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THROWING MATTER INTO THE MIX: 
EM signatures of neutron star mergers
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Figure 1
Phases of a neutron star (NS) merger as a function of time, showing the associated observational signatures
and underlying physical phenomena. Abbreviations: BH, black hole; GRB, γ -ray burst; GW, gravitational
wave; ISM, interstellar medium; n, neutron; UV, ultraviolet; Ye , electron fraction. Coalescence inset
courtesy of D. Price and S. Rosswog (see also Reference 15).

∼3–7 year−1 for aLIGO/AdV, consistent with the empirical estimates above. However, the full
range of rates provided in the literature varies by several orders of magnitude (e.g., 6, 23), due
to the large uncertainties in the physics of binary evolution, such as the treatment of common
envelope evolution, wind mass loss from high-mass stars, the evolution of metallicity with redshift,
and supernova NS and BH kicks.

NSNS rate calculations usually neglect the influence of external stellar interactions on the
evolution of binaries, as justified for the vast majority of stars. In dense stellar environments,
however, such as globular clusters or young stellar clusters, dynamical interactions may enhance
the assembly rate of tight NS binaries (e.g., 26, 27). Additional theoretical uncertainties arise
in estimating merger rates in this case due to the poorly constrained evolution of dense stellar
systems. A key aspect of dynamically captured binaries is their potential to merge while the binary
orbit still possesses high eccentricity (e.g., 28, 29). Although this channel likely represents a small
fraction of all mergers (27), even a subdominant population of such events could be of outsized
importance to r-process production and kilonova emission (Section 5.2), given the larger ejecta
mass from eccentric mergers (29).

2.2. Precursor Emission
Compared with the postmerger phase, little study has been dedicated to EM emission during
the late inspiral phase prior to coalescence. If at least one NS is magnetized, then the orbital
motion of the conducting companion NS or BH through its dipole magnetic field induces a
strong voltage and current along the magnetic field lines connecting the two objects (e.g., 30–
33). This voltage accelerates charged particles, potentially powering EM emission that increases
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• Resonant shattering of 
NS crust → gamma, X-
ray precursor 

• Rapid accretion, 
relativistic fireball → 
short GRB 

• Central engine 
(magnetar wind) → 
extended, isotropic X-
ray emission 

• Synchrotron cooling of 
shock-accelerated 
relativistic electrons → 
broadband afterglow 

• Radioactive ejecta → 
macronova/kilonova 

• Ejecta-shocked ISM → 
slow radio remnant

http://adsabs.harvard.edu/abs/2016ARNPS..66...23F


DIGGING UP FOSSILS OF NEUTRON 
STAR MERGERS in our own backyard

 

 
Figure 2: Chemical abundances of stars in Reticulum II. 
Panels a-b: Abundances of neutron-capture elements Ba and Eu for stars in Ret II (large red 
points) compared to halo stars23 (small gray points) and UFD stars in Segue 1, Hercules, Leo IV, 
Segue 2, Canes Venatici II, Bootes I, Bootes II, Ursa Major II, and Coma Berenices (medium 
colored points, see references in refs. [11,14,15]). Arrows denote upper limits. The notation 
[A/B] = log10(NA /NB) – log10(NA/NB)sun quantifies the logarithmic number ratio between two 
elements relative to the solar ratio. The [Eu/Fe] ratios of the Ret II stars are comparable to the 
most r-process enhanced halo stars known. All other UFDs have very low neutron-capture 
abundances.  
Panel c: Neutron-capture abundance patterns of elements in the main r-process for the four 
brightest Eu-enhanced stars in Ret II compared to the scaled solar r and s process patterns9 
(purple and yellow lines, respectively). Solar abundance patterns are scaled to Ba. Each star’s 
abundances are offset by multiples of 5. All four stars clearly match the universal r-process 
pattern. The [Eu/Ba] ratios for the three fainter stars are also consistent with the universal r-
process pattern. We used spectrum synthesis to derive abundances of Ba, La, Pr, and Eu. Other 
neutron-capture element abundances were determined using equivalent widths of unblended 
lines. Error bars indicate the larger of 1) the standard deviation of abundances derived from 
individual lines accounting for small-number statistics; and 2) the total [Fe/H] error (including 
stellar parameter uncertainties). Stellar parameter uncertainties for Teff, log g, and 
microturbulence were 150K, 0.3 dex, and 0.15 km s-1 respectively. For the 7th and 9th stars in 
Table 1, the temperature errors were 200K due to low signal-to-noise and few iron lines. !

Ji+ 2016

significance level of this result is not very high at ∼ 94%8 while
the estimated excess is also quite modest, i.e., of order of 4
objects.
Having established a possible connection between the

Magellanic Clouds and the DES satellites, we study the
distribution of the new objects in the plane of the LMC’s orbit.
Figure 20 shows the MW satellites (GCs, dwarfs and DES
satellites) projected onto the plane defined by the vector of the
LMC’s velocity as given in Kallivayalil et al. (2013).9 We also
show the forward- and backward-integrated orbits of the LMC
in two MW potentials with different DM halo concentrations
(c = 10 and c = 25). Colored regions correspond to the
fraction of the Galactic volume covered by the SDSS, VST
ATLAS and DES surveys as projected onto the LMC’s orbital
plane. The three slightly over-lapping surveys have together
covered a large portion of the sky. However, some lacunae still
remain, most notably directly in front of the LMC-SMC pair as
judged by the vector of the LMC motion (black arrow). As
expected, the DES satellites bunch tightly outside the SMC’s
orbit. However, while the objects have similar in-plane
coordinates, not all of our satellites actually lie close to the
orbital plane of the LMC. The distance from the LMC’s orbital
plane is shown in Figure 21. Only, Reticulum 2, Horologium 1
and Eridanus 3 have small heights above the plane ∣ ∣ <z 10LMC
kpc. The distribution of the other six objects do not show any
strong alignment with the LMC’s orbit.
The accretion of the Magellanic system has left behind a trail

of neutral hydrogen. Figure 22 compares the positions of the
DES satellites to the distribution of HI in the Magellanic
Stream as traced by Putman et al. (2003). Curiously, the DES
satellites seem to avoid the high column density portions of the
stream. The spatially distinct behavior of the gas and the stars is

Figure 19. Distance to the Galactic center as a function of the distance to the
LMC. The symbols follow the same scheme as in Figure 18. The blue-white
2D histogram in the background gives the expected density of objects assuming
isothropic distribution on the sky (see text for more details). The red dashed
line defines the “zone of influence” of LMC. The inset shows the distribution of
the number of objects inside the zone of influence as predicted by reshuffling
the position vectors of the known satellites. The red solid line in the inset
shows the actual number of satellites in the “zone of influence” of LMC. We
conclude that the detected objects constitute an overdensity around the LMC
with a significance of 94%.

Figure 20. Distribution of the MW satellites in the orbital plane of the LMC.
The symbols are assigned following the convention described in Figure 18.
Colored 2D histograms reflect the projection of the surveyed volume of SDSS
(blue), VST ATLAS (green), and DES (lilac), with darker shades indicating
nearly complete coverage of the volume out to 250 kpc. Arrow shows the
direction of the LMC’s motion as measured by Kallivayalil et al. (2013). Four
LMC orbits are shown: two integrated forward in time and two backward in
time for two different MW potential, one with a DM halo with concentration
c = 10 and one with c = 24.

Figure 21. Distance from the LMC orbital plane ∣ ∣ZLMC as a function of the
distance from the center of the LMC. Symbols are assigned as before, albeit the
MW globular clusters are gray to aid clarity. Only three of nine new satellites
show alignment with the LMC’s orbital plane. These are Reticulum 2,
Horologium 1, and Eridanus 3.

