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The GW-EM Connection

Detectable GW transients in the LIGO/Virgo band require bulk motion of 
mass on short time scales: emission in other channels is also plausible

• Coalescence of Compact Objects (neutron stars and/or black holes)

➡ Short Hard Gamma Ray Bursts

➡ Optical Kilonovae

• Core collapse of massive stars

➡ Long Soft Gamma Ray Bursts

➡ Supernovae

Scientific stakes are high, but technical challenges: 

➡ localization for GW is difficult

➡ uncertainty on relative timing of GW-EM signals
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FIG. 6: Rate limit per unit volume for standard-candle
sources at the 90% confidence level for a linearly polarized
sine-Gaussian standard-candle with EGW = M⊙c

2. Within
an accuracy of a few percent, the same numerical results
hold also for sources emitting circularly polarized GWs, which
would subsequently appear elliptically polarized at the Earth.
In this Figure, all LIGO and LIGO–Virgo observations since
November 2005 have been combined together.

FIG. 7: Typical GW energy in solar masses at 50% detection
efficiency for standard-candle sources emitting at 10 kpc for
the waveforms listed in Tables II, III, and IV considering the
H1L1V1 network and the LIGO-Virgo observations since July
2009.

The typical GW energy in units of solar masses for
LIGO-Virgo observation is shown in Figure 7 computed
with Equation 4.2 using the measured hrss at 50% detec-
tion efficiency for the tested waveforms assuming a stan-
dard candle source emitting at a distance of 10 kpc. The
mass scales with the square of the fiducial distance and
the results are robust over the very wide class of wave-
forms tested. As expected, the GW energy is strongly de-
pendent on the spectral sensitivity of the network, with
a negligible dependence on the specific waveform charac-
teristics.

V. SUMMARY AND DISCUSSION

This paper reports the results achieved by the LIGO
and Virgo detectors in the search for GW transients of
duration � 1 s, without assumptions on the signal wave-
form, polarization, direction or arrival time.

Three detectors were operating at the Hanford, Liv-
ingston and Pisa sites during the second joint observa-
tion of LIGO and Virgo in 2009-2010. The detectors im-
plemented hardware upgrades in order to prototype new
subsystems planned for the upcoming advanced detec-
tors. The resulting sensitivities to GWs were comparable
to those achieved during the first LIGO-Virgo run. The
main contribution of the second run is a 50% increase in
accumulated observation time.

No event candidates were found in this search. We
set better upper limits on the rate of gravitational-wave
bursts at Earth and on the rate density of burst sources
per unit time and volume. These limits combine all avail-
able information from the LIGO–Virgo joint runs and set
the state-of-the-art on all-sky searches for transient grav-
itational waves of short duration.

The reported hrss amplitude of the GW at Earth can
be converted into the energy emitted by a source at some
fiducial distance assuming a simple model as in Equa-
tion 4.2. For example, the energy emitted in gravita-
tional waves in units of solar masses at a distance of 10
kpc and considering measured hrss at 50% detection ef-
ficiency (Table II) is � 2.2 · 10−8M⊙ for signal frequen-
cies near 150 Hz (5.6 · 10−2M⊙ at 16 Mpc). These GW
energies, though obviously depending on the signal fre-
quency, are approximately constant over different polar-
ization models of the GW emission, including linearly
polarized sources, circularly polarized sources and un-
polarized emission with random polarization amplitudes
(see Tables II, III, and IV).

The long baseline interferometric detectors LIGO and
Virgo are currently being upgraded to their advanced
configurations, and the next joint observation is planned
for 2015. Another advanced detector, LCGT [39, 40], is
being built in Japan, and there are proposals to realize
an additional advanced LIGO detector outside the USA.
These advanced detectors should achieve strain sensi-
tivities a factor of ten better than the first-generation
detectors. For example, at design sensitivity these de-
tectors should detect a typical core-collapse supernova
anywhere in the galaxy [41] and will be able to put con-
straints on extreme scenarios for core collapse supernovae
within the Local Group [4, 42]. Other possible short du-
ration sources, such as the merger of very high mass stel-
lar black hole binaries, could be visible at distances ex-
ceeding 1 Gpc. During advanced detector observations,
gravitational-wave detections are predicted to occur on
a regular basis [43], thus greatly expanding the field of
gravitational-wave astrophysics.

