources. into the source mechanism could be achieved for an observa-

tion of GW emission associated with a supernova. Rapid ident

fication may also allow observation of a supernova in its ear-

2.2. Investigations enabled by joint GW/EM observations liest moments, an opportunity that currently depends ok luc
8).

A variety of astrophysical information could potentiallg lex-
tracted from a joint GWEM signal. In understanding the pro-
genitor physics, the EM and GW signals are essentially corfr3- Extend GW Detector Reach

plementary. The GW time series directly traces the bulk amti Finding an EM counterpart associated with a LI®®@go trigger
of mass in the source, whereas EM emissions arising from oyjsuid increase confidence that a truly astrophysical evadt h
flows or their interaction with the interstellar medium gvely  peen observed in the GW data. Using EM transients to help dis-
indirect information requiring inference and modeling. ®e  {inguish low amplitude GW signals from noise events allows a
other hand, observing an EM counterpartto a GW signal reluggyering of the detection threshold, as was done in seasiies
the uncertainty in the source position from degrees to arcsgd Appott et d1[(2010). Kochanek & Pifdn (1993) estimated th
c_)nds. This precise directional information can Iead_to idfiea- the detectable amplitude could be reduced by as much as a fac-
tion of a host galaxy, and a measurement of redshift. Some spg of 1.5, increasing theféective detector horizon distance (the
cific questions that may be addressed with a collection @it joimaximum distance at which an optimally oriented and located
GW/EM signals are discussed below. system could be detected) by the same factor and thus increas
If the GW source is identified as a NS-NS or NS-BH mergeing the detection rate by a factor of 3. In practice, the ddtoa
additional investigations are enabled with an EM counterpaprovement in GW sensitivity achieved by pairing EM and GW
The observation of the EM signal will improve the estimationbservations depends on many factors unique to each search,
of astrophysical source parameters. For example, whemptte cluding details of the source model and data set, and sdfis di
ing parameter estimation with a bank of templates and a siult to predict in advance.
gle data stream, the source’s distance, inclination aragie, In the case of a coincidence between a GW signal and a dis-
angular position are largely degenerate. A precise souoee povered EM transient, the joint significance may be caledlat
sition from an EM counterpart would help break this degendry assuming that the backgrounds of the EM and GW search are
acy (Dalal et all. 2006; Nissanke eflal. 2010). High precigian independent. The False Alarm Rate (FAR) of a @M coin-
rameter estimation may even constrain the NS equation & staidence is the FAR of the GW signal, as described in $edt. 4.2,

(Cutler et all 1993; Vallisneri 2000; Flanagan & Hind2ref&0 timesa, the expected fraction of observations associated with a
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false or unrelated EM transient. The false alarm fractianay occur at large distances from their host galaxies may nobtbe o

be estimated using fields from surveys not associated with G3&rved, though the population with large kicks should bellsma

triggers. The value af will depend heavily on the telescope be{Bergell 2010; Kelley et &l. 2010).

ing used, the cuts selected in image analysis, galacttadetiof Our selection of fields to observe was weighted towards ar-

the source and other factors. eas containing known galaxies within 50 Mpc. The utilizethea
To use EM transience in this way, the time-domain sky ildg of nearby galaxies and globular clusters, and the peofces

the wavelength of interest must be well understood. Tramsie selecting fields to observe, is described in 9dct. 5.

that are found in directional and time coincidence with Giy-tr

gers would increase confidence in the GW signal only if the

chance of a similar, incidental coincidence is understaollet

low (Kulkarni & Kasliwal2009). 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 determineahe interferometers, with Fabry-Perot cavities in each arm and
where to seek the EM counterparts to GW event candidates. betver recycling mirror between the laser and beamsplitier t
reasons discussed in this section, the search strateggnpeesn  dramatically increase the power in the arms relative to gkm
this paper emphasizes capturing images as soon as postible #lichelson design. The GEO 600 detector uses a folded imterfe
the GW trigger, along with follow-up images over subsequesineter without Fabry-Perot arm cavities but with an addaio
nights. Some of the most probable models are extragalaciit, recycling mirror at the output to resonantly enhance the @A s
so field selection was strongly weighted towards regions comal. As a gravitational wave passes through each interfetem
taining nearby galaxies. it induces a “strain” (a minuscule change in length on thesord
The observations and theoretical models of EM transierds 1 part in 16* or less) on each arm of the interferometer due
discussed above provided guidance when choosing the ebsegvthe quadrupolar perturbation of the spacetime metrie.ifih
ing cadence. GRB optical afterglows have been observed diferometers are designed to measuredifferential strain on
ing the prompt emission phase (Klotz etlal. 2009b) and up fiee two arms through interference of the laser light when the
many hours after the trigger. For this search, the first gitdm two beams are recombined at the beam splitter, with the rela-
image the source position was made as soon as possible afier optical phase modulated by the passing gravitatioraalew
validating a GW trigger. In both the kilonovmmw@b_b_oﬂﬂ_a“@_o_ga)_
1998) and supernovm%) models, some time lag exists |y 2009-2010 there were two operating LIGO interfer-
between the release of GW and EM emission, primarily due §pneters, each with 4-km arms: H1, located near Hanford,
the time it takes the outflowing material to become optictllg. Washington, and L1, located in Livingston Parish, Louisfn
This time lag may be from several hours for a kilonova, up #9irqo (V1) has arms of length 3 km and is located near Cascina,
da§s for a core-collapse supernova. Furtherniore, Cowaat ltaly. GEO 600 data was not used in the online search destribe
) show that for GRBs that aré@xis, the optical afterglow i, this paper, but was available foffiine reanalysis of promis-
may not be visible until days after the burst. For these BRSOjng event candidates. The large physical separation betthee
repeated observations over several nights are desiraste,. the jnstruments means that théfects of local environmental back-
light curves obtained by observing the same fields over pl8lti 5ound can be mitigated by requiring a coincident signal i-m
nights are critical clues for discovering and classifyiransient tiple interferometers. Each interferometer is most simesio
sources. . GW signals traveling parallel or anti-parallel to zeniti the
Knowing where to look for the counterpart to a GW triguntenna pattern varies gradually over the sky, so that ttexde
ger is challenging. Directional estimates of low signal tise igrs gre essentially all-sky monitors.
ratio (SNR) binary inspiral sources with the 2009-10 GW dete The EM follow-up program described in this paper was exer-