8 The boundary in the RLMC versus RGC space used for the test is chosen to be
as simple as possible to avoid artificially inflating the p-value.
9 The transformation from the Galactocentric coordinates (X, Y, Z) (Xis
positive toward the Galactic anticenter) to X Y Z, ,LMC LMC LMC shown in Figures
20 and 21 is defined by = − +X X Y Z0.10490391 0.99448236 0LMC ;

= + +Y X Y Z0.14676983 0.015482154 0.98904950LMC ;
= − − +Z X Y Z0.98359229 0.10375516 0.14758415LMC .

15

The Astrophysical Journal, 805:130 (18pp), 2015 June 1 Koposov et al.

Ultra-faint dwarf galaxy Reticulum II discovered by Dark Energy Survey, 
has 2–3 orders of magnitude higher abundances of r-process elements 
than other MW satellites → evidence for a single r-process 
enrichment event

http://arxiv.org/abs/1512.01558


TO FIND NEUTRON STAR MERGERS, 
look no further than the sea

• Concentration of 244Pu in deep-sea 
sedimentary rock 

• Half-life = 85 My, so no active 
contribution from solar system 

• Lower concentration than expected 
for r-process dominated by 
supernovae (Wallner+ 2015) 

• Low-rate, high-yield process preferred 
over high-rate, low-yield process → 
NS binaries (Hotokezaka+ 2015)

Wallner+ 2015

http://adsabs.harvard.edu/abs/2015NatCo...6E5956W
http://arxiv.org/abs/1512.01558v2
http://adsabs.harvard.edu/abs/2015NatCo...6E5956W


The future is bright!
• EM counterparts of LIGO 

sources 

• Central engine vs. external 
fireball and ejecta 

• Pinpoint host galaxy, 
determine formation 
environment 

• Standard sirens: Calibration-
free rung on cosmological 
distance ladder 

• Explain cosmic abundance of 
heavy elements – “bling nova”

• Explain nature of short GRBs 

• …and (uh oh): challenge 
whether stellar BBHs are truly 
barren of matter!

Understanding the full astrophysical 
richness of compact binaries will take not 
just LIGO, but the broad astronomy 
community across many wavelengths!





GW150914

GW151226

LVT151012

8

FIG. 4. Posterior probability densities of the masses, spins and distance to the three events GW150914, LVT151012 and GW151226. For the
two dimensional distributions, the contours show 50% and 90% credible regions. Top left: component masses msource

1 and msource
2 for the three

events. We use the convention that msource
1 � msource

2 , which produces the sharp cut in the two-dimensional distribution. For GW151226 and
LVT151012, the contours follow lines of constant chirp mass (M source = 8.9+0.3

�0.3 M� and M source = 15.1+1.4
�1.1 M� respectively). In all three

cases, both masses are consistent with being black holes. Top right: The mass and dimensionless spin magnitude of the final black holes.
Bottom left: The effective spin and mass ratios of the binary components. Bottom right: The luminosity distance to the three events.

a greater impact upon the inspiral. We find that smaller spins
are favoured, and place 90% credible bounds on the primary
spin a1  0.7 for GW150914, a1  0.7 for LVT151012, and
a1  0.8 for GW151226. In the case of GW151226, we infer
that at least one of the components has a spin of � 0.2 at the
99% credible level.

While the individual component spins are poorly con-
strained, there are combinations that can be better inferred.
The effective spin ceff, as defined in Equation 6, is a mass-
weighted combination of the spins parallel to the orbital an-
gular momentum [71–73]. It is +1 when both the spins are
maximal and parallel to the angular momentum, �1 when
both spins are maximal and antiparallel to the angular mo-
mentum, and 0 when there is no net mass-weighted aligned
spin. Systems with positive ceff complete more cycles when
inspiralling from a given orbital separation than those with
negative ceff [70, 110]. While ceff has a measurable effect
on the inspiral, this is degenerate with that of the mass ratio
as illustrated for the lower mass inspiral-dominated signals in
Fig. 4.

Observations for all three events are consistent with small
values of the effective spin: |ceff|  0.17, 0.28 and 0.35 at
90% probability for GW150914, LVT151012 and GW151226
respectively. This indicates that large parallel spins aligned or
antialigned with the orbital angular momentum are disfavored.

It may be possible to place tighter constraints on each com-
ponent’s spin by using waveforms that include the full effects
of precession [39]. This will be investigated in future analy-
ses.

All three events have final black holes with spins of ⇠ 0.7,
as expected for mergers of similar-mass black holes [111,
112]. The final spin is dominated by the orbital angular mo-
mentum of the binary at merger. Consequently, it is more pre-
cisely constrained than the component spins and is broadly
similar across the three events. The masses and spins of the
final black holes are plotted in Fig. 4.

The spin of the final black hole, like its mass, is calcu-
lated using fitting formulae calibrated against numerical rel-
ativity simulations. In [38] we used a formula which only in-
cluded contributions from the aligned components of the com-

LVC, arXiv:1606.04856

LIGO/Singer/Mellinger

SKY LOCATION AND DISTANCE: 
a phased array of gravitational antennas

• Sky location inferred from 
triangulation of times, phases, and 
amplitudes on arrival → bimodal 
rings of100–1000 of deg2 with only 2 
detectors 

• Distance inferred by signal amplitude 
and directional antenna patterns, but 
degenerate with inclination 
       → ~400 ± 200 Mpc for 
             GW150914-like BBH mergers



Two online GW 
transient searches: un-
modeled bursts, 
modeled compact 
binary coalescences. 

Rapid localization 
within minutes of data 
acquisition, refined 
parameter estimation 
within hours to 
weeks.



Coherent WaveBurst 
(cWB)

Wavelet-based un-
modeled detection, 
reconstruction, and 
localization of GW signals. 

Rapid burst localization 
within minutes of data 
acquisition. 

Not limited to the GW 
polarization that would be 
produced by a compact 
binary. 

Klimenko+ 2016

http://adsabs.harvard.edu/abs/2016PhRvD..93d2004K


LALInference Burst 
(LIB)

MCMC analysis 
assuming that the GW 
signal is a sine-
Gaussian. 

Refined burst 
localization within 10 
minutes–hours of data 
acquisition. 

Lynch+ 2016

http://arxiv.org/abs/1511.05955


BAYESTAR

Bayesian triangulation 
of times, amplitudes, 
and phases on arrival 
as estimated by online 
CBC pipeline. 

Rapid CBC localization 
within seconds of data 
acquisition. 

Singer+Price 2016

http://adsabs.harvard.edu/abs/2016PhRvD..93b4013S


LALInference 

MCMC analysis 
assuming that the GW 
source is a compact 
binary coalescence. 

Refined CBC parameter 
estimation + localization 
within days to months 
of data acquisition. 

Veitch+ 2015

http://adsabs.harvard.edu/abs/2015PhRvD..91d2003V
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ApJL, 826, L13 
arXiv:1602.08492
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IPN, INTEGRAL (archival)

Swift
XRT

Swift
XRT

Fermi LAT,
MAXI (ongoing)

BOOTES-3 MASTER Swift UVOT, SkyMapper, MASTER, TOROS, TAROT, VST, iPTF, Keck,
Pan-STARRS1, KWFC, QUEST, DECam, LT, P200, Pi of the Sky, PESSTO, UH

Pan-STARRS1
VST TOROS

VISTA

MWA ASKAP,
LOFAR

ASKAP,
MWA

VLA,
LOFAR

VLA,
LOFAR VLA

25 observing teams (+LIGO, 
Virgo), 1551 authors
unprecedented: broke ApJL author portal!