~2×10–8  M c2

GW energy in short pulses 
from the galactic center, 

detectable  with 50% 
probability.  Function of 

frequency and waveform.

arXiv:1202.2788

• Core Collapse Supernovae numerical simulations:   EGW up to 10−7 M⊙c2  

• Analytical calculations for extreme CCSN models:  EGW up to 10−2 M⊙c2

 

Initial LIGO/Virgo 
Sensitivity to Gravitational Wave Transients
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Matched filtering and stronger GW emission allow for further reach for compact binary 
coalescences: binary containing Neutron Stars detectable to ~50 Mpc in Initial detectors
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False Alarm Rates and Significance:
Blind Injection Challenges in Initial LIGO/Virgo

• The Equinox Event - 09/21/2007

• Expect FAR < 1/500 yrs in Gaussian noise

• Actual FAR = 1/43 yrs   [1/5 yrs with trials factor]

• The probability of seeing one background event 
as loud as this was ~10%, too high to exclude a 
possible accidental origin of this event

PRD 81 (2010) 102001

• The Big Dog Event - 09/16/2010

• FAR = 1/40,000 yrs   [1/7,000 with trials factor]

• Would have declared a detection (had it not 
been an injected signal)

Blind injection

Blind injection

4
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Motivation for a Follow-up Program
• Catch a counterpart 

• missed GRB, orphan afterglow from off-axis or “failed” GRB, kilonova...

• Optical/Radio/X-ray transient would make an event “stronger”: increase confidence 
in the astrophysical origin of a gravitational wave candidate

• detect weaker GW events?
• More precise localization (in a host galaxy or outside?)
• Compare GW and EM emissions (strength, time...) for insight into the progenitor 

and environment physics 

• Complementary information gives clues to open questions 

• are compact object mergers engines for short GRBs?
• birth and evolution of black holes? 
• tests of GR (propagation speed and polarization)

5
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Managing accidental coincidences will require expertise from both sides

what is the normal populations of similar transients (in GW and EM)?
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The 2009-2010 EM Followup Program
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A&A 539, A124 (2012)

Table 1. Partner instrument characteristic properties.

Name Band FOV (square degrees) Aperture (m) Exposure time (s) Limiting 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 III 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 N/A 14 400 N/A
Swift X-ray 0.15 N/A 200−5000 N/A
Swift UV, Optical 0.078 0.3 200−5000 24

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

Table 2. Partner instrument follow-up information.

Name Run Tiles per trigger Target alerts per week Triggers imaged
Palomar Transient Factory Autumn 10 1/3 1
Pi of the Sky Autumn 1 1 1
QUEST Both 3 1 5
ROTSE III 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 1/4 2

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

3.2.2. Radio and X-ray instruments

LOFAR (Fender et al. 2006; de Vos et al. 2009; Stappers et al.
2011) is a dipole array radio telescope based in The Netherlands
but with stations across Europe. The array is sensitive to frequen-
cies in the range of 30 to 80 MHz and 110 to 240 MHz, and can
observe multiple simultaneous beams, each with a FWHM vary-
ing with frequency up to a maximum of around 23◦. During the
autumn run, LOFAR accepted triggers at a target rate of 1 per
week and followed up each with a four-hour observation in its
higher frequency band, providing a ∼25 square degree FOV.

Although not used in the prompt search during the science
run, the Expanded Very Large Array (Perley et al. 2011) was
used to follow up a few triggers after the run with latencies of 3
and 5 weeks.

The Swift satellite (Gehrels et al. 2004) carries three in-
struments, each in different bands. Swift granted several tar-
get of opportunity observations with two of these, the X-ray
Telescope (XRT) and UV/Optical Telescope (UVOT), for the
winter and autumn observing periods. The XRT is an imaging
instrument with a 0.15 square degree FOV, sensitive to fluxes
around 10−13 ergs/cm2/s in the 0.5−10 keV band. A few fields
were imaged for each trigger that Swift accepted.

