arXiv:0902.1527v1 [astro-ph.CO] 9 Feb 2009

Coordinated Science in the Gravitational
and Electromagnetic Skies

A Whitepaper Submitted to the Decadal Survey Committee

Authors
Joshua S. Bloom, Department of Astronomy, UC Berkeley
Daniel E. Holz, Theoretical Division, Los Alamos Nationaloratory
Scott A. Hughes, Department of Physics, MIT
Kristen Menou, Department of Astronomy, Columbia Univitsi

Allan Adams (MIT), Scott F. Anderson (Univ. of WashingtoAndy Becker (U. Washington), Geoff
Bower (UC Berkeley), Niel Brandt (Penn State), Bethany C@Ah® Berkeley), Derek Fox (Penn
State University), Chris Fryer (Los Alamos National Laliorg), Josh Grindlay (Harvard/CfA),

Dieter Hartmann (Clemson), Zoltan Haiman (Columbia), BeKocsis (IAS), Avi Loeb
(Harvard/CfA), Szabolcs Marka (Columbia University), Elnvakar (Tel Aviv University), Samaya
Nissanke (CITA, Toronto), Daniel A. Perley (UC BerkeleyyVvi Piran (The Hebrew University),
Tom Prince (Caltech), Jeremy Schnittman (Maryland), Alisoderberg (Harvard/CfA), Michael
Strauss (Princeton), Peter S. Shawhan (University of Ma), Jonathan Sievers (CITA, Toronto),
Christopher Stubbs (Harvard/CfA), Gianpiero TagliaféiiAF), and Przemyslaw Wozniak (Los
Alamos National Laboratory)

Science Frontier Panels:
PRIMARY: Cosmology and Fundamental Physics (CFP)
SECONDARY: Stars and Stellar Evolution (SSE)
Galaxies across Cosmic Time (GCT)

Projects/Programs Emphasized:
1. The Energetic X-ray Imaging Survey Telescope (EXISI)t p: / / exi st. gsfc. nasa. gov
2. The Synoptic All-Sky Infrared Imaging Survey (SASIRLt p: //sasir.org
3. The Large Synoptic Survey Telescope (LSSi)t p: //1sst. org
4. The Laser Interferometer Space Antenis@); htt p: / /11 sa. nasa. gov



http://arXiv.org/abs/0902.1527v1
http://exist.gsfc.nasa.gov
http://sasir.org
http://lsst.org
http://lisa.nasa.gov

Key benefits of joint gravitational/electromagnetic obsevations:

e Extend the sensitivity of GW detectors, and improve our detemination of signal
properties, through association with an EM counterpart

e Measure cosmological parameters precisely with a novel appach

e Directly observe and precisely measure properties of the gine driving violent astro-
physical events, such as short-hard GRBs, supernovae, antblok hole collisions

1 Introduction

It is widely expected that the coming decade will witnessfitet direct detection of gravitational
waves (GWSs). The ground-based LIGO and Virgo detectors eirgglupgraded to “advanced” sen-
sitivity, and are expected to observe a significant binarygererate (perhaps dozens per year; e.g.,
[@]). The launch of the plannedISA antenna will extend the GW window to low frequencies,
opening new vistas on dynamical processes involving megaiv> 10° A/) black holes.

GW events are likely to be accompanied by electromagneM) ®unterparts (e.g., sda@ 47]
for review). Since information carried electromagneticéd complementary to that carried gravi-
tationally, a great deal can be learned about an event amehvisonment if it becomes possible to
measure both forms of radiation in concert (see the “key fitshbox above).

Measurements of this kind will mark the dawntadns-spectral astrophysics bridging two dis-
tinct spectral bands of information. Our goal in this whappr is to summarize some of the added
scientific benefits to be found in coordinating observatibesveen GW sources and their electro-
magnetic counterparts. In addition, we suggest some auatet facility-level approaches and efforts
needed to carry out these observations.