ASKAP, LOFAR, MWA, Fermi/GBM, Fermi/LAT, 
INTEGRAL, IPN, Swift, MAXI, BOOTES, MASTER, Pi of 
the Sky, DES/DECam, INAF/GRAWITA, iPTF, J-GEM/
KWFC, La Silla–QUEST, Liverpool Telescope, PESSTO, 
Pan-STARRS, SkyMapper, TAROT, Zadko, TOROS, 
VISTA



SELECTED HIGHLIGHTS from O1 
localization + follow-up campaign

• Prompt, accurate localization of the first LIGO signal  
(although LIGO/Virgo alert sent two days late) 

• Possible 𝛾-ray transient (Fermi GBM, though not seen by INTEGRAL SPI-ACS) 
Connaughton+ 2016, Savchenko+ 2016 

• Follow-up of nearby galaxies with Swift XRT 
Evans, Kennea, Barthelmey+ 2016 

• DECam search for failed missing supergiants/failed SN in LMC 
Annis+ 2016 

• Keck spectroscopy of iPTF candidates <1 hr after discovery images; 
superluminous supernova discovered in iPTF follow-up 
Kasliwal, Cenko, Singer+ 2016 

• DECam (Soares-Santos+), AGILE (Tavani+), XMM (Troja+), Fermi LAT (LAT Collab.), 
Pan-STARRS/PESSTO (Smartt+), Subara+HSC

http://arxiv.org/abs/1602.03920
http://arxiv.org/abs/1602.04180
http://arxiv.org/abs/1602.03868
https://arxiv.org/abs/1602.04199
http://arxiv.org/abs/1602.08764
https://arxiv.org/abs/1602.04198
http://arxiv.org/abs/1604.00955v2
http://arxiv.org/abs/1603.06585
http://arxiv.org/abs/1602.04488
http://arxiv.org/abs/1602.04156
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equation of state of NS. To search for EM emission associated
with GW events, we organized an EM follow-up observation
network J-GEM (Japanese collaboration of Gravitational wave
Electro-Magnetic follow-up; Morokuma et al. 2016) by utiliz-
ing optical-infrared-radio telescopes of Japan.

The first direct detection of GW was achieved by aLIGO
on Sep. 14 2015 (Abbott et al. 2016a). aLIGO performed
the first science run (O1) from Sep. 2015 to Jan. 2016. Just
before the regular operation of O1, aLIGO detected the GW
at Sep. 14 2015 09:50:45 UT (Abbott et al. 2016a). The
GW from this event, which was named as GW150914, was
emitted by a 36 M⊙–29 M⊙ binary BH coalescence. While
many electromagnetic (EM) follow-up observations were per-
formed for GW150914 (Abbott et al. 2016d; Abbott et al.
2016e; Ackermann et al. 2016; Evans et al. 2016a; Kasliwal et
al. 2016; Lipunov et al. 2016; Morokuma et al. 2016; Serino et
al. 2016; Smartt et al. 2016a; Soares-Santos et al. 2016; Troja et
al. 2016), no clear EM counterpart was identified with those ob-
servations except for a possible detection of γ-ray emission by
Fermi Gamma-ray Burst Monitor (GBM) (Connaughton et al.
2016). However, the Fermi GBM detection was not confirmed
by INTEGRAL observations (Savchenko et al. 2016).

aLIGO detected another GW signal during O1. This event
was detected at 03:38:53 UT on Dec. 26 2015 and was named
as GW151226. The false alarm probability of the event was
estimated as <10−7 (>5σ) and 3.5×10−6 (4.5σ) (Abbott et al.
2016c). The GWwas also attributed to a BH–BH binary merger
whose masses are 14.2+8.3

−3.7 M⊙ and 7.5+2.3
−2.3 M⊙. The final BH

mass was 20.8+6.1
−1.7 M⊙ and a gravitational energy of ∼1 M⊙

was emitted as GW. The distance to the event was 440+180
−190 Mpc

(Abbott et al. 2016c).

Here, we report the EM counterpart search for GW151226
performed in the framework of J-GEM. We assume that cosmo-
logical parameters h0, Ωm, and Ωλ are 0.705, 0.27, and 0.73,
respectively (Komatsu et al. 2011) in this paper. All the photo-
metric magnitudes presented in this paper are AB magnitudes.

2 Observations

We performed wide-field survey and galaxy targeted follow-
up observations in and around the probability skymap of
GW151226. The 90% credible area of the initial skymap cre-
ated by BAYESTAR algorithm (Singer et al. 2014) was ∼1400
deg2 (LSC and Virgo 2015). The final skymap was refined by
LALInference algorithm (Veitch et al. 2015) and the 90% area is
finally 850 deg2 (Abbott et al. 2016c). We also made an integral
field spectroscopy for an optical transient (OT) candidate re-
ported by MASTER. The specifications of the instruments and
telescopes we used for the follow-up observations are summa-
rized in Morokuma et al. (2016).

Fig. 1. The observed area of the wide-field surveys of the J-GEM follow-
up observation of GW151226 overlaid on the probability skymap (dark blue
scale). Green, red, and yellow colored regions represent the areas observed
with KWFC, HSC, and MOA-cam3, respectively.

2.1 Wide Field Survey

We used three instruments for the wide-field survey; KWFC
(Sako et al. 2012) on the 1.05 m Schmidt telescope at Kiso
Observatory, HSC (Miyazaki et a. 2012) on the 8.2 m Subaru
Telescope, and MOA-cam3 (Sako et al. 2008) on the 1.8 m
MOA-II telescope at Mt. John Observatory in New Zealand.
The KWFC survey observations were done in r-band on

Dec. 28 and 29 and Jan. 1–6 (UT). The total area observed
with KWFCwas 778 deg2 far off the Galactic plane. To perform
an image subtraction with the archival SDSS (Sloan Digital Sky
Survey; Shadab et al. 2015) images, the high probability regions
had to be avoided. Each field was observed typically twice or
three times. The exposure time is 180 sec each and the seeing
was 2.5–3.0 arcsec FWHM.
We carried out an imaging follow-up observations with HSC

in the first half nights of Jan. 7, 13, and Feb. 6, 2016 (UT). We
observed an area of 63.5 deg2 centered at (α, δ) = (03:33:45,
+34:57:14) spanning over the highest probability region in the
initial skymap (BAYESTAR) with 50 HSC fiducial pointings.
The fiducial pointings were aligned on a Healpix (Gorski, et al.
2005) grid with NSIDE=64 (a corresponding grid size is 0.84
deg2). To remove artifacts efficiently, we visited each fiducial
pointing twice with a 2 arcmin offset. We observed the field in
i-band and z-band with an exposure time ranging from 45 sec
to 60 sec for each pointing. On Feb. 6, first we surveyed all the
fields by single exposure, then observed the whole area again.
The seeing ranged from 0.5 arcsec to 1.5 arcsec FWHM.
We also performed survey observations with MOA-cam3 for

a part of the skymap in the southern hemisphere from UT Mar.
8 to 11 2016. The total area covered by the MOA-cam3 ob-
servations was 145 deg2. The “MOA-Red” filter (Sako et al.

GW FOLLOW-UP WITH LARGE 
SYNOPTIC SURVEY INSTRUMENTS

localization of 50% and 90% confidence regions encompassing
about 100 and 310 deg2, respectively.

Our first observations with DECam took place on 2015
September 18 UT. Overall, we imaged 102 deg2, covering 38%
of the total probability in the initial cWB map; see Table 1 for a
summary of our DECam observations. As shown in Figure 1,
18 deg2 were centered on the Large Magellanic Cloud (LMC).
For the remaining 84 deg2 we obtained 3 separate epochs of
imaging. At each epoch we acquired one 90 s exposure in the i
band and two 90 s exposures in the z band. The first epoch
spanned 4–5 days post-GW trigger (2015 September 18–19
UT), the second epoch spanned 7 days post-GW trigger (2015
September 21 UT), and the third was obtained 24 days post-
GW trigger (2015 October 08 UT).