tor network have uncertainties of several tens of squarecgsg _. : - Y

; . ; .~ cised during the 2009-2010 science runs. While singleetiate
(lmmg)' This suggesits using telescopes wnhahcbrbl triggers had been generated with low latency in earliemsee
view (FOV) “of_ at It_easE a few square degrees 'f. possble. Ev?u s for diagnostic and prototyping purposes, 2009-2019€ wa
with such a *wide field” instrument, there is a striking misisia thg first time that a systematic search for GW transientsgusin

between the large area needing to be searched, and the a’zetﬂ full LIGO-Virgo network was performed with low latency,

single FOV. S !
The problem may be partially mitigated by making use oa*nd the first time that alerts were sent to external obsetesto

the known mass distribution in the nearby universe. A sefinch
GW counterparts can dramatically reduce the needed sky c@w2. Optical and Other Electromagnetic Observatories
erage by focusing observations on galaxies within the igta
limits of the GW detectors (Kanner etial. 2008; Nuttall & Suitt In an dfort to explore various approaches, the telescope network
2010). Limiting the search area to known galaxies may alssed in 2009-10 was intentionally heterogeneous. However,
improve the feasibility of identifying the true counterparmost of instruments had large fields of view to accommodate
from among other objects with time-varying EM emissionthe imprecise GW position estimate. The approximate looati
' iwal [2009). Even within the Milky Way, a of each EM observatory in shown in FIg. 1.

search may emphasize known targets by seeking counterparts
W'thm globular cIu_sters, Wbere binary systems of comp&et 0 1 Earlier science runs included a second interferometer afdtia,
jects may form éiciently (O’Leary et al. 2007). called H2, with 2-km arms. H2 will reappear as part of AdvahtkGO,

An emphasis on extragalactic and globular-cluster sourc&gher as a second 4-km interferometer at Hanford or elsesitedn
has the potential drawback that any counterparts in theed&n Western Australia. The latter option would greatly imprdke source
the Milky Way may be missed. Also, neutron star mergers thiatalization capabilities of the network (Fairhtlrst 208thutZ 20111).
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3.2.1. Optical Instruments G
| r’ | Pi of the Sky |

The Palomar Transient Factory (PTF) [Law etal.[2009; ' B
[Rau et al.[ 2009) operates a 7.3 square degree FOV carmr + s

mounted on the 1.2 m Oschin Telescope at Palomar Observat ‘ A

A typical 60 s exposure detects objects with a limiting magn : 3 e

tudeR = 20.5. For the autumn observing period, the PTF tea , o ¢ N, -

devoted ten fields over several nights at a target rate ofjderi \ 2

for every three weeks. ’ ? 09 B + 4 *
Pi of the Sky (Malek et al [ 2009) observed using a camer L= 1 ‘

with a 400 square degree FOV and exposures to limiting me N - :

nitude 11-12. It was located in Koczargi Stare, near Warsaw.
The camera was a prototype for a planned system that will §iig. 1. A map showing the approximate positions of telescopes
multaneously image two steradians of sky. The target rate Waat participated in the project. The Swift satellite obséory is
approximately 1 per week in the autumn run, followed up withoted at an arbitrary location. The image is adapted froraakbl
hundreds of 10 s exposures over several nights. world map placed in the public domain by P. Dlouhy.

