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GW150914: first light
• Surprising properties… 

Masses: 36 + 29 → 62 M  
3 M  radiated in GWs! 
 
much heavier than BHs known in X-
ray binaries → low-metallicity 
formation scenario  
 
Spins weakly constrained, but 
nowhere near maximal: 
<0.7 + <0.9 → ~0.6 

• Distance: ~400±200 Mpc, z~0.09 

• Stringent tests of general relativity… 
Best ever measurement of graviton 
mass: λg>1013 km, mg<10-22 eV



What will we find in the next 
year of LIGO observation?
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Table 2. Counts and sensitive time-volumes to BBH
mergers estimated under various assumptions. See Sec-
tions 2.1 and 2.2.
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Figure 6. Left panel: The median value and 90% credible interval for the expected number of highly significant events
(FARs <1/century) as a function of surveyed time-volume in an observation (shown as a multiple of hV T i0). The
expected range of values of hV T i for the observations in O2 and O3 are shown as vertical bands. Right panel: The
probability of observing N > 0 (blue), N > 5 (green), N > 10 (red), and N > 35 (purple) highly significant events,
as a function of surveyed time-volume. The vertical line and bands show, from left to right, the expected sensitive
time-volume for each of the O1 (dashed line), O2, and O3 observations.

compute the probability of having more than n high-
significance events in a subsequent observation:

p (N > n|⇤0) = exp [�⇤0]
1X

k=n+1

⇤0k

k!
. (21)

Applying Eq. (20), and integrating over our posterior on
⇤ from the analysis in Section 2.1, we obtain the posterior
probability of more than n high-significance events in a
subsequent observation with sensitivity hV T i 0 given our

current observations:

p (N > n| {xj} , hV T i 0) =
Z

d⇤0 d⇤1 p (N > n|⇤0 (⇤1)) p (⇤0, ⇤1| {xj}) . (22)

The right panel of Figure 6 shows this probability for
various values of n and hV T i 0.

The rates presented here are consistent with the theo-
retical expectations detailed in Abadie et al. (2010). See
Abbott et al. (2016b) for a detailed discussion of the im-
plications of our rate estimates for models of the binary
BH population.

GW150914 is unusually significant; only ⇠ 8% of
the astrophysical distribution of sources with a FAR

LVC 2016

• Based on O1:  
~10 BBHs by O2, ~100 by O3 (!!) 

• History of stellar BH masses and 
spins through cosmic time  
 
→ Compare with pop. synth to 
indirectly deduce host properties  
(though small lever arm of z~0.1–0.3) 

• Much more exciting:  
asymmetric masses, spin precession, 
binary neutron star and neutron 
star–black hole mergers

http://arxiv.org/abs/1602.03842


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!
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A ‘kilonova’ associated with the short-duration
c-ray burst GRB 130603B
N. R. Tanvir1, A. J. Levan2, A. S. Fruchter3, J. Hjorth4, R. A. Hounsell3, K. Wiersema1 & R. L. Tunnicliffe2

Short-duration c-ray bursts are intense flashes of cosmic c-rays,
lasting less than about two seconds, whose origin is unclear1,2. The
favoured hypothesis is that they are produced by a relativistic jet
created by the merger of two compact stellar objects (specifically two
neutron stars or a neutron star and a black hole). This is supported
by indirect evidence such as the properties of their host galaxies3,
but unambiguous confirmation of the model is still lacking. Mer-
gers of this kind are also expected to create significant quantities of
neutron-rich radioactive species4,5, whose decay should result in a
faint transient, known as a ‘kilonova’, in the days following the
burst6–8. Indeed, it is speculated that this mechanism may be the
predominant source of stable r-process elements in the Universe5,9.
Recent calculations suggest that much of the kilonova energy should
appear in the near-infrared spectral range, because of the high opti-
cal opacity created by these heavy r-process elements10–13. Here we
report optical and near-infrared observations that provide strong
evidence for such an event accompanying the short-duration c-ray
burst GRB 130603B. If this, the simplest interpretation of the data,
is correct, then it confirms that compact-object mergers are the pro-
genitors of short-duration c-ray bursts and the sites of significant
production of r-process elements. It also suggests that kilonovae
offer an alternative, unbeamed electromagnetic signature of the
most promising sources for direct detection of gravitational waves.

Short-duration c-ray bursts (SGRBs) have long been recognized as a
distinct subpopulation of c-ray bursts14. If they are indeed produced by

compact binary mergers, SGRBs may provide a bright electromagnetic sig-
nal accompanying events detected by the next generation of gravitational-
wave interferometers15. Localizing electromagnetic counterparts is an
essential prerequisite to obtaining direct redshift measurements and to
constraining further the astrophysics of the sources. However, the
evidence supporting this progenitor hypothesis is essentially circum-
stantial: principally, many SGRBs seem to reside in host galaxies, or
regions within their hosts, that lack ongoing star formation, which
makes an origin in massive stars unlikely (in contrast to long-duration
c-ray bursts, which result from the core collapse of some short-lived
massive stars16). Progress in studying SGRBs has been slow; NASA’s
Swift satellite localizes only a handful per year, and they are typically
faint, with no optical afterglow or unambiguous host galaxy found in
some cases despite rapid searches with large (8-m class) telescopes.