2 The Science Enabled by Joint GW/EM observations

We now highlight some of the main (anticipated) benefits oftjiGW & EM observations, ranging
from the more secure to the more speculative:

Improving Parameter Extraction of GW Events: With an EM identification of a transient, many
otherwise degenerate GW errors collapse, greatly inargdbe precision with which we determine
source properties from the GWSs; luminosity distance measants are particularly improved when
the source position is known (e.d:] E 20]). EM localizatalso obviates the need to marginalize
over source position, greatly reducing the parameter spisearch templates, and correspondingly
increasing the observed signal-to-noise ratio (SNR).Wwike, an identification drastically cuts down
the search range in time, reducing the threshold signabtse required for confident detectioﬂ[Zl];
see [Ell] for a recent treatment). Conversely, monitoringreetvariable EM counterpart with an
origin in a dynamical bulk flow that is precisely timed and i@werized by the GW signal offers
mutual constraints on the source that are not otherwisésiai

A New Precision Cosmology Toal Binary inspiral sources are standard “sirens,” with a déad-
ization provided only by an appeal to General Relativiﬂl, @,]). Direct GW measurement of a
coalescing binary provides a distance-ladder-indepdandeasure of the luminosity distané#, to
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a source. For massive BH-BH mergers, calculations showibatan expecLISAto measure),,

to < 1-2% for redshiftsz < 3, degrading to~ 5% for 2 ~ 5 (,]). While D;, may be well
measured, the source redshift cannot be inferred direntlgasurements of the (redshifted) binary
mass and the system'’s redshift are entirely degené]ate [9].

To populate a Hubble diagram and measure cosmological paeasnwith GW events, then, re-
quires an independent measure of the event redshift. If arsighhture is detected, spectroscopic
observations of event or the galaxy hosting the EM eventlghmeiobtainable. Though the precision
of distance measurement from such events would be limiteddak gravitational lensin El49],
the complementarity of this technique to others in this hétilsegime means that it should be sub-
ject to very different systematic effects. Similarly, iretmore local universe, EM events near the
edge of the Advanced LIGO/Virgo volume would yield precisimeasurements ofl, (> few %)
]. We can use inspirals as cosmological probes only if we aasotlie gravitational event with an
electromagnetic one.

What is the Nature of Short-Hard Gamma-Ray Bursts? The massive star origin of long-soft
GRBs, representing the majority of GRB events, was defglifiestablished by the observation of
concurrent envelope-striped supernovae (@e [50] foewgviWhile there is now good, albeit indi-
rect, evidence that short-hard bursts (SHBs) come from @er aitellar population than LSBs (e.g.,
[B, @,@]), the origin of these events is far from estal@d&hBinary mergers (NS-NS or NS-BH)
are commonly believed to be SHB progenitdﬁ [29], but a nunobb@ther viable origins exist. A
concurrent gravitational-wave inspiral event in the sataegand time as a short GRB would be the
smoking gun for the origin of these events. Moreover, thesnde rates of GRB and coincident GW
detections would establish the distribution of jet colltroa angles in GRBs, crucial for understand-
ing energetics of the eventd 37]. Since a binary’s iratlon to the line of sight is a direct GW
observable (it sets the ratio of the two GW polarizationsjrdinated observations of these events
offer a wealth of insight into the geometry of jets and subeeq GRB emission; the detailed na-
ture of the event's GWs may even be able to give insight ineogtuation of state of neutron star
material ]. Finally, the detailed nature of correthGW/EM emission is likely to help eluci-
date the processes which drive the GRB engine itself. Ealyetor NS-BH driven events, the final
merger, disruption and possibly accretion may radiate énnttost sensitive band of GW detectors.
Concurrent gravitational-wave and electromagnetic olvaéions of short/hard GRBs will definitively
establish whether the engine is a NS-NS or NS-BH binary mengsomething else.