The QUEST cameral(Baltay et &l. 2007), currently mounted
on the 1 m ESO Schmidt Telescope at La Silla Observatory,
views 9.4 square degrees of sky in each exposure. The tpkesco
is capable of viewing to a limiting magnitude Bf ~ 20. The _
QUEST team devoted twelve 60 s exposures over several nights2: Radio and X-ray Instruments

for each trigger in both the winter and autumn periods, with BOFAR (Eender et 4 2006; de Vos el &l 2D09: Stapperslet al.
target rate of 1 trigger per week. . ) - [2011) is a dipole array radio telescope based in the Netiasla
ROTSE Il (Akerlof et all 2008) is a collection of four robotic pyt with stations across Europe. The array is sensitivedo fr
telescopes spread around the world, each with a 0.45 m a@erfyy;encies 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 spekd observe multiple simultaneous beams, each with a FWHM
response is that of the CCDs, spanning roughly 400 to 900 nrying with frequency up to a maximum of around®2Buring
The equivalenR band limiting magnitude is about 17 in a 20 $he autumn run, LOFAR accepted triggers at a target rate of 1
exposure. The ROTSE team arranged for a series of thirtyésiager 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 pezkve 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 & 011) was
covers 5.7 square degrees of sky in each field, and is mounge@d to follow up a few triggers after the run with latenciés o
on a 1.35 m telescope with a collecting area equivalent to @mnd 5 weeks.

unobspured 1.01 m aperture. It is designed to reach a linitin - The guift satellite (Gehrels et HI. 2004) carries three instru-
magnitudeg ~ 21 (>7 sigma) in a 110 s exposure. SkyMappefents, each in dierent bands. Swift granted several target of
accepted triggers in the autumn run with a target rate of 1 R§Sportunity 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 all2009a) operates two robotic 25 cm teleautumn observing periods. The XRT is an imaging instrument
scopes, one at La Silla in Chile and one in Calern, France Liith a 0.15 square degree FOV, sensitive to fluxes arountf10
the ROTSE Ill system, each TAROT instrument has a 3.4 squaigygcn?/s in the 0.5-10 keV band. A few fields were imaged for
degree FOV. A 180 second image with TAROT in ideal condeach trigger that Swift accepted.
tions has a limitindgR magnitude of 15. During the winter run,
TAROT 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 aith™

target rate of 1 per week. The online analysis process which produced GW candidage tri

Zadko Telescope (Coward et al. 2010) is a 1 m telescope logers to be sent to telescopes is outlined in [Eig. 2. After dath
cated in Western Australia. The current CCD imager obsenieformation on data quality were copied from the interfeesm
fields of 0.15 square degrees down to magnitud20 in the ter sites to computing centers, thre@elient data analysis algo-
R band for a typical 180 s exposure. For each accepted triggighims identified triggers and determined probability skaps.
in the autumn run, Zadko repeatedly observed the five gaaxiehe process of downselecting this large collection of &iggo
considered most likely to host the source over several sidlite the few event candidates that received EM follow-up is dbedr
target trigger rate for Zadko was one trigger per week. in this section.

The Liverpool telescope (Steele et &l 2004) is a 2 m  After event candidates were placed in a central archive; add
robotic telescope situated at the Observatorio del Roquabde tional software used the locations of nearby galaxies arikiyMi
Muchachos on La Palma. For this project the RATCam instrMvay globular clusters to select likely source positionsc($8).
ment, with a 21 square arcminute field of view, was used. Thisiggers were manually vetted, then the selected targete we
instrumentation allows a five minute exposure to reach magpassed to partner observatories which imaged the sky in-an at
tuder’ = 21. This project was awarded 8 hours of target-ofempt to find an associated EM transient. Studies demoimgjrat
opportunity time, which was split into 8 observations of uho the performance of this pipeline on simulated GWs are ptesen
each, with a target rate of 1 trigger per week. in Sect[®.

Trigger Selection
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Data Generation | Identify ‘ writeto | Select Triggers and | send Alerts The algorithm performs a time-frequency analysis of dathén
and Trpastel, | Teeers | Datshese | Deterwiine Fointing | b Telsscopis wavelet domain. It coherently combines data from all detesct
Diﬂ to reconstruct the two GW polarization waveformgt) and
Data hy(t) and the source coordinates on the sky. A statistic is con-
L1 copied structed from the coherent terms of the maximum likelihcad r
e tio functional (Flanagan & Hughés 1998; Klimenko et al. 2005
v centers for each possible sky location, and is used to rank each lo-
N> cation in a grid that covers the sky (skymap). A detailed de-
scription of the likelihood analysis, the sky localizatistatistic
raped e | ‘ ling: |z_3min‘ DT TN s i and the performance of the cWB algorithm is published else-

where (Klimenko et &l. 2011).

Fig. 2. A simplified flowchart of the online analysis with approx-  The search was run in two configurations whiclffeti in
imate time requirements for each stage. Data and informatigyejr assumptions about the GW signal. The “unconstrained”
on data quality were generated at the Hanford, Livingstad, agearch places minimal assumptions on the GW waveform, while
Virgo interferometers (H1, L1, and V1) and copied to centrajne “jinear” search assumes the signal is dominated by desing
ized computer centers. The online event trigger generators - Gy polarization staté (Klimenko et al. 2011). While the unco
duced coincident triggers which were written into the Gr&BE gtrained search is more general, and is the configuratiomte
archive. The LUMIN and GEM algorithms selected statistical ;sed in previous burst analyses, the linear search has been's
significant triggers from the archive and chose pointingatocy, petter estimate source positions for some classes odlsign

tions. Significant triggers generated alerts, and wergla®d o the online analysis, the two searches were run in paralle
manually. If no obvious problem was found, the trigger's-est

mated coordinates were sent to telescopes for potentlairol
up. 4.1.2. Omega Pipeline

In the Omega Pipeline search_(Abadie etal. 2010a), 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-