GRB 130603B was detected by Swift’s Burst Alert Telescope on
2013 June 3 at 15:49:14 UT17, and its duration was measured to be
T90 < 0.18 6 0.02 s in the 15–350-keV band18. The burst was also
detected independently by the Konus instrument on NASA’s Wind
spacecraft, which found a somewhat shorter duration, T90 < 0.09 s in
the 18–1,160-keV band19. This places the burst unambiguously in the
short-duration class, which is also supported by the absence of the
bright supernova emission generally found to accompany low-redshift
(z= 0.5), long-duration bursts (see below). The optical afterglow was
discovered at the William Herschel Telescope20 and found to overlie a
galaxy previously detected in the Sloan Digital Sky Survey imaging of

1Department of Physics and Astronomy, University of Leicester, University Road, Leicester LE1 7RH, UK. 2Department of Physics, University of Warwick, Coventry CV4 7AL, UK. 3Space Telescope Science
Institute, 3700 San Martin Drive, Baltimore, Maryland 21218, USA. 4Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Juliane Maries Vej 30, 2100 Copenhagen, Denmark.
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Figure 1 | HST imaging of the location of GRB 130603B. The host is well
resolved and has a disturbed, late-type morphology. The position (coordinates
RAJ2000 5 11 h 28 min 48.16 s, decJ2000 5 117u 049 18.299) at which the SGRB
occurred (determined from ground-based imaging) is marked as a red circle
(right-hand panels), lying slightly off a tidally distorted spiral arm. The left-hand
panel shows the host and surrounding field from the higher-resolution optical
image. The right-hand panels show, from left to right, the epoch-1 and epoch-2

imaging and their difference (epoch 1 minus epoch 2; upper row, F606W/
optical; lower row, F160W/NIR). The difference images have been smoothed
with a Gaussian of width similar to the point-spread function, to enhance any
point-source emission. Although the resolution of the NIR image is inferior to
that of the optical image, we clearly detect a transient point source that is absent
in the optical.
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this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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Tanvir+ 2013

GRB 130603B: 
a smoking gun
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A ‘kilonova’ associated with the short-duration
c-ray burst GRB 130603B
N. R. Tanvir1, A. J. Levan2, A. S. Fruchter3, J. Hjorth4, R. A. Hounsell3, K. Wiersema1 & R. L. Tunnicliffe2

Short-duration c-ray bursts are intense flashes of cosmic c-rays,
lasting less than about two seconds, whose origin is unclear1,2. The
favoured hypothesis is that they are produced by a relativistic jet
created by the merger of two compact stellar objects (specifically two
neutron stars or a neutron star and a black hole). This is supported
by indirect evidence such as the properties of their host galaxies3,
but unambiguous confirmation of the model is still lacking. Mer-
gers of this kind are also expected to create significant quantities of
neutron-rich radioactive species4,5, whose decay should result in a
faint transient, known as a ‘kilonova’, in the days following the
burst6–8. Indeed, it is speculated that this mechanism may be the
predominant source of stable r-process elements in the Universe5,9.
Recent calculations suggest that much of the kilonova energy should
appear in the near-infrared spectral range, because of the high opti-
cal opacity created by these heavy r-process elements10–13. Here we
report optical and near-infrared observations that provide strong
evidence for such an event accompanying the short-duration c-ray
burst GRB 130603B. If this, the simplest interpretation of the data,
is correct, then it confirms that compact-object mergers are the pro-
genitors of short-duration c-ray bursts and the sites of significant
production of r-process elements. It also suggests that kilonovae
offer an alternative, unbeamed electromagnetic signature of the
most promising sources for direct detection of gravitational waves.

Short-duration c-ray bursts (SGRBs) have long been recognized as a
distinct subpopulation of c-ray bursts14. If they are indeed produced by

compact binary mergers, SGRBs may provide a bright electromagnetic sig-
nal accompanying events detected by the next generation of gravitational-
wave interferometers15. Localizing electromagnetic counterparts is an
essential prerequisite to obtaining direct redshift measurements and to
constraining further the astrophysics of the sources. However, the
evidence supporting this progenitor hypothesis is essentially circum-
stantial: principally, many SGRBs seem to reside in host galaxies, or
regions within their hosts, that lack ongoing star formation, which
makes an origin in massive stars unlikely (in contrast to long-duration
c-ray bursts, which result from the core collapse of some short-lived
massive stars16). Progress in studying SGRBs has been slow; NASA’s
Swift satellite localizes only a handful per year, and they are typically
faint, with no optical afterglow or unambiguous host galaxy found in
some cases despite rapid searches with large (8-m class) telescopes.