4. Trigger selection

The online analysis process which produced GW candidate trig-
gers to be sent to telescopes is outlined in Fig. 2. After data and
information on data quality were copied from the interferometer

Fig. 2. A simplified flowchart of the online analysis with approximate
time requirements for each stage. Data and information on data quality
were generated at the Hanford, Livingston, and Virgo interferometers
(H1, L1, and V1) and copied to centralized computer centers. The on-
line event trigger generators produced coincident triggers which were
written into the GraCEDb archive. The LUMIN and GEM algorithms
selected statistically significant triggers from the archive and chose
pointing locations. Significant triggers generated alerts, and were val-
idated manually. If no obvious problem was found, the trigger’s esti-
mated coordinates were sent to telescopes for potential follow-up.

sites to computing centers, three different data analysis algo-
rithms identified triggers and determined probability skymaps.
The process of downselecting this large collection of triggers to
the few event candidates that received EM follow-up is described
in this section.

After event candidates were placed in a central archive, addi-
tional software used the locations of nearby galaxies and Milky
Way globular clusters to select likely source positions (Sect. 5).

A124, page 6 of 15

Abadie et al. 2012 A&A 539; Abadie et al. 2012 A&A 541

!!!" Data Collection and Transfer 

Need at least 3 operating detectors to localize signals well 
Coordinate science runs and downtimes when possible 

Calibrate data, transfer to computing centers for analysis 
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The 2009-2010 EM Followup Program:
LUMIN Galaxy Targeting

• Used positions of known galaxies within 50 MPc  White et al, CQG 28, 085016

• Weight by blue light luminosity, inversely by distance

• CBC candidates: only consider galaxies closer than measured effective 
distance for the trigger

7

!!!"

23 

LUMIN Galaxy Targeting 

Use positions of known galaxies within 50 Mpc 
White et al., CQG 28, 085016 

Weight by blue light luminosity, and inversely by distance 
MBTA: only consider galaxies closer than measured effective distance for the trigger A&A 539, A124 (2012)
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Fig. 3. The weighting and tiling process for a simulated signal reconstructed by cWB. The skymap is shown in the left panel with the highest
likelihood regions in red, and lower ranked pixels in blue, along with galaxy locations marked as black circles. The right panel shows the location
and approximate size of the three chosen QUEST tiles, along with the locations of pixels that are retained after weighting by the galaxy catalog.
The injection location is caught by the southernmost tile, and is marked with an asterisk.

6.2. Telescope response

The wide variety of telescopes involved in the search led to a
diversity of observing strategies, with each partnering group ap-
plying a different cadence. By design, most of the telescopes in
the network were robotic, and could respond to alerts without
human intervention. In a few cases this allowed response times
of less than a minute after an alert was sent, though response
times of a few hours were more typical due to wait time for tar-
gets to be overhead.

During the winter run, QUEST responded to three triggers,
making 2 exposures of each field on the night of the request.
TAROT responded to one winter run trigger, taking six images
on the night of the request. Swift also responded to one trigger in
the winter run, taking one exposure of each field following the
request, and then a second set of exposures on a later date to be
used as reference images.

For most observatories in the summer run, the observing plan
called for capturing a first image of the selected fields as rapidly
as possible, with follow-up observations every night or every
other night out to five days after the trigger time. For the optical
observatories, any night’s observation included 2 or more expo-
sures for each field, to help eliminate asteroids, CCD artifacts,
and other contaminants from the data set. In addition, some fields
were imaged at later times, up to a month after the trigger time,
to provide reference images, or possibly to capture a light curve
with a late brightening time. TAROT, Zadko, PTF, QUEST, and
Pi of the Sky all followed this recipe. ROTSE executed a more
aggressive observing plan, collecting a set of 30 images in rapid
succession on the first night, and then sets of eight images on
each of 15 nights following the trigger with intervals of two days
on average. As in the winter run, Swift made one exposure of
each field following the trigger, and then collected a reference
image after a lag of several weeks. The Liverpool Telescope de-
voted roughly one hour of observation upon receiving a trigger,
and then collected reference images a few weeks after the trig-
ger time. The LOFAR response was not automated. A telescope
operator made a single, four hour observation one to four days
after delivery of a trigger. SkyMapper also required manual in-
tervention to respond to a trigger, and so responded on a best
effort basis.