) ) ) ) Gaussians. The search assumes that a GW signal can be de-
Sending GW triggers to observatories with less than an BUr fomposed into a small number of these basis waveforms.
tency represents a major shift from past LI&dgo data anal- coincidence criteria are then applied, requiring a trigeyéh
yses, which were reported outside the collaboration at&stonconsistent frequency in another interferometer within gsph
several months after the data collection. Reconstructilgc® 5|y consistent time window. A coherent Bayesian positien
positions requires combining the data streams from the LIGQynstruction cod€ (Searle ei Al. 2008, 2009) is then apptied
Virgo network using either fully coherent analysis or a @in remaining candidates. The code performs Bayesian maizpaal
dence analysis of single-detector trigger times. A key Bt8@-  tjon over all parameters (time of arrival, amplitude andapiai-
tency reduction was the rapid data re_pllcat|on proc_esshnnhvv tion) other than direction. This results in a skymap pravigine
data from all three GW observatory sites were copied to *Veﬁrobability that a signal arrived at any time, with any artygle
computing centers within a minute of collection. and polarization, as a function of direction. Further maatjza-
For the EM follow-up program, three independent GW dejon is performed over this entire probability skymap td\eat

tection algorithms (trigger generators), ran promptly asad 3 single number, the estimated probability that a signavexr

became available, generating candidate triggers wité&s from any direction. Thé statistic is constructed from this num-
between five and eight minutes. Omega Pipeline and cohergg and other trigger properties.

WaveBurst (cWB), which are both described[in_Abadie ét al.
), searched for transients (bursts) without assymspe-

cific waveform morphology. The Multi-Band Template Analysi4.1.3. MBTA
(MBTA) (Marion ), searched for signals from coalesc-
ing compact binaries. Triggers were ranked by their “dé&ect The Multi-Band Template Analysis (MBTA) is a low-latency
statistic”, a figure of merit for each analysis, knowrntgs;, and implementation of the matched filter search that is typyoadled
Peombined Fespectively. The statistiasfor cWB andpcombinedfor  to search for compact binary inspirals_(Marion 2004; Bugkul
MBTA are related to the amplitude SNR of the signal acro®2010). In contrast to burst searches which do not assume any
all interferometers whil€) is related to the Bayesian likelihoodparticular waveform morphology, MBTA specifically targéte
of a GW signal being present. Triggers with a detection statwaveforms expected from NS-NS, NS-BH and BH-BH inspi-
tic above a nominal threshold, and occurring in times whére aals. In this way it provides complementary coverage to thstb
three detectors were operating normally, were recordetién tsearches described above.
Gravitatio_nal—wave Candidate Event Databgse_(GraCEDb). The search uses templates computed from a second order

The trigger generators also produced likelihood maps ovggst-Newtonian approximation for the phase evolution @ th
the sky (skymaps), indicating the location from which thgnsil - sjgnal, with component masses in the range IMadand a total
was most likely to have originated. A brief introduction @cé 11355 of< 35 Mg. However, triggers generated from templates

trigger generator is presented in Sefcfs. 4.1.1-14.1.3. with both component masses larger than the plausible limit of the
NS mass—conservatively taken to b& Bl for this check—
4.1.1. Coherent WaveBurst were not considered for EM follow-up, since the optical emis

sion is thought to be associated with the merger of two nautro
Coherent WaveBurst has been used in previous searches for &#rs or with the disruption of a neutron star by a stellassna

bursts, such as Abbott et/al. (2009b) and Abadie let al. (010Black hole.
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Triggers from each interferometer are clustered and usedaboration members via e-mail, text message, a websiteinand
search for coincidence among the individual detectors.éfo g the interferometer control rooms as audio alarms. For elech a
erate a candidate event for follow-up, triggers with caesis a low-latency pipeline expert conferred with personnebateof
physical parameters must be present in all three LM&@o in- the three observatory sites to validate the event. Pipelperts
terferometers. For each triple coincident trigger, thelskgtion and scientists monitoring data on-site providegi7Zbverage in
was estimated using the time delay between detector sitks &rhour shifts. Assigned personnel confirmed the automated da
the amplitude of the signal measured in each detelctor (airh quality results, checked plots for obvious abnormalities] ver-
2009). Before the observing period, a set of simulated tgaviified that there were no known disturbances at any of the three
tional wave signals was used to measure the distributiom-of ebservatory sites.
rors in recovering the time delays and signal amplitudeg Th The intention of manual event validation was to veto spuri-
sky localization algorithm then uses these distributi@nassign ous events caused by known non-GW mechanisms that have not
probabilities to each pixel on the sky. been caught by low-latency data quality cuts, not to remeve e
ery non-GW trigger. In fact, at current sensitivities, mosgall
of the triggers are unlikely to represent true astrophysizants.

