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with specific stellar populations). Because merger counterparts
are predicted to be faint, obtaining a spectroscopic redshift
is challenging (cf. Rowlinson et al. 2010), in which case
spectroscopy of the host galaxy is the most promising means
of obtaining the event redshift.

It is important to distinguish two general strategies for con-
necting EM and GW events. One approach is to search for a
GW signal following an EM trigger, either in real time or at
a post-processing stage (e.g., Finn et al. 1999; Mohanty et al.
2004). This is particularly promising for counterparts predicted
to occur in temporal coincidence with the GW chirp, such as
short-duration gamma-ray bursts (SGRBs). Unfortunately, most
other promising counterparts (none of which have yet been
independently identified) occur hours to months after coales-
cence.6 Thus, the predicted arrival time of the GW signal will
remain uncertain, in which case the additional sensitivity gained
from this information is significantly reduced. For instance, if
the time of merger is known only to within an uncertainty of
∼ hours (weeks), as we will show is the case for optical (radio)
counterparts, then the number of trial GW templates that must
be searched is larger by a factor ∼104–106 than if the merger
time is known to within seconds, as in the case of SGRBs.

A second approach, which is the primary focus of this paper,
is EM follow-up of GW triggers. A potential advantage in this
case is that counterpart searches are restricted to the nearby
universe, as determined by the ALIGO/Virgo sensitivity range
(redshift z ! 0.05–0.1). On the other hand, the large error
regions are a significant challenge, which are estimated to be
tens of square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009; Wen &
Chen 2010; Nissanke et al. 2011). Although it has been argued
that this difficulty may be alleviated if the search is restricted
to galaxies within 200 Mpc (Nuttall & Sutton 2010), we stress
that the number of galaxies with L " 0.1 L∗ (typical of SGRB
host galaxies; Berger 2009, 2011) within an expected GW error
region is ∼400, large enough to negate this advantage for most
search strategies. In principle the number of candidate galaxies
could be reduced if the distance can be constrained from the
GW signal; however, distance estimates for individual events
are rather uncertain, especially at that low of S/Ns that will
characterize most detections (Nissanke et al. 2010). Moreover,
current galaxy catalogs are incomplete within the ALIGO/Virgo
volume, especially at lower luminosities. Finally, some mergers
may also occur outside of their host galaxies (Berger 2010;
Kelley et al. 2010). Although restricting counterpart searches to
nearby galaxies is unlikely to reduce the number of telescope
pointings necessary in follow-up searches, it nevertheless can
substantially reduce the effective sky region to be searched,
thereby allowing for more effective vetoes of false positive
events (Kulkarni & Kasliwal 2009).

At the present there are no optical or radio facilities that can
provide all-sky coverage at a cadence and depth matched to
the expected light curves of EM counterparts. As we show in
this paper, even the Large Synoptic Survey Telescope (LSST),
with a planned all-sky cadence of four days and a depth of
r ≈ 24.7 mag, is unlikely to effectively capture the range of
expected EM counterparts. Thus, targeted follow-up of GW

6 Predicted EM counterparts that may instead precede the GW signal include
emission powered by the magnetosphere of the NS (e.g., Hansen & Lyutikov
2001; McWilliams & Levin 2011; Lyutikov 2011a, 2011b), or cracking of the
NS crust due to tidal interactions (e.g., Troja et al. 2010; Tsang et al. 2011),
during the final inspiral. However, given the current uncertainties in these
models, we do not discuss them further.
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Figure 1. Summary of potential electromagnetic counterparts of NS–NS/
NS–BH mergers discussed in this paper, as a function of the observer angle,
θobs. Following the merger a centrifugally supported disk (blue) remains around
the central compact object (usually a BH). Rapid accretion lasting !1 s
powers a collimated relativistic jet, which produces a short-duration gamma-
ray burst (Section 2). Due to relativistic beaming, the gamma-ray emission
is restricted to observers with θobs ! θj , the half-opening angle of the jet.
Non-thermal afterglow emission results from the interaction of the jet with
the surrounding circumburst medium (pink). Optical afterglow emission is
observable on timescales up to ∼ days–weeks by observers with viewing angles
of θobs ! 2θj (Section 3.1). Radio afterglow emission is observable from all
viewing angles (isotropic) once the jet decelerates to mildly relativistic speeds
on a timescale of weeks–months, and can also be produced on timescales of
years from sub-relativistic ejecta (Section 3.2). Short-lived isotropic optical
emission lasting ∼few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in the ejecta
(Section 4).
(A color version of this figure is available in the online journal.)

error regions is required, whether the aim is to detect optical
or radio counterparts. Even with this approach, the follow-
up observations will still require large field-of-view (FOV)
telescopes to cover tens of square degrees; targeted observations
of galaxies are unlikely to substantially reduce the large amount
of time to scan the full error region.