7. Performance study

7.1. Simulated Waveform Injections

An ensemble of simulated GW signals was generated to mea-
sure the effectiveness of the reconstruction and follow-up pro-
cedures. For the Omega and cWB burst pipelines, these “soft-
ware injections” were a mix of ad hoc sine-Gaussian, Gaussian,
and white noise burst waveforms similar in type and distribution
to those used in previous LIGO/Virgo all-sky analyses (Abbott
et al. 2009b; Abadie et al. 2010b). While these waveforms are
not based on specific astrophysical models, they do a good job
of characterizing detector response for signals in specific fre-
quency ranges (sine-Gaussians) and broadband signals (white-
noise bursts). For MBTA (see Sect. 4.1.3), injections were drawn
from NS-NS and NS-BH inspiral waveforms with a range of pa-
rameters. To emulate a realistic spatial distribution, each injec-
tion was calculated with a source distance and direction inside
a randomly selected galaxy from the GWGC and the simulated
GW amplitudes were weighted to be inversely proportional to
distance. Only galaxies within 50 Mpc were included in the sim-
ulation, with weighting factors applied so that the probability of
originating from each galaxy was proportional to its blue light
luminosity. The simulation set and the analysis used the same
catalog, so the results presented in Figs. 6−8 make the assump-
tion that the blue light luminosity distribution of galaxies in the
GWGC is a good tracer of GW sources in the local universe.
Signals were superimposed on real LIGO-Virgo gravitational
wave data taken between August and December 2009.

While performance studies in this paper were done using
software injections, a relatively small number of tests in which
a signal was physically put into the interferometer via actuators
(“hardware injections”) were also performed, providing an addi-
tional cross-check.

7.2. Testing results

Because the skymap likelihood regions are often irregularly
shaped, the size of the uncertainty region is characterized by the
“searched area”, defined as the angular area of the skymap with
likelihood greater than the likelihood at the true source location.

A124, page 10 of 15

Abadie et al. 2012 A&A 539; Abadie et al. 2012 A&A 541
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The 2009-2010 EM Followup Program:
Observing Partners

• Optical telescopes:

• Winter run: 8 alerts sent, 4 
observed by at least one 
telescope 

• Fall run: 6 alerts sent, 5 
observed by at least one 
telescope (incl. big dog)

• SWIFT satellite:

• 2 GW alerts sent and 
observed (XRT, UVOT)

• Radio Interferometers:

• LOFAR: 5 GW alerts sent 
and observed

• Expanded VLA: 2 GW 
alerts observed in high 
latency (weeks) followup

8

Abadie et al. 2012 A&A 539; Abadie et al. 2012 A&A 541

Mostly wide field optical, but also 
LOFAR (radio) and Swift (X-ray, UV)

Agreement by MOU
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The 2009-2010 EM Followup Program:
Optical Image Analysis

• Search for EM transient object counterpart by analyzing a series of images 
taken in consecutive epochs - still in progress.

• Astronomy skills needed for identification of transient objects, removal of 
“contaminating events”, complication of large sky area to be analyzed

• Optical false alarm rate depends on the telescope, image analysis procedure, 
source position... importance of all-sky surveys independent of GW triggers 

9
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The 2009-2010 EM Followup Program:
SWIFT

• 2 events followed up (incl. Big Dog): 

• FAR 1/35d 

• > 20% skymap covered by up to 
5 XRT tiles

• X-ray analysis (0.4°x0.4° fields):       
20 detections (1.5 σ)

• Optical/UV:  6800 detections

• All consistent with expected 
serendipitous sources; no single 
source with significant variability

• improved efficiency vs false alarm 
probability 
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Fig. 3.— Efficiency as a function of false alarm probability for the
joint LIGO-Virgo and Swift search. The solid (dotted) curves rep-
resent performance of the joint search with five (ten) fields observed
by Swift for various values of the flux of an X-ray counterpart (in
units of erg s−1 cm−2) at a distance of 50 Mpc, S50Mpc. The
dashed line is the curve for the GW only search.