The trade-ff for this additional check on the quality of the trig-

The primary quantity used to decide whether an event shaldgers was added latency (usually 10 to 20 minutes) betwegn tri
considered a candidate for follow-ups was its FAR, the ayerader identification and reporting to the EM observatoriess It
rate at which noise fluctuations create events with an equalR9ssible that as the search matures in the Advanced NE§d
greater value of the detection statistic. For the winter auRAR ~ €ra the validation process can be fully automated.

of less than 1 event per day of livetime was required to send an

imaging request to the ground-based telescopes, with a&high ) )

threshold for Swift. For the autumn run, the FAR thresholgwé- Choosing Fields to Observe

?ézii?grir:r?tgefg;jggr?éilrlmveyr?qe;(r)sr ;gosgfglﬁgf(?ﬁ:ﬁé‘i’émhmp c The uncertainty associated with GW position estimates, ex-
an?:l Swift. Livetime is hegr]e dge%ined as time all three interfer pected to be several tens of square degiees (Falthurst,2809)
: large compared to the FOV of most astronomical instruments.

eterAsSWienrepsrlgl?;f:e;)”u:g/ C(k))ILljer(s::msge;rS:hb(l,z science data. ; oreover, the likely sky regions calculated from interfeeter
= , €.g._Abboit & ata may be irregularly shaped, or even contain severalidisj
(2009b) and Abadie et kl. (2010a), the FAR for the two burglyions It is impractical to image these entire regionxia

pipelines was evaluated using the time-shift method. I8 thiniteq amount of observing time for a given instrument. fthe
method, artificial time shifts, between one second and a t8w N s 15 3 need to carefully prioritize fields, or tiles, of astfu-

dred seconds, are applied to the strain series of one or more, ot 1o optimize the likelihood of imaging the true graviagl
terferometers, and the shifted data streams are analytedhei ;e souFr)ce. ging g
reg.ular coherent search algorlt_hm. 'I_'he shifted qlata peoai The LUMIN software package was created to gather GW
estimate of the background noise trigger rate without ang tryo.ers from the three trigger generators, and use the aggm
coincident gravitational wave signals. During the onlim&la , 4o cations of known galaxies to select fields for each-opti
ysis, at least 100 time shifts were continuously evaluat#ll W oo o radig instrument to observe. In addition, LUMIN ind&s
latencies between 10 minutes and several hours. The FARy 08¢ hat were used to facilitate trigger validation (Sédl) and
each event candidate was evaluated with the most recemt aval munication with robotic telescopes. Fields for obstova
able time sh|fts._ . . with the Swift XRT and UVOT were selected with slightly dif-

_ The MBTA pipeline evaluated the FAR analytically based ofyrent criteria by a separate software package, the Gtiritd
single interferometer trigger rates, rather than usingtefifts. Electro-Magnetic Processor (GEM). During the testing-pr
This is computationally simpler than the burst method. Vi&ikd cess, GEM also applied the tiling criteria for optical teleses

since MBTA is a coincident rather.than a coherent an_alyﬂist, 30 simulated skymaps, and so provided an important consigte
allows the FAR to be evaluated with data from the minutes iy,eck between LUMIN and GEM.

mediately preceding the trigger tirie (Marion 2004).

4.2. Estimating False Alarm Rates

5.1. Galaxy Catalog

_ The Gravitational Wave Galaxy Catalog (GWGC) (White ét al.
A number of common occurrences may make a stretch of iNtBH11) was created to help this and future searches quickty:id
ferometer data unsuitable for sensitive GW searches. Eb@MRify nearby galaxies.
include times of large seismic disturbance, non-standaet-i The catalog contains up-to-date information compiled from
ferome_ter cor_1f|gura_t|0ns, and temporary saturations abwvar ihe literature on sky position, distance, blue magnitude; m
photodiodes in the mterfgrometer sensing and con@robsyst jor and minor diameters, position angle and galaxy type for
To mark such times, monitor programs analyze auxiliary ttata53,225 galaxies ranging out to 100 Mpc, as well as 150 Milky
progluce lists of abnpymal .time segments With low IatencyeWh Way globular clusters. White etlal. (2011) compared thelogta
a trigger was identified, it was automatically checked agfainyith an expected blue light distribution derived from SDS8ad
these lists; triggers which occurred in stretches of unatat®e .4 concluded that the GWGC is nearly complete out40

4.3. Online Data Quality

data were automatically rejected. Mpc. The catalog improves on the issue of multiple entries fo
the same galaxy s$iered by previous catalogs by creating the

4.4. Manual Event Validation GWGC from a_subset of 4 large catalogs, each of which lists
a unique Principal Galaxy Catalogue (PGC) number for every

In addition to automated checks on data quality, signifitdégt  galaxy (Paturel et al. 1989). The catalogs used were: antegda

gers were manually vetted. Trigger alerts were broadcasilto version of the Tully Nearby Galaxies Catalag (Tlilly 198Hg t
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Catalog of Neighboring Galaxies (Karachentsev ét al. 2a84) the galaxy catalog is then only considered out to the smaifes
V8k catalog ﬁm%mg), and HyperLEDA (Paturel et affective distance measured for that trigger, with a maximos p
[2003). Also included is a list of 150 known Milky Way globularsible dfective distance of 50 Mpc. After the catalog is downse-
clusters|(Harrls 1996). These are all available freelyranlbut a lected in this way, each pixel is weighted by the fractionhaf t
local, homogeneouslist is essential for rapid follow-upgmses. catalog’s total mass contained in that pixel, i.e.