Our investigation of EM counterparts is organized as follows.
We begin by comparing various types of EM counterparts, each
illustrated by the schematic diagram in Figure 1. The first is an
SGRB, powered by accretion following the merger (Section 2).
Even if no SGRB is produced or detected, the merger may still
be accompanied by relativistic ejecta, which will power non-
thermal afterglow emission as it interacts with the surrounding
medium. In Section 3 we explore the properties of such “or-
phan afterglows” from bursts with jets nearly aligned toward
Earth (optical afterglows; Section 3.1) and for larger viewing
angles (late radio afterglows; Section 3.2). We constrain our
models using the existing observations of SGRB afterglows,
coupled with off-axis afterglow models. We also provide a re-
alistic assessment of the required observing time and achiev-
able depths in the optical and radio bands. In Section 4 we
consider isotropic optical transients powered by the radioac-
tive decay of heavy elements synthesized in the ejecta (referred
to here as “kilonovae,” since their peak luminosities are pre-
dicted to be roughly one thousand times brighter than those
of standard novae). In Section 5 we compare and contrast the
potential counterparts in the context of our four Cardinal Virtues.
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3 R A D I OAC T I V E H E AT I N G

3.1 Network calculations

In this section we present calculations of the radioactive heating of
the ejecta. We use a dynamical r-process network (Martı́nez-Pinedo
2008; Petermann et al. 2008) that includes neutron captures, pho-
todissociations, β-decays, α-decays and fission reactions. The latter
includes contributions from neutron-induced fission, β delayed fis-
sion and spontaneous fission. The neutron capture rates for nuclei
with Z ≤ 83 are obtained from the work of Rauscher & Thielemann
(2000) and are based on two different nuclear mass models: the
Finite Range Droplet Model (FRDM; Möller et al. 1995) and the
Quenched version of the Extended Thomas–Fermi with Strutinsky
Integral (ETFSI-Q) model (Pearson, Nayak & Goriely 1996). For
nuclei with Z > 83 the neutron capture rates and neutron-induced
fission rates are obtained from Panov et al. (2010). β-decay rates
including emission of up to three neutrons after β-decay are from
Möller, Pfeiffer & Kratz (2003). β-delayed fission and spontaneous
fission rates are determined as explained by Martı́nez-Pinedo et al.
(2007). Experimental rates for α and β decay have been obtained
from the NUDAT data base.1 Fission yields for all fission processes
are determined using the statistical code ABLA (Gaimard & Schmidt
1991; Benlliure et al. 1998). All heating is self-consistently added
to the entropy of the fluid following the procedure of Freiburghaus
et al. (1999). The change of temperature during the initial expan-
sion is determined using the Timmes equation of state (Timmes &
Arnett 1999), which is valid below the density ρ ∼ 3 × 1011 g cm−3

at which our calculation begins.
As in the r-process calculations performed by Freiburghaus et al.

(1999), we use a Lagrangian density ρ(t) taken from the NS–NS
merger simulations of Rosswog et al. (1999). In addition to ρ(t), the
initial temperature T , electron fraction Ye and seed nuclei properties
(Ā, Z̄) are specified for a given calculation. We assume an initial
temperature T = 6 × 109 K, although the subsequent r-process heat-
ing is not particularly sensitive to this choice because any initial ther-
mal energy is rapidly lost to P dV work during the initial expansion
before the r-process begins (Meyer 1989; Freiburghaus et al. 1999).
For our fiducial model we also assume Ye = 0.1, Z̄ ≃ 36, Ā ≃ 118
(e.g. Freiburghaus et al. 1999).