ments to these will continue to be made in the future on
both the EM and GW side. The relatively narrow FOV
of instruments such as Swift with respect to the limited
pointing resolution abilities of GW interferometers makes
identifying the position of the source on the sky non-
trivial. A possible fourth detector site in India, Japan
or elsewhere and continued refinements in source local-
ization algorithms are likely to reduce the sky-position
error area. On the EM side, a more highly optimized
faint source detection scheme for XRT transients might
yield improvement in EM sensitivity. In late 2011 Swift
implemented on-board software changes to allow auto-
matic scheduling sequences of partially overlapping XRT
FOV exposures in response to ToO observation requests
for targets with position uncertainties larger than the
FOV- this will assist the follow-up of GW targets. A
significant role will also be played by prompt follow-up
campaigns in the optical band that may provide rapid
sub-degree source localizations. Such localizations may

facilitate the subsequent follow-up with narrow FOV in-
struments including Swift, thus significantly improving
the chances of capturing the X-ray signatures of GW
sources.
In order to carry out multimessenger astrophysics with

GWs, it will be extremely important to have Swift and/or
Swift-like satellites capable of rapid pointing, multi-
wavelength observations and of as wide a field of view as
possible operating concurrently with the advanced GW
detector network later in this decade. Maximizing the
science from GW astronomy will require sensitive partner
instruments all across the EM spectrum. The successful
completion of this end-to-end program of EM follow-ups
by Swift and other observatories during the most recent
science runs of the LIGO-Virgo network provides confi-
dence that such joint observations will be both techni-
cally feasible and scientifically valuable endeavors in the
future.
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APPENDIX

DERIVATION OF THE JOINT LIKELIHOOD RATIO

In this section we derive from first principles Equation (2) that we used in Section 5 in order to establish the detection
statistic of the joint GW-EM search. Using Bayes’ theorem, the probability skymap for a potential GW source, pm(Ω),
can be written as

pm(Ω | η, signal) =
p(η |Ω, signal)p(Ω | signal)

p(η | signal)
(A1)

where p(η |Ω, signal) and p(η | signal) are the conditional probabilities to measure a GW signal with coherent network
amplitude η in the case of a source located at Ω and a source with unknown location, respectively; p(Ω | signal) is the
prior probability distribution for source location, which in this search is determined by the distribution of galaxies in
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Hisenda i Innovació of the Govern de les Illes Balears,
the Foundation for Fundamental Research on Matter
supported by the Netherlands Organisation for Scien-
tific Research, the Polish Ministry of Science and Higher
Education, the FOCUS Programme of Foundation for
Polish Science, the Royal Society, the Scottish Fund-
ing Council, the Scottish Universities Physics Alliance,
The National Aeronautics and Space Administration, the
Carnegie Trust, the Leverhulme Trust, the David and
Lucile Packard Foundation, the Research Corporation,
and the Alfred P. Sloan Foundation. This work was also
partially supported through a NASA grant/cooperative
agreement number NNX09AL61G to the Massachusetts
Institute of Technology. P. Evans and J.P. Osborne ac-
knowledge financial support from the UK Space Agency.

APPENDIX

DERIVATION OF THE JOINT LIKELIHOOD RATIO

In this section we derive from first principles Equation (2) that we used in Section 5 in order to establish the detection
statistic of the joint GW-EM search. Using Bayes’ theorem, the probability skymap for a potential GW source, pm(Ω),
can be written as

pm(Ω | η, signal) =
p(η |Ω, signal)p(Ω | signal)

p(η | signal)
(A1)

where p(η |Ω, signal) and p(η | signal) are the conditional probabilities to measure a GW signal with coherent network
amplitude η in the case of a source located at Ω and a source with unknown location, respectively; p(Ω | signal) is the
prior probability distribution for source location, which in this search is determined by the distribution of galaxies in

arXiv:1205.1124



11

S7/VSR5?

Advanced 
LIGO/Virgo

Initial 
LIGO/Virgo

Enhanced 
LIGO/Virgo

1999 2001 2003 2005 2007 2009 2011 2013 2015

Inauguration Full Lock

S5/VSR1 S6/VSR2,3 Advanced

Strain noise at 150 Hz [Hz-1/2]

10-23

10-22

10-21

10-20

10-19

sq
rt

(P
SD

) 
[H

z-1
/2
]

LIGO-G1200541-v1!
!

! ! ! ! ! ! !!

Advanced LIGO Update!
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(!reach") by ~ 10X  ! ~1000X increase in 
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!" Expect 4-40 detections per year when at 
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!" Advanced LIGO funded April 2008 !
»" 7 year construction project, will complete in 

early 2015 !