GRB 130603B was detected by Swift’s Burst Alert Telescope on
2013 June 3 at 15:49:14 UT17, and its duration was measured to be
T90 < 0.18 6 0.02 s in the 15–350-keV band18. The burst was also
detected independently by the Konus instrument on NASA’s Wind
spacecraft, which found a somewhat shorter duration, T90 < 0.09 s in
the 18–1,160-keV band19. This places the burst unambiguously in the
short-duration class, which is also supported by the absence of the
bright supernova emission generally found to accompany low-redshift
(z= 0.5), long-duration bursts (see below). The optical afterglow was
discovered at the William Herschel Telescope20 and found to overlie a
galaxy previously detected in the Sloan Digital Sky Survey imaging of
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Figure 1 | HST imaging of the location of GRB 130603B. The host is well
resolved and has a disturbed, late-type morphology. The position (coordinates
RAJ2000 5 11 h 28 min 48.16 s, decJ2000 5 117u 049 18.299) at which the SGRB
occurred (determined from ground-based imaging) is marked as a red circle
(right-hand panels), lying slightly off a tidally distorted spiral arm. The left-hand
panel shows the host and surrounding field from the higher-resolution optical
image. The right-hand panels show, from left to right, the epoch-1 and epoch-2

imaging and their difference (epoch 1 minus epoch 2; upper row, F606W/
optical; lower row, F160W/NIR). The difference images have been smoothed
with a Gaussian of width similar to the point-spread function, to enhance any
point-source emission. Although the resolution of the NIR image is inferior to
that of the optical image, we clearly detect a transient point source that is absent
in the optical.
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this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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GRB 130603B: 
a smoking gun

GRB 060614: 
a short GRB in disguise?

Long-duration (42 s) g-ray bursts (GRBs) are believed to
originate from Collapsars that involve death of massive stars
and are expected to be accompanied by luminous super-

novae (SNe). GRB 060614 was a nearby burst with a duration of
102 s at a redshift of 0.125(ref. 1). While it is classified as a long
burst according to its duration, extensive searches did not
find any SNe-like emission down to limits hundreds of times
fainter2–4 than SN 1998bw, the archetypal hypernova that
accompanied long GRBs5. Moreover, the temporal lag and peak
luminosity of GRB 060614 fell entirely within the short duration
subclass and the properties of the host galaxy distinguish it from
other long-duration GRB hosts. Thus, GRB 060614 did not fit
into the standard picture in which long-duration GRBs arise from
the collapse of massive stars while short ones arise from compact
binary mergers. It was nicknamed the ‘long–short burst’ as its
origin was unclear. Some speculated that it originated from
compact binary merger and thus it is intrinsically a ‘short’
GRB1,4,6–8. Others proposed that it was formed in a new type of a
Collapsar which produces an energetic g-ray burst that is not
accompanied by an SNe2–4.

Two recent developments may shed a new light on the origin of
this object. The first is the detection of a few very weak SNe (for
example, SN 2008ha9) with peak bolometric luminosities as low
as LB1041 erg s! 1. The second is the detection of an infrared
bump, again with a LB1041 erg s! 1, in the late afterglow of the
short burst GRB 130603B10,11. This was interpreted as a
Li-Paczyński macronova (also called kilonova)12–19—a near-
infrared/optical transient powered by the radioactive decay of
heavy elements synthesized in the ejecta of a compact binary
merger. Motivated by these discoveries, we re-examined the
afterglow data of this peculiar burst searching for a signal
characteristic to one of these events.

The X-ray and UV/optical afterglow data of GRB 060614, were
extensively examined in the literature20,21 and found to follow
very well the fireball afterglow model up to tB20 days22. The
J-band has been disregarded because only upper limits
B19–20th mag with a sizeable scatter are available at t 42.7
days, and these are too bright to significantly constrain even
supernovae as luminous as SN 1998bw23. In this work we focus
on the optical emission. We have re-analysed all the late time
(that is, t Z1.7 days) very large telescope (VLT) V, R and I -band
archival data and the Hubble space telescope (HST) F606W and
F814W archival data, including those reported in the literature3,4

and several unpublished data points. Details on data reduction
are given in the Methods.

Results
The discovery of a significant F814W-band excess. Figure 1
depicts the most complete late-time optical light curves
(see Supplementary Table 1; the late VLT upper limits are not
shown in Fig. 1) of this burst. The VLT V, R and I-band fluxes
decrease with time as pt! 2.30±0.03 (see Fig. 1, in which the VLT
V/I band data have been calibrated to the F606W/F814W filters
of HST with proper k-corrections), consistent with that found
earlier3,20,21. However, the first HST F814W data point is
significantly above the same extrapolated power-law decline.
The significance of the deviation is B6s (see the estimate in the
Methods). No statistically significant excess is present in both the
F606W and the R bands. The F814W-band excess is made most
forcibly by considering the colour evolution of the transient,
defined as the difference between the magnitudes in each filter,
which evolves from V–IE0.65 mag by the VLT (correspondingly
for HST we have F606W–F814WE0.55 mag) at about t B1.7
days to F606W–F814WE1.5 mag by HST at about 13.6 days
after the trigger of the burst. With proper/minor extinction