- frac
5.2. Weighting and Tiling Algorithm P= Z ML, (3)

To make use of the galaxy catalog, and choose tiles for each ('\;NVIYh the sum over all galaxies associated with the pixel, and
trigger, similar algorithms have been implemented in thelk/GEZ M = 1 for a sum c?ver the downselected catalo PIXEL,
and LUMIN software packages. kk ~ 9-

L . : Th r res requir ixel’ rdin nsi
The position information from the trigger generators (se[gn ese procedures require a pixel's coordinates to be consis

. . / L t with a known galaxy’s location to be targeted by telesso
Sect[41) is (_anco_ded m_skymap_s that assign a I|keI|hpod¢b € However, in the c%se t)fqat the skymap dogs not i)rlnersect with
0.4° x 0.4° pixel in a grid covering the sky. In practice, onlyan '

the 1000 most likely pixels are retained, limiting the skgato y galaxies in the catalog, the likelihood from the GW skpma

- .alone is used as each pixel’s likelihod®d € L). In practice, this
_roughly 160_square de_grees. The search v_olume |s_further L a very rare occurrence and only happens in the case of a very
ited by keeping only objects in the catalog with an estimalise %ell—localized skymap
tance of less than 50 Mpc, as the current sensitivity of the G L - I
detectors makes it unlikely that binaries containing a rogLgtar The actual pointing coordinates requested for each teesco

e . o, are selected to maximize the total contaiffegsimmed over pix-
would be detectable beyond this distance. ApprOX|mater)8/oe|s within the FOV. If multiple pointings are allowed witheth

the pixels in an average skymap contain a local galaxy Orujlobsame instrument, additional tiles with the next higheskirap

lar cluster Ilste(_d in the GWG.C catalog. " are then selected. The tile selection process is illustrat&ig.
For burst triggers, the tiling algorithms treat the lumiityps

of each galaxy or globular cluster as a prior for its likelildo

to host a GW emitting event. The blue light luminosity is used

as a proxy for star formation, indicating the presence of-ma% 3. Galaxy Targeting for Small-Field Instruments
sive stars that may be GW burst progenitors themselves and
evolve into compact binaries that eventually merge. In tafdi
weak sources of GWs are assumed to be more numerous t
strong sources, so that a closer galaxy should contain desre
tectable sources than a more distant galaxy of the same m

[2010). This leads to assigning the follogi

likelihood to each pixel:

Me logic used for selecting pointings for the Swift satelivas
igHIar to that of ground-based telescopes, except thaguse

e narrower Swift FOV required greater precision, care was
gen to ensure the target galaxies were within the seldietield

e coordinates supplied to Swift for follow-up were those o
the matched galaxy itself in cases where there was only &sing
galaxy in a pixel, but the center of the &.4° pixel in cases
ML where the central coordinates of an extended source wesileut

P« Z — (1) the pixel or there were multiple galaxies in the pixel. Sifexger
~ Di follow-ups were allowed using Swift than with other scopes,
minimum requirement was placed on the statifticontained

wherelL is the likelihood based only on the GW data, add within the pixels selected for X-ray observation.
andD are the blue light luminosity (a rough proxy for mass) and Zadko and Liverpool Telescope also have relatively narrow
distance of the associated galaxy or globular cluster. Tiheis fields. For these telescopes, no attempt was made to captlie m
over all the objects associated with a particular pixel Glahwsill  tiple galaxies in a single field. Instead, the weighting scbén
be 0 or 1 galaxy for the majority of pixels). Extended nearbiqn[1 was applied to each galaxy rather than each pixelend t
sources which have a major axis larger than the pixel size haenter coordinates of the top ranked galaxies were pasghd to
their mass divided evenly over each pixel falling within #le observatories.
lipse of the disk defined by their major and minor axes. Once
this calculation is performed for each pixel, the entirerskyp is
renormalized to a total likelihood equal to unity. 6. Performance Study
_ UnIikg the burst algorithr_ns, MBTA assumes the G\{v SOUrGE ;  simulated Waveform Injections
is a merging binary, and estimates some of the source’s gadysi
parameters for each trigger. This allows the galaxy cataldge An ensemble of simulated GW signals was generated to mea-
applied in a slightly dierent way. Each interferometer measuresure the &ectiveness of the reconstruction and follow-up pro-

a quantity known asffective distance cedures. For the Omega and cWB burst pipelines, these “soft-
ware injections” were a mix of ad hoc sine-Gaussian, Ganssia
1+ co2.\? -1/2 and white noise burst waveforms similar in type and distri-
Der = D Ff (—) + Fi co< L} , (2) bution to those used in previous LIG@rgo all-sky analyses
2 (Abbott et al.[ 2009b;_Abadie etldl. 2010a). While these wave-