!" $205.1M in funding from NSF; $30M 
from international partners!

!" Project is now 70% complete !
»" Was ~50% complete at last LAAAP meeting!

!" Entering integration and commissioning 
phase!

»" Still on schedule, still on budget !
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EM Followup with Advanced Detectors:
The Plan

12

!!!" Rapid Alerts for Follow-up Observations 

Goal: Catch a counterpart that would have been missed 
(or detected only later) 

Missed GRB, orphan afterglow from off- kilonova  

 Confirm event, localize accurately, compare GW & EM emissions 
10 
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EM Followup with Advanced Detectors:
Requirements  

• Coordination of science runs and downtime to maximize coverage, 
localization

• Calibrate data, transfer to computing centers (Latency ~1 minute)

• Run the analysis, collect triggers (Latency ~ 3-6 minutes)

• Map out distribution of detection statistic for random coincidences, estimate 
false alarm rate for each trigger, validate data quality, etc. before accepting as 
event candidate (Latency ~10-30 minutes)

• Localize position (see Fairhurst’s talk)

13

!!!" Position Reconstruction 

Mainly from time-of-flight triangulation 
Coherent analysis using antenna responses can resolve ambiguities 

The GW detector network generally does not localize sources well 
Signal wavelengths are comparable to baselines between detectors 
Working at very low signal-to-noise ratio 
Depends on strength and bandwidth of signal, and detector noise curves 
Need to consider calibration uncertainties too 

ROUGH GUIDE to typical achievable error region areas: 
2 detectors:  ~1000 square degrees (annulus) 
3 detectors:  tens of square degrees 
4 detectors:  ~10 square degrees 

 

14 

#$"%&&' %&(&) 
Virgo less sensitive by a factor of a few  error regions were elongated arcs 
Targeted nearby galaxies in error region for more manageable follow-up 

Some signals will 
be localized better 

14 
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EM Followup with Advanced Detectors:
Network and Error Regions

14

Klimenko et al, PRD 83 (2011) 102001

!50% ¼ Aþ B
!
10

"det

"
þ C

!
10

"det

"
2
: (5.2)

The parameter A is the median error angle for events with
very large SNR: it may not be zero due to various factors
limiting the resolution (see Sec. VI). The sum of the fit
parameters Aþ Bþ C is the median error angle for events
with "det ¼ 10. Figure 4 also shows a dependence of the
coordinate resolution on the number of detector sites in
the network. There is a significant improvement of the
resolution when more sites are added to the network. This

is particularly noticeable at low SNR, which is very impor-
tant because the anticipated GW signals are likely to be
weak.
Because of several limiting factors (see Sec. VI) the

reconstruction is not uniform in the sky. Figure 5 shows
the distribution of the median error angle across the sky for
different network configurations. There is a dramatic im-
provement of the coordinate reconstruction for the AHLV,
HJLV, and AHJLV networks. However, for the four-site
networks there remain areas where the source localization
is poor. Figure 6 compares the pointing capabilities of the
network consisting of three, four, and five sites by present-
ing the fraction of the sky where the reconstruction is
performed with a given error area. This figure also shows
a significant improvement of the source localization (par-
ticularly for the 90% error area) as more sites are used for
the reconstruction. The best coordinate resolution is ob-
tained with the five-site network, and it is compatible with
the field of view of most optical telescopes.
The coordinate resolution also depends on the waveform

morphology and the polarization content of GW signals
(for details, see Sec. VIB). If reconstructed with the least
constrained unmodeled algorithm, the SG waves with lin-
ear and circular polarization have less accurate source
localization (see Fig. 7). However, the coordinate resolu-
tion can be significantly improved if the reconstruction is

FIG. 5 (color online). Median error angle for HLV, AHLV,
HJLV, and AHJLV networks (from top to bottom) as a function
of source coordinates (#—latitude, $—longitude) for injections
with the network SNR< 30.

FIG. 6. Fraction of the sky (vertical axis) for three-site
(LH~HV), four-site (AHLV and HJLV), and five-site (AHJLV)
networks where sources (all waveform types with "net < 30) are
reconstructed with a given 50% (top panel) and 90% (bottom
panel) error region (horizontal axis).