corrections, the optical to X-ray spectrum energy distribution for
GRB 060614 at the epoch of B1.9 days is nicely fitted by a single
power law3,20,21 Fvpv! 0.8. In the standard external forward
shock afterglow model, the cooling frequency is expected to drop
with time as22 vcpt! 1/2. Thus, it cannot change the optical
spectrum in the time interval of 1.9–13.6 days. Hence, the
remarkable colour change and the F814W-band excess of
B1 mag suggest a new component. Like in GRB 130603B this
component was observed at one epoch only. After the subtraction
of the power-law decay component, the flux of the excess
component decreased with time faster than t! 3.2 for t 413.6
days. Note that an unexpected optical re-brightening was also
detected in GRB080503, another ‘long–short’ burst24. However,
unlike the excess component identified here, that re-brightening
was achromatic in optical to X-ray bands and therefore likely
originated by a different process.

Discussion
Shortly after the discovery of GRB 060614 it was speculated that it
is powered by an ‘unusual’ core collapse of a massive star2,3.
We turn now to explore whether the F814W-band excess
can be powered by a weak supernova. Figure 2 depicts the
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Figure 1 | The afterglow emission of GRB 060614. The VLT and HST
observation vega magnitudes including their 1s statistical errors of the
photon noise and the sky variance and the 3s upper limits (the downward
arrows) are adopted from Supplementary Table 1. The small amounts of
foreground and host extinction have not been corrected. Note that the VLT
V/I band data have been calibrated to the HST F606W/F814W filters with
proper k-corrections (see Methods). The VLT data (the circles) are
canonical fireball afterglow emission while the HST F814W detection
(marked in the square) at tB13.6 days is significantly in excess of the same
extrapolated power-law decline (see the residual), which is at odds with the
afterglow model. The F814W-band light curve of SN 2008ha 27 expected at
z¼0.125 is also presented for comparison. The dashed lines are macronova
model light curves generated from numerical simulation 28 for the ejecta
from a black hole–neutron star merger. Error bars represent s.e.
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Long-duration (42 s) g-ray bursts (GRBs) are believed to
originate from Collapsars that involve death of massive stars
and are expected to be accompanied by luminous super-

novae (SNe). GRB 060614 was a nearby burst with a duration of
102 s at a redshift of 0.125(ref. 1). While it is classified as a long
burst according to its duration, extensive searches did not
find any SNe-like emission down to limits hundreds of times
fainter2–4 than SN 1998bw, the archetypal hypernova that
accompanied long GRBs5. Moreover, the temporal lag and peak
luminosity of GRB 060614 fell entirely within the short duration
subclass and the properties of the host galaxy distinguish it from
other long-duration GRB hosts. Thus, GRB 060614 did not fit
into the standard picture in which long-duration GRBs arise from
the collapse of massive stars while short ones arise from compact
binary mergers. It was nicknamed the ‘long–short burst’ as its
origin was unclear. Some speculated that it originated from
compact binary merger and thus it is intrinsically a ‘short’
GRB1,4,6–8. Others proposed that it was formed in a new type of a
Collapsar which produces an energetic g-ray burst that is not
accompanied by an SNe2–4.

Two recent developments may shed a new light on the origin of
this object. The first is the detection of a few very weak SNe (for
example, SN 2008ha9) with peak bolometric luminosities as low
as LB1041 erg s! 1. The second is the detection of an infrared
bump, again with a LB1041 erg s! 1, in the late afterglow of the
short burst GRB 130603B10,11. This was interpreted as a
Li-Paczyński macronova (also called kilonova)12–19—a near-
infrared/optical transient powered by the radioactive decay of
heavy elements synthesized in the ejecta of a compact binary
merger. Motivated by these discoveries, we re-examined the
afterglow data of this peculiar burst searching for a signal
characteristic to one of these events.

The X-ray and UV/optical afterglow data of GRB 060614, were
extensively examined in the literature20,21 and found to follow
very well the fireball afterglow model up to tB20 days22. The
J-band has been disregarded because only upper limits
B19–20th mag with a sizeable scatter are available at t 42.7
days, and these are too bright to significantly constrain even
supernovae as luminous as SN 1998bw23. In this work we focus
on the optical emission. We have re-analysed all the late time
(that is, t Z1.7 days) very large telescope (VLT) V, R and I -band
archival data and the Hubble space telescope (HST) F606W and
F814W archival data, including those reported in the literature3,4

and several unpublished data points. Details on data reduction
are given in the Methods.