Subsequently, in 2016 January, the LVC released a revised
sky map of localization probabilities from a LALInference
analysis (GCN circular #18858, Singer 2016). That analysis
used the assumption that the signal arises from a compact
binary coalescence. It also showed that the data are most
consistent with models of a binary black hole merger (BBH).
The LALInference-based map is considered the most accurate
and authoritative localization for this event. Our 102 deg2 cover
a total of 11% probability in this new map, as the localization
region has shifted significantly southward (see Figure 1)
relative to the initial cWB map.
Our single-epoch exposures achieve median 5σ point-source

limiting magnitudes of i = 22.5 and z = 21.8, with an rms
variation among the images of ±0.5 mag. This value is a

Table 1
Summary of Observations

Program Night MJD Δta á ñPSF FWHM i( ) á ñairmass á ñdepthi á ñdepthz Aeff
b

(UT) (days) (arcsec) (mag) (mag) (deg2)

Main, 1st epoch 2015 Sep 18 57383 3.88 1.38 1.50 22.71 22.00 52.8
2015 Sep 19 57384 4.97 1.35 1.46 22.82 22.12 14.4

Main, 2nd epoch 2015 Sep 21 57286 6.86 2.17 1.51 22.18 21.48 67.2
Main, 3rd epoch 2015 Oct 08 57303 23.84 1.46 1.40 22.33 21.63 67.2
LMC, initial 2015 Sep 18 57383 3.98 1.14 1.30 21.32 20.62 14.4
LMC, extension 2015 Sep 27 57292 12.96 1.21 1.28 20.91 20.21 33.6

Notes. Summary of the observations performed in the “main” search program, described in this paper, and the “LMC” program, described in the companion paper
Annis et al. (2016). We observed at high airmass because the region of interest was rising at the end of the night. The PSF FWHM, and therefore the actual depth
achieved, are partly affected by these high airmass conditions. The reported depth corresponds to 5σ point-source detection in the search images. Variations in cloud
conditions are also responsible for the variation in depth. The effective area imaged in the main program corresponds to 28 camera fields. The area covered in the LMC
program totaled 20 fields.
a Time elapsed between the trigger time and the time stamp of the first image of the night.
b Effective area imaged, considering that approximately 20% of the 3 deg2 field of view of DECam is lost due to chip gaps (10%), 3 dead CCDs (5%) and masked
edge pixels (5%).

Figure 1. The color image shows the estimated limiting point-source magnitude for a 90 s i band exposure as a function of sky position for our first night of DECam
observations just before sunrise. In this area and for this time of night, the variations are mostly due to interstellar dust extinction. The dotted contours show the initial
(2015 September) skyprobcc_cWB_complete map, while the solid contours are for the final (2016 January) LALInference_skymap. There is an island of
significant probability in the Northern hemisphere in the skyprobcc_cWB_complete map that is not present in the LALInference_skymap, so the dotted
contours do not show the complete 50% or 90% areas. The hexagonal DECam fields observed are shown, with red for the main search and orange for the short
exposure LMC data. Fields located on the west (left) side of the region of interest overlap with the DES area (footprint boundary shown in light-gold). The excluded
region (dark gray) is beyond the horizon limit that could be observed with DECam at that time. The total area inside the camera pointings is about 102 deg2. We
covered about 11% of the total localization probability in the final map, and 38% of the initial map. The projection shown is an equal-area McBryde-Thomas flat-polar
quartic projection.
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5.1. Constructing an LMC Red Supergiant Catalog

We construct a catalog of luminous red supergiants in the
LMC following a similar analysis to that of González-
Fernández et al. (2015). We begin with the 2MASS point-
source catalog within 3°.5 from a d = -, 79.5, 68.8 and apply
the following selection criteria:

1. -K 9 mag, - >J K 0.9( ) mag;
2. the pseudo-color cut of . .q0.1 0.4,

where º - - -q J H H K1.8( ) ( );
3. < <: :L L L10 105 6 ; and
4. reject stars that have proper motions of

m m+ > 6ra
2

dec
2 mas yr−1 with m m+ >ra

2
dec
2

s s+3 ra
2

dec
2 in the NOMAD catalog (Zacharias

et al. 2004).

The bolometric luminosity cut calculation follows Neugent
et al. (2012), namely, the -J K( ) color is used to estimate the
effective temperature, and the effective temperature is in turn
used to calculate the bolometric correction.

This process yields 152 red supergiant candidates. This is
smaller than the number of supergiants in either the catalogs of
Neugent et al. (2012) or González-Fernández et al. (2015) as
these studies go to much lower luminosities than we are
concerned with here. This is evident from Figure 2. The
highest-luminosity candidates are likely all MW stars; the
Neugent et al. data show that 90% of their candidates at <K 7
were MW stars. As we aim for completeness, we find this
acceptable. In Figure 3, the candidate supergiants are shown
overlaid on a stellar density map of the LMC.

6. OTHER FAILED SUPERNOVA PROGENITORS

The red supergiant catalog has the advantage of being well
defined and motivated by observational evidence, but it does
have uncertainties. These include the calculation of the 105 :L
limit and model uncertainties when mapping the mass to
luminosity.

There are more profound uncertainties in the theory. The
current theoretical models of core-collapsing stars either have
islands of core collapse to black holes at ∼20M: and ∼40M:
(O’Connor & Ott 2011; Pejcha & Thompson 2015) or have
most stars above ∼20M: core collapsing to black holes
(Sukhbold et al. 2016), though examples of core collapse to
black holes occur throughout the range 15 :M –120 :M in the
latter study.58 The lack of explosion depends on many
parameters, notably metallicity (Pejcha & Thompson 2015),
as the LMC averages half solar metallicity. In theory, a direct

Table 1
Predicted Optical Signatures of a Failed Supernova in the LMC

i -g i( ) K -J K( ) Timescale

Supergiants 8.0–11.5 1.5–2.3 6.0–8.0 0.9–1.4 ?1 year
Disappearance K K K K 1–100 days
Nadezhina ∼6.7–9.3 1.5 ∼4.6–7.1 0.9 ∼1 year
Shock breakoutb ∼5.1–7.6 ∼0.2 ∼4.6–7.1 ∼0.07 ∼1 week

Notes.
a Assuming a supergiant-like spectrum.
b Assuming a blackbody spectrum.

Figure 2. 2MASS J − K vs. K diagram for the Neugent et al. (2012) yellow
supergiants (yellow circles) and red supergiants (red circles), González-
Fernández et al. (2015) red supergiants (purple diamonds), and the 152
supergiant candidates found here (white circles). For our candidates, the
uncertainties in both -J K( ) and K are plotted; for K they are smaller than the
symbols. The line shows the dividing line for 105 :L .

Figure 3. Map of the logarithm of 2MASS J-band star counts around the LMC
with the LIGO localization contours shown in white. The DECam i-band
images are shown as orange camera outlines; some of the z-band images are
offset from these. The white points are the luminous red supergiant catalog
developed in this Letter, with those marked red not having a visual inspection.
Eight are outside our imaging area. The four remaining fell into chip gaps and/
or on bad CCDs.58 Throughout this Letter, masses quoted are zero-age main-sequence masses.
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for the counterpart of GW150914 are as follows, and these could
be applied to any counterpart search that returns a null result.

(i) The EM counterpart was outside our survey region. This is
probable, given the total probability we covered from the LIGO sky
maps is only 4.2 per cent. The original sky map released implied we
were covering around 30 per cent with our pointings. In this case
there is little we can add, as the southern sky localization region is
significantly favoured.

(ii) The EM counterpart was in our survey region, but fell below
the limits. In this case, the sensitivity limits from the model tran-
sients with three example time-scales set useful targets (in terms of
luminosity and time-scale) to aim for in future searches.

(iii) The EM counterpart to GW150914 was detected as one of
the 56 transients but we do not recognize it as causally linked.
This seems unlikely, but it is not ruled out. It maybe that one of
the fainter transients discovered in the time window of >24 d after
GW150914 is associated and that without a confirming spectrum, or
detailed light curve no useful discrimination from the SN population
is possible. Future surveys of GW localization regions must still
search for known SNe that are rare by volume (or sky area) but are
habitually found in the GW regions.