Constraining Models of Supernovae Core-CollapseStellar core collapse during a supernova is one
of the most energetic processes in the universe, releasimghly 10°* ergs of gravitational binding
energy in less than a second. We are far from an understaodlithg physics underlying a core-
collapse supernova. Nevertheless, it is apparent that #sses, velocities, and asymmetries involved
have the potential to generate strong gravitational-wayeats (Eh]; see alsd__[$8] and references
therein). At a minimum, detection (or non-detection) of Gifdsn a SN strongly constrain the rota-
tion of the collapsed core. A SN close enough to be a strong GWkts is also likely to be a strong
neutrino source. The triple “multi-messenger” view of GWesutrinos, and photons is likely to pro-
\[%e a wealth of knowledge on the SN engine and perhaps thevlmetof matter at nuclear densities

I
Viscous Accretion onto Massive Black Holes with Known Masseand Spins GW observations
will determine the masses, spin magnitudes, and oriem&id progenitor and remnant BHs with
unprecedented accuracy by any astronomical standardoudsaccretion of material that remains
bound to well-characterized remnant BHs will lead to afi@igEM emission (e.g.ﬂZ[:kS]) and



Figure 1:Example scenario for the production of an EM counterparntfra massive binary BH coalescence. Typically
~ 10°3 erg or greater of GW energy can be channeled as a kinetic refthe merged remnant to be deposited into the
surrounding gaseous environment. The figures illustratdriduced density waves in the gas surroundinga+ Ms =

10° Mg, BH binary, recoiling within the disk plane at a velocity:, = 500 km s~*. Strong density enhancements could
produce detectable EM signatures. Frdn_1|[31].

provide some of the best laboratories for the study of AGN guikar physics. Monitoring of time-
variable accretion regimes around massive BHs with vapatssand viewing geometries will directly
inform questions about feedback of massive BHs on theirenments. Binarity may lead to periodic
signatures in the EM output which, coupled with the GWs adlaiass-flow diagnostic, would allow
an unprecedented view of this dynamics.

3 Detecting the Expected EM Signatures

The individual nature of coalescing objects will greatlypact what kind of electromagnetic display
might accompany the GW merger event. EM counterparts canthekform of “precursors,” events
that precede the binary coalescence; “prompt emissioeyitevthat occur at (or nearly at) the same
time as the coalescence; and “afterglows,” emission thia¥e the GW event:

High-Energy Counterparts: Many (perhaps most) short-hard GRBs detected with currestiu-
mentation originate from redshifts beyond= 0.1, so an all-sky monitor with today’s sensitivities
and trigger criteria (or better) should readily detect &lBS within the 300 Mpc volume of advanced
LIGO and Virgo, with jet collimation reducing the overallifjd detection rate. Coincident detection
in time would virtually guarantee a precise localizatiorntlué GW event. Combined with GW de-
termination of the source inclination and the chirp mass,would open up a detailed view into the
central engine of SHBs that arise from binary coalescenteanlexercise that is already becoming
commonplace with the current generation of GW detectonsinga-ray burst localizations in space
and time could also be used as an external trigger for morgtasensearches in GW data streams
[e.g.,|__i].

Optical/Infrared emission from massive black hole mergers Some GW events are likely to
be preceded and/or followed by detectable optical/infammission (e.g., Fig. 1). Models for such
emission, while not particularly well-developed currgnthotivate deep follow-up searches on GW
localizations for EM precursor, prompt and afterglow cleégazations. Optical/infrared emission is
readily tied to candidate host galaxies and thus redsHifemsient EM detections could also be used
to trigger localized, higher SNR searched.i®Aand Advanced LIGO+Virgo data strear@[%] (see
the [45] WP for specific examples). Deep and wide infrareti¢apfacilities would be the preferred
choices for initial pre-merger searches on larger thaneseggeales (Fig. 3), but an increasingly diverse
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Figure 2: The first EM signature of a NS-NS inspiral? High-2 model

Data from the short-hard gamma-ray burst SHB 080503 @
and light-curve models for &Ni-powered “mini-SN,
[, |§_%|§;h] The solid line indicates a model at=
0.03 with a®°Ni mass~ 2 x 1073 M, total ejecta mass
~ 0.4 Mg, and outflow velocity 0.1¢c. The dotted line Eo
is for a pure®*Ni explosion at: = 0.5 with mass~ 0.3 28°

M, and velocity= 0.2c. From Perley et al[ [39]. N I
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array of facilities could get involved as localization eg'shrink well below degree scales at late times
[@] and post-merger. Combining GW-inferrdd;, values with a concordance cosmology vields
narrow redshift slices, from which significantly more foeds€EM searches can be carried out. Such
information could be used in coordination with that in LSSRASIR and possibly JDEM photometric
redshift catalogs to weed out unrelated EM transients.