Results
The discovery of a significant F814W-band excess. Figure 1
depicts the most complete late-time optical light curves
(see Supplementary Table 1; the late VLT upper limits are not
shown in Fig. 1) of this burst. The VLT V, R and I-band fluxes
decrease with time as pt! 2.30±0.03 (see Fig. 1, in which the VLT
V/I band data have been calibrated to the F606W/F814W filters
of HST with proper k-corrections), consistent with that found
earlier3,20,21. However, the first HST F814W data point is
significantly above the same extrapolated power-law decline.
The significance of the deviation is B6s (see the estimate in the
Methods). No statistically significant excess is present in both the
F606W and the R bands. The F814W-band excess is made most
forcibly by considering the colour evolution of the transient,
defined as the difference between the magnitudes in each filter,
which evolves from V–IE0.65 mag by the VLT (correspondingly
for HST we have F606W–F814WE0.55 mag) at about t B1.7
days to F606W–F814WE1.5 mag by HST at about 13.6 days
after the trigger of the burst. With proper/minor extinction

corrections, the optical to X-ray spectrum energy distribution for
GRB 060614 at the epoch of B1.9 days is nicely fitted by a single
power law3,20,21 Fvpv! 0.8. In the standard external forward
shock afterglow model, the cooling frequency is expected to drop
with time as22 vcpt! 1/2. Thus, it cannot change the optical
spectrum in the time interval of 1.9–13.6 days. Hence, the
remarkable colour change and the F814W-band excess of
B1 mag suggest a new component. Like in GRB 130603B this
component was observed at one epoch only. After the subtraction
of the power-law decay component, the flux of the excess
component decreased with time faster than t! 3.2 for t 413.6
days. Note that an unexpected optical re-brightening was also
detected in GRB080503, another ‘long–short’ burst24. However,
unlike the excess component identified here, that re-brightening
was achromatic in optical to X-ray bands and therefore likely
originated by a different process.

Discussion
Shortly after the discovery of GRB 060614 it was speculated that it
is powered by an ‘unusual’ core collapse of a massive star2,3.
We turn now to explore whether the F814W-band excess
can be powered by a weak supernova. Figure 2 depicts the
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Figure 1 | The afterglow emission of GRB 060614. The VLT and HST
observation vega magnitudes including their 1s statistical errors of the
photon noise and the sky variance and the 3s upper limits (the downward
arrows) are adopted from Supplementary Table 1. The small amounts of
foreground and host extinction have not been corrected. Note that the VLT
V/I band data have been calibrated to the HST F606W/F814W filters with
proper k-corrections (see Methods). The VLT data (the circles) are
canonical fireball afterglow emission while the HST F814W detection
(marked in the square) at tB13.6 days is significantly in excess of the same
extrapolated power-law decline (see the residual), which is at odds with the
afterglow model. The F814W-band light curve of SN 2008ha 27 expected at
z¼0.125 is also presented for comparison. The dashed lines are macronova
model light curves generated from numerical simulation 28 for the ejecta
from a black hole–neutron star merger. Error bars represent s.e.
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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


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 .
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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
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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



• Consortium between LIGO and 63 teams 
using ground and space facilities 

• Gamma-ray, X-ray, optical, infrared, and 
radio wavelengths 

• Key NASA contributions come from high-
energy observational assets:  
Fermi, Swift, GCN network  
 
 
 

Localization and broadband 
follow-up of the first LIGO event



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+), +many more in preparation

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


Bootstrap with model problem: 
Fermi gamma-ray bursts

image: NASA/GSFCImage credit: NASA/Jim Grossmann
http://www.nasa.gov/mission_pages/GLAST/news/vision-
improve.html
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Singer et al. 2013, ApJL 
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• Low redshift: z = 0.145. Energetics bridge gap between 
“standard” GRBS and llGRBs. 

• iPTF13bxl / GRB 130702A = SN 2013dx! 
Detailed spectroscopy of SN: 
D’Elia+ 2015, Toy, Cenko, … + Singer (2016) 

• Detailed afterglow modeling: A. J. van der Horst+ 

• Low-metallicity dwarf satellite of a higher-metallicity host 
Kelly+ 2013 

• First clear identification of a galaxy cluster or group 
containing a GRB host D’Elia+ 2015 

• Search for other SNe associated with Fermi GBM bursts 
Kovacevic+ 2014 

• LAT-detected burst at low redshift → search for TeV 
emission with HAWC (Woodle 2015, PhD thesis, PSU)

http://adsabs.harvard.edu/abs/2013ApJ...776L..34S
http://adsabs.harvard.edu/abs/2015arXiv150204883D
http://adsabs.harvard.edu/abs/2016ApJ...818...79T
http://adsabs.harvard.edu/abs/2013ApJ...775L...5K
http://adsabs.harvard.edu/abs/2015arXiv150204883D
http://adsabs.harvard.edu/abs/2014A%26A...569A.108K
https://etda.libraries.psu.edu/paper/26179/


TITLE:   GCN CIRCULAR 
NUMBER:  18337 
SUBJECT: LIGO/Virgo G184098: iPTF Optical Transient Candidates 
DATE:    15/09/20 01:39:01 GMT 
FROM:    Leo Singer at NASA/GSFC  <leo.p.singer@nasa.gov> 

[GCN OPS NOTE(19sep15): This Circular was originally published 
on 03:09 18-Sep-2015 UT.] 