forms are not based on specific astrophysical models, they do
whereD is the actual distance to the sourcés the inclination a good job of characterizing detector response for sigmals i
angle between the direction to the observer and the angular rapecific frequency ranges (sine-Gaussians) and broadlgnd s
mentum vector of the binary, arfel. andF are the antenna re- nals (white-noise bursts). For MBTA (see S&ct. 4.1.3) dtigams
sponse functions of the particular interferometer. Thedrtgnt were drawn from NS-NS and NS-BH inspiral waveforms with
feature of the ffective distance is that it is always greater than @& range of parameters. To emulate a realistic spatial lolistri
equal to the true distance to the source. For each MBTA triggén, each injection was calculated with a source distamzk a
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Fig. 4. Plots of typical uncertainty region sizes for the Omega)(topd 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 likelihcaddes
greater than the likelihood value at the true source londtéfore the galaxy catalog is used to further limit the search regitre
solid line with symbols represents the median (50%) peréorce, while the upper and lower dashed lines show the 75%%t4d 2
quartile values. Near the detection threshdids(~ 10721 Hz /?) | uncertainty regions are typically between 10 and 100 sgjua
degrees. The Omega pipeline performs poorly on white naisgtbut exceptionally well on sine-Gaussians becauselé@signed

to identify signals that are well-localized in frequencyse.
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direction inside a randomly selected galaxy from the GWGC

and the simulated GW amplitudes were weighted to be inversel g 10
proportional to distance. Only galaxies within 50 Mpc ware i 2 F A T,
. : . . . . : ko] r [

cluded in the simulation, with weighting factors appliedtlsat P Te | - \I\ ---------------
the probability of originating from each galaxy was projmmal s F T el \‘*ﬁ—jt
to its blue light luminosity. The simulation set and the gsi S A A R N N R
used the same catalog, so the results presented in Fguri@s 6 — E 10g
make the assumption that the blue light luminosity distitiu z
of galaxies in the GWGC is a good tracer of GW sources in the T 1E
local universe. Signals were superimposed on real LIG@eVir S f —a— Allinspiral waveforms
gravitational wave data taken between August and December 810_1:
2009. Pl

While performance studies in this paper were done using g f
software injections, a relatively small number of tests inick §10210' 12 14 16 18 20 22 24 96 2
a signal was physically put into the interferometer via atius Pcombined
(“hardware injections”) were also performed, providingeaidi-
tional cross-check. Fig.5. Plots of uncertainty region sizes for the MBTA pipeline

as a function of combined SNRGmpined. The solid line with

6.2. Testing Results symbols represents the median (50%) performance, while the

upper and lower dashed lines show the 75% and 25% quartile
Because the skymap likelihood regions are often irrequlafialues. The expected detection threshold is arqug@hined ~
shaped, the size of the uncertainty region is charactebyede 12.
“searched area”, defined as the angular area of the skymhp wit
likelihood greater than the likelihood at the true souraat@mn.

The median searched area as a function of signal strendttitis p, r r n not alw incl he tr r
ted for both cWB and Omega Pipeline in Hig. 4. Here, gjravit"Squa e degrees, and so does not always include the truessourc

tional litud dint ¢ their s0at fcation. The thresholds for initiating follow-ups varieith the
lonal wave amplitudes are expressed in terms ot tn€Irsaat- ., gition of the interferometers, but was typically arouh@

squared amplitude: for Q, = 3.5 for CWB, andpcombined = 10 for MBTA. The

complex behavior of the Omegéieiency curve is related to the
use of a hybrid detection statistic which utilizesfdient meth-

Prss = \/f(|h+ (O + Iy (1) [2)dt (4) ods depending on SNR range. Clearly, events with SNR near the

threshold for triggering follow-ups, the most likely sceinaor

whereh, (t) andhy (t) are the plus- and cross-polarization straithe first detections, are the mosffiult to localize.

functions of the wave. Sincleis a dimensionless quantitlss Example éiciency curves for the burst simulation are shown

is given in units of HzY/2. For this data, siqnals near the detedn Fig.[d. The diciency for each marker on the plot is calculated

tion threshold would havéss ~ 102*Hz Y2, roughly corre- as the fraction of signals for which the injected locationswa

sponding to the cWB statistig~ 5 (Abadie et al. 2010a). Thesesuccessfully imaged, for amss range centered on the marker.

signals were typically localized with median search arédasw-  Specifically, we require that:

eral tens of square degrees. The coherent position recetistr . ) o

algorithms are “tuned” to localize these near-threshajmhais 1. The trigger's ranking statistic is higher than the thaégh

as accurately as possible; as a result, some of the plotalreve Which is chosen to enforce a FAR of about 1 GW trigger per

a degradation in algorithm performance for very loud signal  day of livetime. o _

Median searched area is shown for MBTA in Ff. 5, as a fun®- The true source location is included in one of the chosen

tion of the combined SNR of the signal: tiles. Five tiles are allowed for Swift, three tiles for the
QUEST camera, and one tile for all other telescopes.
Pcombined = \/pﬁl +pfl +p\2,1, (5) Note that diciencies in this figure do not reach unity even for

loud events primarily due to thefticulty of correctly localizing
wherep?,, p?,, andpg, are the single detector SNRs seen in th&Ws in some regions of the sky where the antenna response of
Hanford, Livingston and Virgo instruments, respectively. one or more interferometers is poor.