S. KLIMENKO et al. PHYSICAL REVIEW D 83, 102001 (2011)

102001-8

fraction of the sky with given 90% confidence angular area 
error for transient GW events with SNR<30

error region (deg2)

5 sites
4 sites 

(Japan or 
Australia)

3 sites

Australia -> India
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EM Followup with Advanced Detectors:
Communication with Observers

• Collect event candidate information

• Signal type, significance, time, sky map, estimated physical parameters

• Standardized format (VOEvent?)

• Send alert to observers

• Plan to use standard channels (GCN/TAN, VOEventNet)

• May have revised information to distribute later

• LSC and Virgo are committed to releasing public alerts in the long run; but 
until first few GWs are detected, work with partners through MOUs

➡ https://dcc.ligo.org/cgi-bin/DocDB/ShowDocument?docid=M1200055

15

https://dcc.ligo.org/cgi-bin/DocDB/ShowDocument?docid=M1200055
https://dcc.ligo.org/cgi-bin/DocDB/ShowDocument?docid=M1200055
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EM Followup with Advanced Detectors:
Trigger Release Policy

16

LIGO DCC M1200055
LSC AND VIRGO POLICY ON RELEASING GRAVITATIONAL WAVE TRIGGERS TO 
THE PUBLIC IN THE ADVANCED DETECTORS ERA 
 
The LSC and Virgo recognize the great potential benefits of multi-messenger observations, 
including rapid electromagnetic follow-up observations of GW triggers. Both Collaborations (the 
LSC and Virgo) will partner with astronomers to carry out an inclusive observing campaign for 
potentially interesting GW triggers, with MoUs to ensure coordination and confidentiality of the 
information. They are open to all requests from interested astronomers or astronomy projects 
which want to become partners through signing an MoU. They encourage colleagues to help set 
up and organize this effort in an efficient way to guarantee the best science can be done with 
gravitational wave triggers.  
 
After the published discovery of gravitational waves with data from LSC and/or Virgo detectors, 
both the LSC and Virgo will begin releasing especially significant triggers promptly to the entire 
scientific community to enable a wider range of follow-up observations.  This will take effect 
after the Collaborations have published papers (or a paper) about 4 GW events, at which time a 
detection rate can be reasonably estimated.  The releases will be done as promptly as possible, 
within an hour of the detected transient if feasible. Initially, the released triggers will be those 
which have an estimated false alarm rate smaller than 1 per 100 years. 
 
Partners who have signed an MoU with the LSC and Virgo will have access to GW triggers with 
a lower significance threshold and/or lower latency, according to the terms of the MoU, in order 
to carry out a more systematic joint observing campaign and combined interpretation of the 
results. 
 
Throughout the Advanced Detectors era, the LSC and Virgo will release appropriate segments of 
data from operating detectors corresponding to detected gravitational waves presented in 
LSC/Virgo authored publications, at the time of the publication, including the first claimed 
detection of gravitational waves.  
 
 
 
The text of this policy was approved by LSC Council on March 21st , 2012; it was approved by 
the EGO Council on May 4th, 2012.  

The LIGO Data Management Policy LIGO-M1000066 will take precedence in how LIGO data 
are released should this policy and the LIGO DMP be in potential conflict. !
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EM Followup with Advanced Detectors:
Timeline

• Detector acceptance: all subsystems are installed, integrated, and have passed 
stand-alone in-situ testing; the detector can acquire the locked state for two hours - 
expected mid 2014

• Discovery Phase (2015-2016?) Collaboration with partners with MOUs (open call)

• Observational Phase (after 4 detected GW events, 2017/8+?): significant triggers 
released to the public with low latency. LIGO GW data released to the public with 
some latency (~2 years?), and periodic cadence (~6 months?)

17

Similar timeline expected for Virgo; LIGO-India 2020-2022 (?)
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Data Release Sample: GRB051103
http://www.ligo.org/science/GRB051103

18
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Conclusions

• Scientific potential and challenges of an EM followup program

• The program was successfully tested with initial LIGO/Virgo during the 
2009-2010 data acquisition campaign 

• In the Advanced Detector era, significant triggers will be released with low 
latency, full data set with slower cadence

• Early on (before first detections, and during shake-down) collaboration with 
observing partners will be by agreement/MOU, but broad participation is 
welcome and encouraged
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