L. P. Singer (NASA/GSFC), M. M. Kasliwal (Caltech), S. B. Cenko 
(NASA/GSFC), V. Bhalerao (IUCAA), A. Miller (Caltech), T. Barlow 
(Caltech), E. Bellm (Caltech), I. Manulis (WIS), A. Singhal (IUCAA), and 
J. Rana (IUCAA) report on behalf of the intermediate Palomar Transient 
Factory (iPTF) collaboration: 

We have performed tiled observations of LIGO/Virgo G184098 using the 
Palomar 48-inch Oschin telescope (P48). We imaged 18 fields spanning 135 
deg2. Based on the LIB localization, we estimate a 2.3% prior probability 
that these fields contain the true location of the source. The small 
containment probability is because the southern mode of the updated 
("LIB") localization was too far south to be observable from Palomar, 
whereas most of the northern mode rose after 12° twilight. 

Sifting through candidate variable sources using image subtraction by both 
our NERSC and IPAC pipelines, and applying standard iPTF vetting 
procedures, we flagged the following optical transient candidates for 
further follow-up: 

iPTF15cyo, at the coordinates: 
  RA(J2000)  =  8h 19m 56.18s (124.984069 deg) 
  Dec(J2000) = +13d 52' 42.0" (+13.878337 deg) 

Our P48 photometry includes: 
  -483 days: R > 20.88 
    +3 days: R = 17.75 +/- 0.01 

The position is consistent with the galaxy SDSS J081956.62+135241.7, whose 
spectroscopic redshift of z = 0.02963 implies an absolute magnitude for 
the transient of M_R = -17.8, suggestive of a supernova. 

iPTF15cyq, at the coordinates: 
  RA(J2000)  =  8h 10m 00.86s (122.503586 deg) 
  Dec(J2000) = +18d 42' 18.1" (+18.705039 deg) 

. . . 

We have obtained Keck II + DEIMOS spectra of all of the above targets. 
We will report our analyses of these spectra shortly. 

Times are relative to the LIGO/Virgo trigger. Magnitudes are in the Mould 
R filter and in the AB system, calibrated with respect to point sources in 
SDSS as described in Ofek et al. (2012, http://dx.doi.org/10.1086/664065).

PALOMAR 
TRANSIENT 
FACTORY 
FOLLOW-UP OF 
GW150914

Kasliwal, 
Cenko, Singer+ 
2016 (in prep.)



TITLE:   GCN CIRCULAR
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[GCN OPS NOTE(19sep15): This Circular was 
originally published on 09:28 18-Sep-2015 UT.]

M. M. Kasliwal (Caltech), S. B. Cenko (NASA 
GSFC), Y. Cao (Caltech) and G. Duggan (Caltech)

report on behalf of a larger collaboration

We obtained spectra of the following iPTF 
candidates with the DEIMOS spectrograph on the 
Keck II telescope on 2015 Sep 17 between approx. 
11.3 and 13.3 UTC. Cross-correlating with 
supernova spectral libraries (SNID and 
Superfit), we find the following candidates are 
unlikely to be related:
iPTF15cym: Supernova, Type II, z~0.055
iPTF15cyo: Supernova, Type Ia, z=0.0296
iPTF15cyq: Supernova, Type II, z=0.063
iPTF15cys: Supernova, Type Ia, z~0.05

In addition, we note that iPTF15cyk is unlikely 
to be related due to its high redshift. 
iPTF15cyn, iPTF14cyp and iPTF5cyt spectra are 
dominated by nuclear continuum. Further analysis 
and follow-up is underway. We thank S. R. 
Kulkarni for the DEIMOS observing time.

KECK CLASSIFICATION SPECTRA 
less than an hour after discovery!

Kasliwal, Cenko, Singer+ 2016 (ApJL, in press)

http://arxiv.org/abs/1602.08764
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TRANSIENT 
FACIL ITY
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Figure 1.5 The PTF (left) and ZTF (right) cameras. Reproduced from a presentation by E. Bellm.

1.2 Aims of this thesis

The aim of my thesis is to deliver the major, fully and realistically characterized and tested,

pieces of the search for optical counterparts of BNS mergers, including detection and parameter

estimation as well as the optical transient search itself. Here is a chapter-by-chapter summary of

the content of this thesis.