Given the above, the only possibility for improvement (and in-
creasing the probability of detection of a GW counterpart) is to
survey the regions rapidly and continuously and be as spectroscop-
ically complete as possible. A reasonable question then is could
survey strategies be adjusted to make use of redshift and flux infor-
mation of the host galaxy population as suggested by, for example
White et al. (2011) and more recently Gehrels et al. (2016).

6.2 Using galaxy catalogues with spectroscopic
and photometric redshifts

The use of galaxy catalogues to pick potential host galaxies within
the sky localization region has the advantage that larger aperture
telescopes, with smaller FOV cameras, can focus on these targets
and produce significantly deeper images than 0.4–2 m telescopes
that aim to map the sky region. The bar to this has been the com-
monly known problem of the incompleteness of galaxy catalogues
beyond distances of ∼100 Mpc (z ∼ 0.025). Our search provides
a useful practical example to investigate if galaxy targeting from
catalogued sources would be useful in the case of GW150914.
In Fig. 10, we show the known galaxy catalogue within the sky
localization region for GW150914 and the inhomogeneity is im-
mediately obvious. The northern region is dominated by galaxy
counts from SDSS and regions of high density are visible as the
COSMOS (Scoville et al. 2007) Las Campanas Redshift Survey
(LCRS; Shectman et al. 1996) and WIde-field Nearby Galaxy-
cluster Survey (WINGS; Fasano et al. 2006). Such structure has
been illustrated by Gehrels et al. (2016) in the ‘Census of the Local
Universe’ (CLU) catalogue that they present, which is a union of
existing catalogues. The CLU aims to catalogue all galaxies with
L > L∗

B, where L∗
B = (1.2 ± 0.1) × 1010 h−2 LB, ⊙ (which corre-

sponds to M∗
B = −20.5 for h = 0.7). For comparison, the Milky Way

galaxy is estimated at MB = −20.4, therefore the CLU is aiming
at galaxies with masses larger than the Milky Way within a radius
of about 200 Mpc. While Gehrels et al. (2016) show that selecting
these high-mass galaxies from the union of existing catalogues pro-
duces a reasonably encouraging large-scale structure pattern (their
fig. 1), we illustrate here that for GW150914 such a galaxy tar-
geted strategy would be rather incomplete. This stems mostly from
the fact that the distance to GW150914 z ∼ 0.1 (or 400 Mpc) is

Figure 10. Catalogued galaxies in NED which have a spectroscopic redshift
z ≤ 0.15 and also lie within the PS1 survey area. The green circles are the
same as in Fig. 1 and show the PS1 pointings. The red dots are all galaxies
which have a catalogued spectroscopic redshift that is z < 0.15. The sharp
drop in the galaxy density below δ ≃ −2 is due the boundary of the SDSS
DR12 survey footprint. The smaller area surveys labelled are described in
the text.

Figure 11. Histogram of galaxy counts per square degree within the SDSS
DR12 footprint (blue) and outside SDSS DR12. All galaxies included in this
plot have a spectroscopic redshift. The dotted redline plots the volume of the
Universe as a function of redshift. It is scaled arbitrarily to approximately
match the galaxy counts in SDSS at 0.02 < z < 0.03, and illustrates that
within SDSS the galaxy completeness falls off at ∼0.07. Outside SDSS,
current catalogues are incomplete beyond z ∼ 0.03 or about 100 Mpc.

much larger than expected for the first LIGO/Virgo bursts up to
now (z ! 0.05, or 200 Mpc). However even at 200 Mpc, the CLU
of Gehrels et al. (2016) drops to below 40 per cent completeness.
The severe incompleteness of current galaxy catalogues, with spec-
troscopic redshifts, is highlighted in our Figs 10 and 11. For this
we selected all galaxies within NED with a spectroscopic redshift
within the PS1 footprints (Fig. 10), then we selected a region within
the SDSS DR12 footprint and outside the SDSS area. The num-
ber of galaxies (with no luminosity cut-off) per square degree is
shown in Fig. 11. A simple calculation of comoving volume is plot-
ted in red, scaled arbitrarily to the galaxy counts at z ∼ 0.02. This
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2013) before EM coincidence.

5.2. E�ciency for simulated signals

The e�ciency of the EM pipelines to our standard-
candle signal injections is shown in figure 15. The e�-
ciency fractions are calculated from the end-to-end simu-
lation of a joint NS/NS inspiral signal with corresponding
prompt and afterglow EM counterpart, and the process
is triggered by a low-threshold (⇢c & 8.5) GW candidate.
The presence of a GW trigger is required, and the rep-
resented fraction does not include e�ciency factors from
the analysis of GW data itself. However, the EM follow-
up e�ciency is still generally influenced by the quality of
the GW sky localization.
GBM views the entire unocculted sky (65%) when not

in the South Atlantic Anomaly (⇠15%), and this duty-
cycle dominates the e�ciency factor out to 40 Mpc. This
is not surprising as our injeciton amplitude was chosen
to be moderately detectable at 30 Mpc (and still several
hundred times weaker than a typical sGRB).
The chance of detecting an X-ray afterglow signal with

ASM is much more variable (figure 11) due primarily to
the large variability in delay between onset of the af-
terglow and the first available measurement. The ASM
follow-up is also more sensitive to the sky localization ac-
curacy from the GW trigger due to the choice to follow-
up only the most probable 200 individual galaxy host
locations. Increased distance both increases the sky area
uncertainty (due to decreased GW SNR), and increases
the area-density of galaxies on the sky. We do not observe
ASM counterparts above threshold beyond ⇠30 Mpc.
For the X-ray burst model waveforms, longer duration
bursts (at equivalent total fluence) were relatively easier
to detect as they better matched the ASM cadence.

5.3. Discussion

In this paper, we introduced a strategy to search for
high-energy EM counterparts to GW binary colescense
events in archival satellite survey data. We designed an
end-to-end GW candidate follow-up pipeline and tested
it on a large number of background binary colescence GW
events from time-shifted initial LIGO/Virgo data during
their most recent science runs (S6/VSR2+3). The rep-
resentative noise events were subject to a fully-coherent
Bayesian parameter estimation analysis in order to ob-
tain sky and distance posterior probability distributions.
These distributions were used to obtain a set of probable
hosts from a catalog of nearby galaxies.
Two custom follow-up methods were designed to search

for both a prompt gamma-ray counterpart in o✏ine
data from the Fermi Gamma-ray Burst Monitor (GBM)
within ±30s of the GW coalesence time and consistent
with the GW sky location, as well as a generic family
of X-ray afterglow lightcurves in data from the RXTE
All-Sky Monitor (ASM) at the locations of possible host
galaxies, and parametrized by a generic broken power-
law with characteristic timescales of minutes to days.
The requirement of a GBM or ASM coincident counter-
part reduced the number of background events by fac-
tors of 10�4 and 10�3 respectively, reducing the GW
ampltiude of the loudest suriving background event by
⇠15–20%.
Both EM pipelines were tested on a set of joint GW-

EM simulated signals, where GW simulations corre-

Figure 14. Cumulative distribution of combined SNR (⇢c) for
time-shifted background events observed in GW data before and
after selection cuts are made on the requirement of an EM coinci-
dence from either GBM or ASM. An additional 10 time-shifts are
applied between GW and EM data, resolving the expected distri-
bution after coincidence to 0.1 events. The coincidence rejection
factors are ⇠10�3 and 10�4 for ASM and GBM respectively. The
corresponding loudest events are at a combined SNR of 11.0, 9.1,
and 8.1. However below a combined SNR of ⇠9, the e↵ects of
other analysis cuts take e↵ect. Additional factors of background
rejection from tighter time and sky coincidence could further dig
into the noise distribution as suggested in Camp et al. (2013),
but demonstrating that robustely would require a much larger, or
lower-threshold GW background set than was used this study.