Afterglow and SN-like emission from stellar mergers: SHBs are now known to produce faint X-
ray, optical, and infrared afterglows, detectable<ot day with current and planned instrumentation.
NS-NS or NS-BH mergers that do not produce a GRB may nonath@educe optical or infrared
signatures on some timescale. Advanced LIGO+Virgo unicgytaegions should be systematically
searched as quickly as possibie fours) for these afterglows (which would yield arcsec lzeal
tions). Later time observations, en day timescales, would be logistically more feasible butenor
uncertain to return a counterpart. Li & Paczyﬁ [30] peeed thermal SN-like emission, rising and
falling on ~ day timescales, from non-relativistic outflow of the coalag binary. Sensitive searches
have thus far failed to find bright Li-Paczyhski eveljn_ﬂs@,@] but events peaking at,, > —16
mag are not ruled out (see Fig. 2). Hansen & Lyuti@ [18] dssed possible radio and X-ray pre-
cursors to compact object mergers. The theory of such egbntdd be better developed this decade
but most likely such signatures are more isotropic than ftergdow and GRB itself, allowing for
the positions of GW-triggered only events to be identifieecegbmagnetically. Repeated and deep
observations on tens of square degrees for days would bedeed

4 Facilitating the Science

Using GWs alone, sources will be localized to rather largieldie The network of ground-based
detectors (the two LIGO sites plus the European Virgo) candawn binaries to a field of a few

to ~ 10 square degreeQ [EI 8]; the space-based det&t®A will be able to pin down merging
black holes to a field of several ten square arcminutes in the best cases, and a few squaesslegr
more typically ]. These localizations demand théitgtip monitor ~ 10 square degree fields
and larger in order to find electromagnetic signatures apemying the GWs. Once the source is
located, however, the sky position is determined so wetlttie distance and source inclination can
be measured with good precision. Studies show that groasdebdetectors can measure the distance
to a coalescing binary neutron star system with a fractiacaliracy of several percent if its position is
known (Nissanke et al., in prepDhtSAcan similarly pin down the distance to coalescing superivass
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black holes with percent level accuracy or bettef , 28].
In order to realize the science goals that we have discussed\we advocate the following activ-
ities and facilities:

4.1 Theory

Modeling and measurement analysis of binary GWsGiven a binary system, general relativity pre-
dicts its future evolution and emitted GWs with zero freegpaeters. The post-Newtonian expansion
of general relativityﬁb] and numerical relativitﬂ40] hanbeen extraordinarily successful in model-
ing these systems, especially when both members are bléek; lour understanding of the dynamics
when one member is a neutron star has greatly advanced asevgeJI,EIZlZlM]). We advocate
continued attention to the development of such models anédxtploration of binary parameter space,
with an eye on the impact that such models have on how well @aryigricharacteristics are pinned
down by GW measurements. For example, an extension of tHgsasalescribed ir[|[3] to include
the impact that the late merger hasldB8As ability to fix the position of a merging binary may have
enormous consequences upon the search field necessarytteefienent’'s EM afterglow.

Modeling the EM counterpart of massive black hole mergers The nature of EM emission that
is likely to accompany the merger of two massive black hadesather poorly understood. At this
point, we cannot say with great confidence whether the eamssill precede, follow, or coincide
with the peak GW emission [e.@]]ﬂ@ 31| 85, 41]. Giventtimgling energy £ 10%° erg) and
GW luminosity (~ 10°" erg/sec) involved in these events, even a modest EM coovegdficiency is
likely to be impressive. We advocate continued analysisittesstand the likely counterparts to these
events in order to more fruitfully guide searches for theca@anpanying emission.