Chapter 2 introduces the basic principles of a matched filter bank GW search. We describe

the range of a GW detector in terms of its directional sensitivity or antenna pattern, its noise

power spectral density (PSD), and the signal-to-noise ratio (SNR). We then apply the Fisher

information matrix formalism to compute the approximate sky resolution of a network of GW

detectors. There is a great deal of prior literature on this topic that considers GW sky localization

in terms of timing triangulation (see, for instance, Fairhurst 2009). Our calculation captures the

additional contributions of the phases and amplitudes on arrival at the detectors, which we show

to be significant, especially near the plane of the detectors where timing triangulation is formally
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• New camera, 7x larger FOV,  
order of magnitude faster survey rate 

• 3800 deg2/hour ⇒ 3π survey in 8 hours 

• Faster readout for deep co-adds,  
guide camera for long exposures 

• New real-time P48 pipeline at IPAC based on 
PTF science archive calibration, being 
deployed now 

• More filters: g r (i) 
• Improved real/bogus classification  
→higher purity discovery stream 

• In process of adapting TOO Marshal for GW 
events

ZTF will survey an order of magnitude faster than PTF.

16

PTF ZTF
Active Area 7.26 deg2 47 deg2

Readout 
Time 36 sec 10 sec

Exposure 
Time 60 sec 30 sec

Relative Areal 
Survey Rate 1x 14.7x

Relative 
Volumetric 

Survey Rate
1x 12.3x

New ZTF camera:
16 6k x 6k e2v CCDs

Existing PTF camera
MOSAIC 12k

3800 deg2/hour 
⇒ 3π survey in 8 hours,

> 250 observations/field/year

E. Bellm 
Bellm+ 2014 
Smith+ 2014

Zwicky Transient Facility

http://arxiv.org/abs/1410.8185
http://adsabs.harvard.edu/abs/2014SPIE.9147E..79S


8 Kasliwal & Nissanke

-11 -12 -13 -14 -15 -16 -17
EM Counterpart Luminosity (Absolute i-mag)

0.0

0.2

0.4

0.6

0.8

1.0

EM
-G

W
 D

et
ec

ta
bl

e 
Fr

ac
tio

n 
of

 M
er

ge
rs

Nickel peak r-proc peak

ZTF

BG4
DECAM

HSC

PS1

LSST

ATLAS

Fig. 4.— Fraction of mergers detectable by a given EM facility as a function of kilonova luminosity (expressed in absolute i-band AB
magnitude). Color and line-styles are same as in Figure 3. Shaded regions denote theoretical predictions for kilonovae (Barnes & Kasen
2013; Kasen et al. 2013) — r-process powered peak (light grey; Mejecta ⇡ 10�1–10�3 M�, vejecta ⇡ 0.1c–0.3c) and Nickel-56 powered
peak (dark grey; Mejecta ⇡ 10�2–10�3 M�). All fractions are relative as an accessibility window of three hours with clear weather is
assumed for all binaries at all facilities and no correction is made for lag in response (Table 1).

Singer+ 2015Kasliwal & Nissanke (2014)

ZTF REACH into kilonova phase space

http://adsabs.harvard.edu/abs/2015ApJ...806...52S
http://adsabs.harvard.edu/abs/2014ApJ...789L...5K




WHERE WE WILL GO IN O2
• Both population statistics 

and distinctive single-
object analysis 

• Alerts with distance and 
GW classification must go 
out within half an hour (<1 
minute, with more 
practice!) 

• An alert every 1–2 weeks 
→ need to select which 
GW events to follow up 
based on GW mass 
estimates and localization

Real-time, open, public alerts 
after 4 published events. By 
beginning of O3?

14

Table 2. Counts and sensitive time-volumes to BBH
mergers estimated under various assumptions. See Sec-
tions 2.1 and 2.2.

⇤ hV T i /Gpc

3

yr

pycbc gstlal pycbc gstlal

GW150914 2.1+4.1
�1.7 3.6+6.9

�2.9 0.130+0.084
�0.051 0.21+0.14

�0.08

LVT151012 2.0+4.0
�1.7 3.0+6.8

�2.7 0.032+0.020
�0.012 0.048+0.031

�0.019

Both 4.5+5.5
�3.1 7.4+9.2

�5.1 · · · · · ·

Astrophysical

Flat

3.2+4.9
�2.4 4.8+7.9

�3.8
0.093+0.060

�0.036 0.150+0.096
�0.059

Power Law 0.031+0.020
�0.012 0.0479+0.031

�0.019

100 101 102

hV T i0
/hV T i0

10�1

100

101

102

103

⇤
0

O2 O3O1

Figure 6. Left panel: The median value and 90% credible interval for the expected number of highly significant events
(FARs <1/century) as a function of surveyed time-volume in an observation (shown as a multiple of hV T i0). The
expected range of values of hV T i for the observations in O2 and O3 are shown as vertical bands. Right panel: The
probability of observing N > 0 (blue), N > 5 (green), N > 10 (red), and N > 35 (purple) highly significant events,
as a function of surveyed time-volume. The vertical line and bands show, from left to right, the expected sensitive
time-volume for each of the O1 (dashed line), O2, and O3 observations.

compute the probability of having more than n high-
significance events in a subsequent observation:

p (N > n|⇤0) = exp [�⇤0]
1X

k=n+1

⇤0k

k!
. (21)

Applying Eq. (20), and integrating over our posterior on
⇤ from the analysis in Section 2.1, we obtain the posterior
probability of more than n high-significance events in a
subsequent observation with sensitivity hV T i 0 given our

current observations:

p (N > n| {xj} , hV T i 0) =
Z

d⇤0 d⇤1 p (N > n|⇤0 (⇤1)) p (⇤0, ⇤1| {xj}) . (22)

The right panel of Figure 6 shows this probability for
various values of n and hV T i 0.