Figure 15. Fraction of EM counterpart injections to simulated
GW triggers which pass thresholds in the EM analysis, as a func-
tion of source distance. The EM e�ciency is limited by cover-
age, EM sensitivity, and the success of GW sky localization. The
gamma-ray simulation shown is a weak prompt signal lasting 1
second with a standard-candle amplitude of 1 photon/s/cm2 in
50–300 keV at 30 Mpc, and following a normal band spectrum
according to table 2. This corresponds to a total energy release
of 6.6⇥ 1046 erg. The ASM X-ray afterglow injection represents a
typical X-ray short GRB afterglow shown in figure 6, and the X-ray
burst injections with varying durations are as shown in figure 6.

JOINT GW-
HIGH ENERGY 
SEARCHES

• Strong indirect evidence that NS binary mergers power 
most or all short, hard GRBs (Paczynski, Eichler, Narayan, 
Rezzolla, Fong, etc.) 

• GW or GRB threshold can be lowered due to reduction in 
trials from assuming know time, inclination, and sky 
location 

• Three kinds of joint GW-HE searches: 

1. Coincidence between GW candidates and GRB  
(see A. Urban Ph.D thesis) 

2. Sub-threshold targeted searches of GW data 
triggered by GRB (notable example: GRB 051103, 
LVC+ 2012) 

3. Sub-threshold targeted searches of gamma-ray data 
triggered by LIGO (see Blackburn 2014) 

• Notable synergies with: Fermi, Swift, INTEGRAL, IPN, MAXI

image: GRB 051103, LVC+ 2012

image: Blackburn+ 2015
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X-RAY FOLLOW-UP
• Swift XRT → new ToO modes, 

large tiling patterns, galaxy-
targeted searches 
(Evans, Kenna +2016) 

• MAXI/GSC → covers almost full 
GW localization every 92 minutes 

• CALET (Adriani+ 2016) 

• Future missions:  
ISS-Lobster → 
rapidly slewing, 
wide FOV hard 
X-ray imager

4 Evans et al.

Table 1. Swift observations of the error region of LVC trigger G194575

Pointing direction Start timea Exposure Source XRT limit UVOT magnitude
(J2000) (UTC) (s) 0.3–10 keV

erg cm�2 s�1

00h11m27.60s,�06�25038.300 Oct 27 01:17:46 1985 LSQ15bjb 1.4⇥10�13 u=16.7
00h58m13.27s,�03�39050.400 Nov 06 23:22:15 9948b iPTF15dld 4.9⇥10�14 N/Ac

a All observations were in 2015.
b The observation of iPTF15dld was not a continuous exposure due to Swift’s low-Earth orbit. The 10 ks of data were obtained
between the Nov 6 at 23:22:15 and Nov 07 at 10:16:44 UT.
c The source could not be deconvolved from the host galaxy in the UVOT data, so no magnitude was derived.

Figure 2. The ‘BAYESTAR’ GW localisation map of GW151226,
produced by the LVC team on 2015 December 26 (top), combined
with our luminosity-weighted GWGC map (middle). The bottom
panel is the refined ‘LALInference‘ map. The yellow and cyan
circles are as in Fig. 1. These images are centred on RA=0, unlike
Fig. 1, so that the regions are more visible.

later refined to an FAR lower than one per hundred years
(LIGO Scientific Collaboration 2015c). The GW waveform
indicated that this was a high-mass event, most likely a BH-
BH merger (LIGO Scientific Collaboration 2015b). As with
both previous triggers, a portion of the error region was too
close to the Sun to observe with Swift (Fig. 2). The trigger
was announced to the follow-up community on 2015 Decem-

Figure 3. An example XRT (top) and UVOT (bottom) exposure
map from a 19-point tile used in the follow-up observations of
GW151226. The circle is shown for scale and has radius 0.88�.

MNRAS 000, 1–13 (2016)
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Two “EM bright” classifiers: 

•  Possible presence of a NS (m2 < 3 M⊙) 
→ Relatively model independent 

• Probability of sufficient tidally disrupted 
material to form a disk (e.g., to power a 
GRB) 
→ Based on Foucart disk mass fits to 

numerical simulations (arXiv:
1207.6304) as implemented by 
Pannarale & Ohme (arXiv:1406.6057) 

→ Highly model dependent, but 
conservative assumptions made (e.g. 
stiff NS EoS)

Both real-time and full parameter 
estimation versions in final stages of 
development for O2: Shaon Ghosh et al.
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GW sky localization, distance errors and volume errors using
NS-NS and BH-NS mergers. They compare MCMC-derived
distance measures with three dimensional (3D) volume mea-
sures. They outline optimal strategies to prepare for identify-
ing EM counterparts of a GW merger.

Singer et al. (2015) have created full 3D position recon-
structions for a large population of simulated early aLIGO
NS-NS events. They provide a simple approximation for the
3D distance distribution and qualitatively describe the shapes
that emerge. In the present work, as we are more interested
in the impact of the galaxy catalog we use an even simpler
description: we assume that the localization subtends a given
solid angle, and is a shell between two constant radii.

FIG. 4.— The number of CLU galaxies in a given size error box versus
range (black). In this experiment we implicitly assume a localization near
the inspiral range for each of the three target years. Diamonds indicate the
adopted NS-NS inspiral ranges for the three target years of this study, µ =
60, 120, and 180 Mpc, respectively. The three curves are representative of the
increasing localization capability of aLIGO+VIRGO with time, �⌦ ' 500
deg2 (for 2015), 100 deg2 (for 2017), and 20 deg2 (for 2020). The CLU
incompleteness weighting factors at r = µ are 1.0, 1/0.8 = 1.25, and
1/0.4, respectively. The galaxy count totals indicated by the diamonds are
Ngal = 17.7±5, 22.5±4, and 10.5±2. We also present the corresponding
Ngal values determined directly from the Schechter function (red) weighted
by the relevant volume �V = (4/3)⇡µ3(�⌦/4⇡) (see the end of Section
4).

Singer et al. (2015) calculate full 3D aLIGO reconstruc-
tions based on BAYESTAR, a rapid reconstruction method
for BNS mergers, and LALInference, a full Bayesian param-
eter estimation code (Singer et al. 2014; Singer 2015; Veitch
et al. 2015), for the near-future of aLIGO - 2015 and 2016.
In this work we consider a longer time frame, i.e., up to the
full achievement of aLIGO design sensitivity. In order to cal-
culate galaxy sky counts in error boxes of given areas on the
sky, we take a simplified approach compared to Nissanke et al.
(2009), Nissanke et al. (2013), and Singer (2015). Namely,
rather than using a realistic 3D reconstruction, for a given

line-of-sight (LOS) we take a simple top-hat windowing func-
tion. For our three putative aLIGO target years – 2015, 2017,
and 2020 – we adopt µ = 60, 120, and 180 Mpc, respectively,
as fiducial LVC NS-NS inspiral ranges.

We consider 1000 randomly selected LOSs over the sky,
and then search the CLU catalog to find galaxies within an
angular separation that would place them inside an error box
on the sky of (i) 500 deg2, (ii) 100 deg2, or (iii) 20 deg2 for
the three cases. Although the actual sky-projected aLIGO
localizations will be complicated, the more important fac-
tor is simply the total sky area involved. Only galaxies are
considered for which their luminosity places them above the
50th percentile mark x1/2. The CLU galaxy count in a ra-
dial bin is incremented only if |(r � µ)/µ| < 0.3 (Hanna et
al. 2014), i.e., if the galaxy lies within a thick spherical shell
with �µ/µ = 0.6, where the NS-NS inspiral range µ = 60,
120, and 180 Mpc, respectively. This has the effect of es-
sentially doubling the galaxy counts derived by truncating the
integration at the range µ, thereby mimicking the effect of the
range-to-horizon mapping (Hanna et al. 2014). Thus in this
experiment we are implicitly assuming a localization near µ
for each target year, and thus in some sense our galaxy count
totals represent upper limits.