The simulated GW signals described above were also used The dficiencies produced with these criteria are upper lim-
to test the tiling software in order to determine the succass its on what would be detected in a real search. They assurne tha
forimaging the correct sky location with realistic deteaioise, the EM transientis very bright, and will always be detecfeide
reconstructed skymap shapes, and telescope FOVs. The LUMIdrect sky location is imaged. The quotéfi@encies do not ac-
software package was used to determine pointings for grourdunt for the fact that some chosen tiles will not be obsedwes
based telescopes and GEM was used for Swift. to restrictions from weather, instrument availabilityppimity to

Some of the results of this simulation can be seen in Fithe Sun or Moon, or the application of a manual veto. The ex-
[@. The results are plotted as a function of the ranking si@tisact behavior of thefciency curves will vary depending on the
used by each pipeline. On the y-axis, the “Fraction of triggemorphologies of the simulation waveforms selected. Fngile
imaged” represents the fraction of triggers with the giveted- chosen GW trigger FAR of one event per day presumes the false
tion statistic that have the correct image location inctldéhin - alarm fraction from the EM transient classification pipelimill
the selected tiles. Given a GW trigger, the success ratéeglotbe low enough to make a coincidence significant.
in Fig.[@ estimates the odds of choosing the right sky pasitio  Nevertheless, these curves provide a measure of the mtenti
In this figure, note that the “whole skymap” is limited to 16Gor joint EM/GW searches. If the number of incidental EM tran-
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Fig. 6. Success rates for the tile selection process based on uraioers cWB (left), Omega (right), and MBTA (bottom) skynsap
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 are2=3.0,7=3.5, angocombine10. Each tile is 85° x 1.85°,
the FOV of both the ROTSE and TAROT telescopes. Statisticeértainties are small with respect to the markers.

sients in the observed fields can be understood and comtrollerrors are likely less than this model; the simulation isssoua-
then the addition of EM data cafffectively increase the searchtive in this sense.
sensitivity to very weak GW signals. For occasional strony G =~ Some of the results of this simulation, with the cWB algo-
signals, the plots suggest that only a few pointings of @&telpe rithm, may be seen in Fif] 8. The success rate is shown for the
are enough to image the true location with better than 508 eentire pipeline, assuming one pointing of 8% x 1.85° FOV,
ciency. three pointings of the QUEST FOV, and five pointings of a Swift
FOV. The curves are shown both with and without tlke@s
of calibration uncertainty. For the low SNR signals that e
6.3. Calibration Uncertainty most likely for first detections; < 10, the dficiency is within
a few percent with and without the calibration uncertaiityis

S . , . is expected, since at low signal to noise ratio, timing utaie
Uncertainty in the calibration of GW detectors may impaet thfromrz:ietector noise is Iargegr than timing uncertaintg dueaig

ability to correctly choose the right fields to observe witll E bration (Eaithurtt 2009). However, for louder signals, abiity

instruments. To estimate the potential detriment to pog)tive . S
X : LY to correctly choose the right sky location is seen to be mibdes
generated a second set of simulated burst signals, withségch impacted by the accuracy of the calibration,

nal including some level of miscalibration correspondioge-
alistic calibration errors. Before being added to detentuse,
each astrophysical signal was scaled in amplitude by arfaeto
tween 085 and 115, and shifted in time by betweer150 and
150 us. The exact amplitude and time “jitter” were randomlyergers of compact binary systems containing neutron,sars
selected from flat distributions for each signal enteringhede- well as some other energetic astrophysical events, arecge
tector. The bounds of the distribution of values for thetigiand  to emit observable transients in both the gravitationalenand
amplitude jitter were chosen to match preliminary estimébe electromagnetic channels. Observing populations of ggrtals
the LIGO and Virgo calibration error budgets around 150 Hz favould likely reveal many details of the GW sources, and could
the 2009-2010 run. Well above this frequency, the actuahtim even constrain cosmological models.

7. Summary
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to the detection threshold. Statistical uncertaintiesarell with respect to the markers.
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During 2009 and 2010, the LIGO and Virgo collaborationthreshold can be imaged with 30-50% success with three fields
partnered with a large, heterogeneous group of EM observath size 185° x 1.85°, for instance. Moreover, the ability to im-
ries to jointly seek transient signals. X-ray, optical, aadio age the source position is seen to be only marginally impacte
observatories collected follow-up observations to GWdgeig by realistic levels of calibration uncertainty.
that were delivered with 30 minutes of latency. Analysis of the  This search establishes a baseline for low-latency arsalysi
multi-instrument data set is currently in progress, andéiselts with the next-generation GW detectors Advanced LIGO and
of the search for jointly observed transients will be puidid at Advanced Virgo. Installation of these second-generatietect
a later date. tors is already in progress, with observations expecteginb

around 2015. Developing a low-latency response to GW trigge

A Monte Carlo study of the GW data analysis algorithmeepresents the first steps toward solving the many loglsiica
used in the low latency pipeline demonstrated the abilitthef technical challenges that must be overcome to collect promp
LIGO/Virgo network to localize transient GW events on the skynultiwavelength, EM observations of GW source progenitors
Localization ability depends strongly on the SNR of the GWhe integration of GW and EM observatories is likely to con-
signal; lower SNR signals are mordiitiult to localize, but are tinue to develop over the next few years as the scientific com-
also the more likely scenario for the first detections. Signéth  munity prepares to utilize the many opportunities promisgd
SNR near the detection threshold were localized with medi#tme impending global network of advanced GW detectors.

sky areas between 10 and 100 square degrees. After limitin
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