The rates presented here are consistent with the theo-
retical expectations detailed in Abadie et al. (2010). See
Abbott et al. (2016b) for a detailed discussion of the im-
plications of our rate estimates for models of the binary
BH population.

GW150914 is unusually significant; only ⇠ 8% of
the astrophysical distribution of sources with a FAR



SCIENCE OUTREACH 
How to get started with LIGO/Virgo alerts

• Minimize surprise by 
reusing technologies 
with heritage: GCN, 
FITS, HEALPix 

• Rich sample catalogs, 
modern and simple 
toolchain (Astropy, 
Healpy, PyGCN) 

• Sample code, 
tutorials, and more

Singer+ 2014 (arXiv:1404.5623) 
Berry+ 2015 (arXiv:1411.6934) 
Essick+ 2015 (arXiv:1409.2435) 
LVC+ 2016 (arXiv:1304.0670)

http://gcn.gsfc.nasa.gov
http://fits.gsfc.nasa.gov
http://healpix.jpl.nasa.gov
http://www.astropy.org
https://pypi.python.org/pypi/healpy
https://pypi.python.org/pypi/pygcn
http://nbviewer.jupyter.org/github/lpsinger/ligo-virgo-emfollowup-tutorial/blob/master/ligo-virgo-emfollowup-tutorial.ipynb
http://arxiv.org/abs/1404.5623
http://arxiv.org/abs/1411.6934
http://arxiv.org/abs/1409.2435
https://arxiv.org/abs/1304.0670


SPACE POTATO CHIPS 
Typical GW localization 
in three dimensionsADVANCED LIGO VOLUME RECONSTRUCTION AND GALAXY CATALOGS 3

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)

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  
NOT (2.6m) + ALFOSC 

Discov. Chan. (4.3m) + LMI 
Magellan (6.5m) + FourStar  

Gemini (8.2m) + GMOS 
VLT (8.2m) + FORS2  

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

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.

References

Abbott et al. 2013, arXiv: 1304.0670

Barnes & Kasen, 2013, ApJ, 775, 18

Gehrels et al. 2015, arXiv: 1508.03608

Metzger et al. 2015, MNRAS, 466,115

Rosswog et al. 1999, A&A, 341 499

Rosswog et al. 2005,

Singer et al. 2015,

Singer & Price 2015, arXiv: 1508.03634

Tanaka et al. 2014, ApJ, 780, 31

White et al. 2011, Classical and Quantum

Gravity, 28, 8

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).

159 - Arcavi Searching for Optical Counterparts to Gravitational Wave Sources

- 5 -

“Searching for Optical Counterparts to Gravitational 
 Wave Sources” LCOGT 2016A (Arcavi, Howell, Valenti, 
Singer ….)

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

FTN

DCT

Magellan



arXiv:1603.07333
http://asd.gsfc.nasa.gov/Leo.Singer/going-the-distance/



Conclusions
• LIGO discovery firehose: expect 

O(10) GW signals by end of 2016,  
O(100) by end of 2017 

• NS binary mergers are likely around the corner: O(0.1–10) 
events possible in O2 

• Wealth of information can be learned from joint GW
+broadband EM observations, possibly with or without a 
counterpart. 

• In the Northern hemisphere and during the pre-LSST era, 
ZTF+GROWTH ought to be the linchpin of the 
multimessenger GW–EM effort.



T H E  F U T U R E  I S  B R I G H T



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 

GW150914 data release (includes sky maps)
https://losc.ligo.org/events/GW150914/

http://www.ligo.org/scientists/GWEMalerts.php
mailto:emf@ligo.org
https://gw-astronomy.org/wiki/LV_EM/TechInfo
https://losc.ligo.org/events/GW150914/


Extra slides



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 minutes of data 
acquisition. 

Singer+Price 2016

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


LALInference 

MCMC analysis 
assuming that the GW 
signal is a sinusoidally 
modified Gaussian. 

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

Veitch+ 2015

http://adsabs.harvard.edu/abs/2015PhRvD..91d2003V




Area 
(deg2)

GW
150914 NSBH NSNS

HL 400 300 200

HLV 11 11 5

HLI 6 7 4

GW150914

with Adv. Virgo (early)
as BNS with the same S/N

Even with at “early” 
sensitivity, Advanced 
Virgo will fundamentally 
transform the character 
of GW observations.

THE NEED FOR Advanced Virgo