Figure 4 shows the results of this experiment. Each point
is the mean of the 1000 individual LOS values, and the er-
ror bar is the standard deviation. Two main points are worth
noting. The most obvious is simply that larger error boxes
yield more galaxies. The second is that counts are added only
out to roughly the range for a given year. The CLU totals
out to r = µ (for a localization in each year near µ) are
Ngal = 17.7 ± 5, 22.5 ± 4, and 10.5 ± 2, respectively. As
noted previously, the CLU is ⇠100% complete above x1/2 at
60 Mpc, ⇠80% complete at 120 Mpc, and ⇠40% complete at
180 Mpc. In addition, the NS-NS range-to-horizon mapping
roughly doubles the totals for localizations near r = µ with a
large radial uncertainty.

For consistency we may consider galaxy counts derived di-
rectly from the Schechter function. The galaxy density above
x1/2 is

R1
x1/2

�

⇤
x

a
e

�x
dx = 2.35 ⇥ 10

�3 Mpc�3. If we then
multiply this by a volume �V = (4/3)⇡µ

3
(�⌦/4⇡), where,

for the three target years (µ, �⌦) = (60 Mpc, 500 deg2), (120
Mpc, 100 deg2), and (180 Mpc, 20 deg2), respectively, we
obtain Ngal = 25.8, 41.3, and 27.8.

5. TILING OBSERVATIONS

The results given in Figure 4 reveal the dramatic reduction
in tiling requirements brought about by restricting a search
methodology to the brighter galaxies. Were one simply to tile
the entire 2015, 2017, and 2020 putative error boxes A = 500,
100, and 20 deg2 using an EM detector with a field-of-view
(FOV) of �A = 0.1 deg2, i.e., ⇠19⇥19 arcmin, the number of
tilings required would be A/�A = 5⇥ 10

3, 103, and 2⇥ 10

2,
respectively.

Concentrating on selected bright galaxies reduces the tiling
effort considerably. The optimal size of a “tile” is dictated
by observations of short GRBs - in particular their locations
within their host galaxies. Fong, Berger & Fox (2010) use pre-
cise HST localizations to study the cumulative distribution of
projected physical offsets for short GRBs with sub-arcsecond
positions and find them to lie within ⇠100 kpc of their host
galaxy centers. For a typical distance of interest in this study,
100 Mpc, this corresponds to ⇠10�3 radian or ⇠0.057 deg –
a projected area on the sky of ⇠0.010 deg2 or ⇠37 arcmin2.

Gehrels, Cannizzo, Kanner, Kasliwal, 
Nissanke, & Singer 2016 (ApJ)

• Increased detector sensitivity→ increased range 

• Increased number of detectors→ 
decreased sky area 

• Localized volume & number of galaxies roughly 
constant throughout advanced detector era 

• Incomplete galaxy catalogs→archival compilation 
supplemented with narrowband Hɑ photometric 
redshifts from P48 (CLU, Kasliwal & Cook) 

• Also select brightest 50th percentile of galaxies 

• Strategy devised for Swift XRT, but applicable in 
other wavelengths
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Figure 2. Left panel: marginal posterior probability distribution in the principal planes, as in Fig. 1. The inset shows the marginal
distance posterior distribution integrated over the whole sky (blue) and the conditional distance posterior distribution in the true
direction of the source (green). Right panel: volume rendering of the 90% credible region superimposed over the galaxy group
map of Tully (2015). The most massive galaxies inside the credible region are highlighted.

structure to the full 3D reconstructed volumes that can be ex-
ploited to reduce the volume under consideration.

The early “2015” network (Abbott et al. 2016) consisting of
LIGO Hanford Observatory (LHO) and LIGO Livingston Ob-
servatory (LLO) generically produces probability sky maps
consisting of one to two long, thin sections of a great circle
(Kasliwal & Nissanke 2014; Singer et al. 2014). The corre-
sponding 3D geometry is shown in Figs. 1 and 2. The de-
generate arcs correspond to either one or two thin, rounded,
slightly oblique petals, about 1–5� wide, 10–100� broad, and
10–100 Mpc deep. The “forked tongue” sky localization fea-
tures due to the degeneracy of the sign of the binary inclina-
tion angle (Singer et al. 2014) are evident as narrow crevices
running along the outside edges of the petals. The shape irre-
sistibly suggests a tree ear fungus or a seed of the jacaranda
tree, or more aptly but less poetically a pair of potato chips
that are stuck together.

The early “2016” configuration (Abbott et al. 2016), which
includes LHO and LLO with improved sensitivity as well
as Advanced Virgo, leads to more compact and elaborate
combinations of petal-shaped regions. In the most favorable
three-detector cases where the area on the sky is localized to a
single compact region, the reconstructed volume is a spindle
a few degrees in radius and ⇠ 100Mpc long.

3. RAPID VOLUME RECONSTRUCTION

Although the reconstructed regions are highly structured,
the posterior probability distribution along a given line of
sight (LOS) is simple and generally unimodal—once again,

a consequence of the Malmquist bias and the universal distri-
bution of binary inclination angles.

This intuition leads us to consider the conditional distri-
bution of distance, which we suggest is well fit by an ansatz
whose location and scale parameters µ(ˆn) and �(ˆn) vary with
sky location ˆn:

p(r|ˆn) = N(

ˆn)p
2⇡�(ˆn)

exp

"
� (r � µ(ˆn))2

2�(ˆn)2

#
r2 (1)

for r � 0.

Here, N(

ˆn) is a normalizing factor. This form is equivalent to
the product of a Gaussian likelihood and a uniform-in-volume
prior.

The output of the LIGO–Virgo localization pipeline is a
HEALPix (Hierarchical Equal Area isoLatitude Pixelization)
all-sky image whose Npix pixels give the posterior probabil-
ity ⇢i that the source is contained inside. We add three addi-
tional layers: µi = µ(ˆni), �i = �(ˆni), and (for convenience)
Ni = N(

ˆni). The first layer, ⇢i, is unchanged and still repre-
sents the 2D probability sky map.

The probability that a source is within pixel i and at a dis-
tance between r and r + dr is ⇢i times Eq. (1):

dP (r, ˆni) dr = ⇢i
Nip
2⇡�i

exp

"
� (r � µi)

2

2�i
2

#
r2 dr. (2)

Double arcs become two petals: 
~1° wide, 10-100° in breadth, ~100 Mpc deep; 
Volume ~30×103 Mpc3

Singer+ 2016 (in prep.)

Singer+ 2016 
(in prep.)

image: “First 
Two Years” 
 
http://ligo.org/
scientists/
first2years 

Singer+ 2014 
Berry+ 2015

http://ligo.org/scientists/first2years


image: Gussisaurio (CC-BY-SA-3.0)

https://commons.wikimedia.org/wiki/File:Jacaranda_seeds.jpg


COSMOGRAPHY 
for fun and profit

Singer, Chen, Holz+ 2016 (arXiv:1603.07333, ApJL)

Combine GW 
parameter estimation 
with map of local 
luminosity density 

Example: Tully 2015 
galaxy group map 
based on 2MASS 
Redshift Survey

Singer, Chen, Holz+ 2016

Singer, Chen, Holz+ 2016

http://adsabs.harvard.edu/abs/2015AJ....149..171T


GOING THE DISTANCE 
Targeted O/IR kilonova search

Ideal facilities: 
LCOGT (2m) + Spectral (PI: Aracavi) 

NOT (2.6m) + ALFOSC 
DCT (4.3m) + LMI (PI: Troja)  
Magellan (6.5m) + FourStar  

Gemini (8.2m) + F2 (PI: Singer)  
VLT (8.2m) + FORS2  

Keck (10m) + LRIS  
GTC (10.4m) + OSIRIS 

Other wavelengths: 
VLA (PI: Mooley) 
Swift (PI: Evans)