4.2 Gravitational-wave detectors

LISA, the Laser Interferometer Gravitational-wave Antenna. This instrument will be a space-
based antenna for measuring GWs in the band from about 0.08mio 0.1 Hz, corresponding
to sources with orbital periods of seconds to howkSA is needed to measure massive black hole
coalescences. As is discussed in white papers by Prince ahélMadau et al., the rate of such
mergers is expected to be high (several to perhaps dozengagr especially for events coming
from relatively high redshift{ > 3). LISAwill localize these sources to square degrees or better
and measure their distances with a precision of a few peebetter @8] and the constituent
(redshifted) masses and spins should be measured well [i&fjirals of white dwarfs into massive
black holes constitute yet another avenue for pre-mergalilation of cosmological GW events
with plausible EM counterparts, potentially resulting alvable constraints on the local Hubble flow
(133, 143)).

Advanced LIGO, the Laser Interferometer Gravitational-wave ObseryatblGO consists of three
ground-based GW detectors at two sites, sensitive to wavtdseiband from about 10 Hz to a few
thousand Hz. It will be needed to measure waves coincidehtS¥Bs; in concert with the Advanced
Virgo detector (with whom LIGO has joint data cooperatiagych events can be localized to within
several square degrees. Although Advanced LIGO is not agirdipat is within the scope of the
Astro2010 review, we include it here to note that much of ttierece we discuss in this whitepaper
depends on data from this instrument. As such, we partigudaivocate close coordination between
the ground-based GW data analysis, wide-field optical afrdried imaging, and the high energy
surveys that we discuss next.



1000 ¢

LISA localization Figure 3: Pre-merger localization accuracy of a
LISA signal from twd 0° M, BHs merging at =
1, as a function of time before coalescengeThe
colored horizontal bands show the single image
LSST and SASIR fields of view. The location on
. the sky of most events should be easily covered for

my=my = 10°Mg . . .

- days to weeks before the inspiral ti [ﬁ] 28].

0.1 1 10 100 Adapted from![17].
1; [day]

100 |-

angular error [arcmin]

4.3 Wide-field optical/infrared Imaging

The Synoptic All-Sky Infrared Imaging (SASIR) survey is a pre-phase A concept for a new 6.5m
telescope in San Pedro Martir (Mexico) designed to repibatbserve the infrared sky simultane-
ously in 4 bands from 1 — 2.2 micron. First light is expectecady as 2016. The 5 sigma survey
depth is expected to reach 0.6-1.5 microJy (24.5 — 23.4 AB)n#agortion of the routine survey will
cover much of the Galactic Plane, improving the possibditgdiscovering a heavily obscured Galac-
tic core-collapse SN (a significant “blind spot” in EM obsatiens related to GWsEhG]). Roughly
30% of the time has also been budgeted on fast (and dynamic) ceslémsmall regions of the sky.
Follow-up of Advanced LIGO+Virgo events, to search for dipifading afterglows and for long-lived
transients (e.g. Li-Paczyhski mini-SNe), is a scienceatrior target of opportunity observations on
SASIR (typical response expected toe min) and field-of-view tiling ofLISA pre-merger local-
izations. Combining all-sky IR observations with other @4field optical surveys should drastically
improve the photometric redshifts of galaxies hosting 1.4 BH-BH mergers, allowing for a more
efficient and sensitive search for EM signature& A events (where cosmological constraints de-
rived from the observed;, allow for a narrow search in redshift space). It is importargmphasize
that since dust obscuration might hide optical signatuRespservations could prove crucial.

The Large Synoptic Survey Telescope (LSSTiy a~10 square degree FOV optical imaging survey,
reaching single epoch depths of better thamJ¥ in 6 bands, and covering 20,000 square degrees.
The combination of depth and field of view is a powerful toal $tudying EM counterparts of GW
events with two major modes of operation. First, a quick oese (ToO) mode where LSST would
slew to an Advanced LIGO+Virgo GW event location and seaocméw transients (likely associated
with relatively nearby galaxies). A similar response cdugdnstituted folLISApre-merger followup.
Second, historical data drill down into the regions where 8xhts were uncovered and not promptly
communicated. LSST pre-imaging of GW event sites would jg@important clues to uncovering
the nature of the EM signature eventually detected.