Technical Justification

We aim to detect the observational counterparts of gravitational waves (GWs) detected during advanced LIGO+Virgo
observing run 2 (O2) expected to begin during the summer of 2016. We focus on the most likely counterpart to
be observed in the optical and NIR - a kilonova, resulting from the merger of two neutron stars or a neutron star
and a black hole.
The ejecta masses from neutron star mergers are expected to be low (10�3-10�1M�; e.g. Rosswog et al. 1999,
2005) resulting in fainter and faster transients compared to normal supernovae. The exact properties of the
emission depend on the type of ejecta (dynamical and/or disk outflows; Barnes & Kasen, 2013, Kasen et al.
2015), its mass and its velocity. Predictions are further complicated by uncertainties in the composition of r-
process elements and the thermalization of the radioactive decay products (Barnes & Kasen 2013). Generally,
kilonovae are expected to display an early fast (⇠hours) blue flare (Metzger et al. 2015) followed by a relatively
faint (Mi ⇠ �12 to �15 mag), red (r � i ⇠ 1 mag) and slightly longer (⇠days) transient (e.g. Barnes & Kasen
2013; Tanaka et al. 2014).
The LIGO+Virgo O2 range will be ⇠ 100 Mpc and the error region for the localization of GWs will be tens
to hundreds of square degrees on the sky. Tiling this region with the field of view of the LCOGT cameras is
impractical. Instead, we will follow the approach presented in Gehrels et al. (2015), which suggests targeting only
known galaxies within the GW localization region. By utilizing a new volume reconstruction algorithm (Singer
& Price, 2015), we can focus only on the galaxies within the 3D error region (i.e. inside the error region on the
sky, but also at the expected distance). We further narrow our search (as suggested by Gehrels et al. 2015)
to the galaxies containing 50% of the stellar mass inside the error region. This brings the number of expected
galaxies (and thus the number of telescope pointings) to a manageable level of 24 ± 6 per trigger (Gehrels et
al. 2015). Assuming that the distribution of potential GW sources (whether they are NS-NS mergers, NS-BH
mergers or other events) follows the stellar mass distribution, this will give us a 50% chance of including the true
GW source in our search.
When a GW trigger is received, an automated script will cross-check the GW error region and the Gravitational
Wave Galaxy Catalogue (GWGC; White et al. 2011) and will pick the 30 most luminous (i.e. most massive)
galaxies to be observed during the next full night. The coordinates of these galaxies will then be automatically
sent to the LCOGT scheduler to begin observing the first epoch as soon as possible.
At ⇠ 100 Mpc the peak observed magnitude of the prompt blue emission from the kilonova is expected to be
at mg ⇠ 21 and of the longer optical/NIR emission at mi ⇠ 19 � 22. According to the LCOGT exposure time
calculator and our own tests we can reach these magnitudes at S/N=10 with the Spectral camera on the 2m
telescopes, using a 5 minute exposure. To capture both the prompt and longer-term emission we propose to use
the g, r and i-bands and to observe all candidate galaxies for five consecutive nights.
The images will be ingested and displayed in a custom web interface. For galaxies in the SDSS or PS-1 footprint,
we will perform real-time image subtraction to detect any transients (Fig. 1). For images not in these footprints,
we will subtract the different LCOGT epochs off of each other to search for changing sources.
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Figure 1: Example subtraction between an image taken at an LCOGT 2m-
telescope (left) and a reference image from the SDSS (center), cleanly removing
the host galaxy and revealing the transient in the subtraction image (right).
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“Searching for Optical Counterparts to Gravitational 
 Wave Sources” LCOGT 2016A (Arcavi, Howell, Valenti, 
Singer ….)

Singer, Chen, Holz+ 2016 (arXiv:1603.07333, ApJL)

FTN

DCT
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red=programs 
approved for O2



GEMINI SOUTH
• The program: “Going the Distance: Mapping Host 

Galaxies of LIGO and Virgo Gravitational-Wave 
Sources in Three Dimensions” (PI: Singer)

• 16 hours for 1–3 LIGO triggers

• Image 10–20 potential host galaxy fields 
at 1 day and 1 week post-detection  
to a depth of Y ≥ 22.5 and Ks ≥ 21 

• Image subtraction

• The instrument: FLAMINGOS-2  
near IR imager + multi-object spectrograph  
Imaging field of view ø 6.′1  
Pixel scale: 0.″18 pixel

-1  

Imaging filters: Y, J, H, Ks (1.020–2.157 µm) 

• Advantages over wide-field optical search: 

• KN predicted to peak in infrared, up to 4 mag brighter in NIR 
than optical 

• Fade more slowly in NIR than in optical: ≥week vs. ≥day 

• Long-lived IR signature is a robust feature of all KN models, 
whereas optical and UV components dependent upon details of 
simulation method, masses, composition, viewing angle, etc. 

• Negligible contamination by unrelated transients: O(1) 
background SN, compared to 100s for e.g. iPTF

images: gemini.edu

http://gemini.edu


GW150914

GW151226

LVT151012

image credit: LIGO/Leo Singer (Milky Way image: Axel Mellinger) 26



GW150914 +VIRGO

GW151226 +VIRGO

LVT151012 +VIRGO

image credit: LIGO/Leo Singer (Milky Way image: Axel Mellinger) 27
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LOCALIZATION ACCURACY 
with third-generation detectors

Shreya Anand
APS April meeting 2017

• Horizon distance and sky 
resolution of third generation 
detector networks (Fisher 
matrix, timing only currently) 

• Sky resolution is similar at 
fixed SNR for all detectors 

• In progress: investigate 
different detector networks 
and impact of calibration 
uncertainty 

• Astronomy honors thesis of 
Shreya Anand (UMD, 
anticipated Fall 2017)

O1 CALIBRATION UNCERTAINTY: ~3.6°  IN PHASE

http://meetings.aps.org/Meeting/APR17/Session/M3.8


• Explore sky localization accuracy and astrophysical reach and of GW 
detector networks 

• Provide science case for proposing: 
→ Third-generation GW detectors 
→ Future space missions 
→ Time on astronomical facilities 

• Free and open source Python package 
→ Web interface planned 

• Fast and realistic localizations using a fully coherent 
Fisher matrix analysis as well as BAYESTAR rapid localization code 
→ LALInference support planned 

• Coming soon! Preview source code at 
https://git.ligo.org/ligo-proposal-tool/ligo-proposal-tool

LIGO PROPOSAL TOOL
L. SINGER, T. DAL CANTON (in prep.)

https://git.ligo.org/ligo-proposal-tool/ligo-proposal-tool


T H A N K  Y O UT H A N K  Y O U



Open alerts will start after 4 confirmed detections.
What impact will open alerts have on the community? 

Many potential EM counterparts are fast, faint, and peak 
at challenging wavelengths.
Which upcoming instruments and facilities, in addition to the 
800 lb gorilla LSST, do we need to think about? 

Can multimessenger observations of LIGO sources 
provide scientific output even in the absence of an EM 
counterpart (e.g. spatial correlation of localizations with 
nearby galaxies or large scale structure)?

GW commissioning schedule is unpredictable with 
respect to time allocation on other facilities.
Is it possible/desirable to strike a balance between optimal 
commissioning breaks and coordination with partner 
facilities?

FOR DISCUSSION



HOW TO GET INVOLVED IN 
LIGO/VIRGO FOLLOW-UP

EM alerts during proprietary period (O1/O2)
http://www.ligo.org/scientists/GWEMalerts.php 

For inquiries
emf@ligo.org, L. Singer, P. Shawhan, M. Branchesi 

Tutorials and technical info
https://gw-astronomy.org/wiki/LV_EM/TechInfo 

LIGO open data (including sky maps)
https://losc.ligo.org/

http://www.ligo.org/scientists/GWEMalerts.php
mailto:emf@ligo.org
https://gw-astronomy.org/wiki/LV_EM/TechInfo
https://losc.ligo.org/