4.4 High-energy Surveys

The Energetic X-ray Imaging Survey Telescope (EXIST)s an all-sky hard X-ray imaging facility
currently in Phase A study. On-board triggering and loedion (< 20”) of gamma-ray bursts, com-
bined with EXIST’s 70 degx 90 deg FOV, will result in roughly 10 coincident SHB and Adead
LIGO/Virgo events per year (GRB beaming could reduce thisiloer). Even without a gamma-ray
signature, rapidly communicated GW events could be useddgetr more sensitive ToO observa-
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tions with the on-board soft X-ray camera and infrared taes. If the (untriggered) SHB produces
afterglow emission, it should be readily pinpointed to thesacond level or better.

4.5 Other Facilities

Continuous monitoring oEISAmerger locations in the days to hours preceding merger agllire
coordinated efforts across the globe (and in space). Wéaitr monitoring programs across a (prob-
ably heterogenous) network of EM facilities will be requireSuch a paradigm on small-aperture
facilities is already producing important results in exomt research (see WP from Gaudi et al.).
Centralized networks, such as the Las Cumbres Global Tgeddetwork (LCOGT), should be well
positioned for monitoring and follow-up activities. ViduObservatory standards are already in place

to describe and broadcast GW events to an eager EM folloveoprainity (e.g.VOEVenNt).

Although we have focused on optical/infrared facilities #M counterpart searches tdSA
events, facilities across the EM spectrum could prove beiaééind even critical for late-time searches,
especially when GW localization errors can shrink to sugrele scales.

References

(1]
(2]
(31
(4
(5]
(6]
(7]
(8]
El
[20]

(11]

[12]

(23]

[14]

[15]

[16]

[17]

Abbott, B., et al. 2008, ApJ, 681, 1419,[18]
arXiv:0711.1163

Armitage, P. J., & Natarajan, P. 2002,[19]
ApJL, 567, L9, astro-ph/0201318

Arun, K. G. et al. 2008, ArXiv e-prints, 20]
arXiv:0811.1011
[21]

Berger, E. et al. 2007, ApJ, 664, 1000;
astro-ph/0611128

Blair, D. G. et al. 2008, Journal of Physicslzz]
Conference Series, 122, 012001

Blanchet, L. 2006, Living Reviews in Rel-
ativity, 9, 4

Bloom, J. S. et al. 2006, ApJ, 638, 354
astro-ph/0505480

Cavalier, F. et al. 2006, PRD, 74, 082004,
gr-qc/0609118 25]

Chernoff, D. F., & Finn, L. S. 1993, ApJL,
411, L5, gr-qc/9304020

Cutler, C. etal. 1993, Physical Review Let-
ters, 70, 2984, astro-ph/9208005 [26]

Dalal, N., Holz, D. E., Hughes, S. A,, &
Jain, B. 2006, PRD, 74, 063006, astrop27]
ph/0601275

Dotti, M., Salvaterra, R., Sesana, A.[28]
Colpi, M., & Haardt, F. 2006, MNRAS,
372, 869, astro-ph/0605624

Etienne, Z. B., Faber, J. A, Liu, Y. T.,
Shapiro, S. L., Taniguchi, K., & Baum-
garte, T. W. 2008, PRD, 77, 084002
arXiv:0712.2460

Fryer, C. L., Holz, D. E., & Hughes, S. A.
2002, ApJ, 565, 430, astro-ph/0106113

Fryer, C. L., & New, K. C. B. 2003, Living
Reviews in Relativity, 6, 2, gr-qc/0206041

Fynbo, J. P. U. et al. 2005, ApJ, 633, 317,
astro-ph/0506101 33]

Haiman, Z., Kocsis, B., Menou, K., Lip-
pai, Z., & Frei, Z. 2008, ArXiv e-prints,

[23]

[24]

[29]

[30]
(31]

[32]

arXiv:0811.1920

Hansen, B. M. S., & Lyutikov, M. 2001, [34]
MNRAS, 322, 695, astro-ph/0003218

Holz, D. E., & Hughes, S. A. 2005, ApJ,[35]
629, 15, astro-ph/0504616

Hughes, S. A., & Holz, D. E. 2003, Class[36]
Quantum Grav., 20, 65, astro-ph/0212218

Kochanek, C. S., & Piran, T. 1993, ApJL[37]
417, L17+, astro-ph/9305015

Kocsis, B., Haiman, Z., & Menou, K. [38]
2008, ApJ, 684, 870, arXiv:0712.1144

Kocsis, B., Haiman, Z., Menou, K., &[39]
Frei, Z. 2007, PRD, 76, 022003, astro-
ph/0701629 [40]

Kocsis, B., & Loeb, A. 2008, Phys-
ical Review Letters, 101, 041101,[41]
arXiv:0803.0003

Kopparapu, R. K., Hanna, C., Kalogera, V.[42]
O'Shaughnessy, R., Gonzalez, G., Brady,
P.R., & Fairhurst, S. 2008, ApJ, 675, 145943
arXiv:0706.1283

Kulkarni, S. R. 2005, ArXiv Astrophysics
e-prints, astro-ph/0510256 (44]

Lang, R. N., & Hughes, S. A. 2006, PRD,
74, 122001, gr-qc/0608062 [45]
2008, ApJ, 677, 1184,
arXiv:0710.3795 [46]
Lee, W. H., & Ramirez-Ruiz, E. 2007,
New Journal of Physics, 9, 17, astrol47]
ph/0701874

Li, L.-X., & Paczyfski, B. 1998, ApJL, [48]
507, L59, astro-ph/9807272

Lippai, Z., Frei, Z., & Haiman, Z. 2008, [4]
ApJL, 676, L5, arXiv:0801.0739

Liu, Y. T., Shapiro, S. L., Etienne, Z. B.,[50]
& Taniguchi, K. 2008, PRD, 78, 024012,
arXiv:0803.4193

Menou, K., Haiman, Z., & Kocsis, B. [51]
2008, New Astronomy Review, 51, 884,

arXiv:0803.3627

Metzger, B. D., Piro, A. L., & Quataert, E.
2008, ArXiv e-prints, arXiv:0810.2535

Milosavljevic, M., & Phinney, E. S. 2005,
ApJL, 622, L93, astro-ph/0410343

Nakar, E. 2007, physrep, 442, 166, astro-
ph/0701748

Nakar, E., Gal-Yam, A., & Fox, D. B.
2006, ApJ, 650, 281, astro-ph/0511254

ott, C. D. 2008,
arXiv:0809.0695

Perley, D. A. et al. 2008, ArXiv e-prints,
arXiv:0811.1044

Pretorius, F. 2007,
arXiv:0710.1338

Schnittman, J. D., & Krolik, J. H. 2008,
ApJ, 684, 835, arXiv:0802.3556

Schutz, B. F. 1986, Nature, 323, 310

Sesana, A., Vecchio, A., Eracleous, M., &
Sigurdsson, S. 2008, MNRAS, 391, 718,
arXiv:0806.0624

Shibata, M., & Taniguchi, K. 2008, PRD,
77, 084015, arXiv:0711.1410

Soderberg, A. M., et al. 2009, Decadal Sur-
vey Whitepaper

Stubbs, C. W. 2008, Class. Quantum Grav.,
25, 184033, arXiv:0712.2598

Sylvestre, J. 2003, ApJ, 591, 1152, astro-
ph/0303512

Vallisneri, M. 2000, Physical Review Let-
ters, 84, 3519, gr-qc/9912026

Wang, Y., Holz, D. E., & Munshi, D. 2002,
ApJL, 572, L15, astro-ph/0204169
Woosley, S. E., & Bloom, J. S. 2006, Ann.
Rev. Astron.& Astrophys. , 44, 507, astro-
ph/0609142

Zhang, B. 2007, Chinese Journal of As-

tronomy and Astrophysics, 7, 1, astro-
ph/0701520

ArXiv  e-prints,

ArXiv e-prints,


http://en.wikipedia.org/wiki/VOEvent

	Introduction
	The Science Enabled by Joint GW/EM observations
	Detecting the Expected EM Signatures
	Facilitating the Science
	Theory
	Gravitational-wave detectors
	Wide-field optical/infrared Imaging
	High-energy Surveys
	Other Facilities