Our results for the total radioactive power Ė with time are shown
in Fig. 1. On time-scales of interest the radioactive power can be
divided into two contributions: fission and β-decays, which are
denoted by dashed and dotted lines, respectively. The large heating
rate at very early times is due to the r-process, which ends when
neutrons are exhausted at t ∼ 1 s ∼10−5 d. The heating on longer
time-scales results from the synthesized isotopes decaying back to
stability. On the time-scales of interest for powering EM emission
(tpeak ∼ hours–days; equations3), most of the fission results from
the spontaneous fission of nuclei with A ∼ 230–280. This releases
energy in the form of the kinetic energy of the daughter nuclei and
fast neutrons, with a modest contribution from γ -rays. The other
source of radioactive heating is β-decays of r-process product nuclei
and fission daughters (see Table 1 for examples corresponding to
our fiducial model). In Fig. 1 we also show for comparison the
radioactive power resulting from an identical mass of 56Ni and its
daughter 56Co. Note that (coincidentally) the radioactive power of
the r-process ejecta and 56Ni/56Co are comparable on time-scales
∼1 d.

1http://www.nndc.bnl.gov/nudat2/

Figure 1. Radioactive heating rate per unit mass Ė in NS merger ejecta
due to the decay of r-process material, calculated for the Ye = 0.1 ejecta
trajectory from Rosswog et al. (1999) and Freiburghaus et al. (1999). The
total heating rate is shown with a solid line and is divided into contributions
from β-decays (dotted line) and fission (dashed line). For comparison we
also show the heating rate per unit mass produced by the decay chain
56Ni → 56Co → 56Fe (dot–dashed line). Note that on the ∼day time-scales
of interest for merger transients (t ∼ tpeak; equation 3) fission and β-decays
make similar contributions to the total r-process heating, and that the r-
process and 56Ni heating rates are similar.

Table 1. Properties of the dominant β-decay nuclei at t ∼ 1 d.

Isotope t1/2 Qa ϵb
e ϵc

ν ϵd
γ Eavg e

γ

(h) (MeV) (MeV)

135I 6.57 2.65 0.18 0.18 0.64 1.17
129Sb 4.4 2.38 0.22 0.22 0.55 0.86
128Sb 9.0 4.39 0.14 0.14 0.73 0.66
129Te 1.16 1.47 0.48 0.48 0.04 0.22
132I 2.30 3.58 0.19 0.19 0.62 0.77
135Xe 9.14 1.15 0.38 0.40 0.22 0.26
127Sn 2.1 3.2 0.24 0.23 0.53 0.92
134I 0.88 4.2 0.20 0.19 0.61 0.86
56Nif 146 2.14 0.10 0.10 0.80 0.53

aTotal energy released in the decay.
b,c,dFraction of the decay energy released in electrons, neutrinos and γ -rays.
eAverage photon energy produced in the decay.
f Note: 56Ni is not produced by the r-process and is only shown for compar-
ison [although a small abundance of 56Ni may be produced in accretion disc
outflows from NS–NS/NS–BH mergers (Metzger et al. 2008b)].

In Fig. 2 we show the final abundance distribution from our
fiducial model, which shows the expected strong second and third
r-process peaks at A ∼ 130 and ∼195, respectively. For comparison,
we show the measured Solar system r-process abundances with
points. The computed abundances are rather different to the one
obtained by Freiburghaus et al. (1999) due to an improved treatment
of fission yields and freeze-out effects.

Although we assume Ye = 0.1 in our fiducial model, the ejecta
from NS mergers will possess a range of electron fractions (see
Section 2.1). To explore the sensitivity of our results to the ejecta
composition we have run identical calculations of the radioactive
heating, but varying the electron fraction in the range Ye = 0.05–
0.35. Although in reality portions of the ejecta with different compo-
sitions will undergo different expansion histories, in order to make
a direct comparison we use the same density trajectory ρ(t) as was
described earlier for the Ye = 0.1 case. Fig. 3 shows the heating rate

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 406, 2650–2662
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Kilonova	
  candidate	
  in	
  GRB	
  130603B
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,

21

1 10

X-ray

F606W

F160W22

23

A
B

 m
ag

ni
tu

de

24

25

26

27

104 105

10–11

10–12

10–13

10–14

106

28

29

Time since GRB 130603B (s)

Time since GRB 130603B (d)
X-ray flux (erg s

–1 cm
–2)

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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Fig. 3.— Predicted light curves for NS-NS and BH-NS models. Left panel: NS-NS models. The dashed, solid, and dot-dashed curves
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denote the r and H-band light curves. Here we set (Q, χ) = (3, 0.75). The observed data and the light curves of the afterglow model of
GRB 130603B in r and H-band are plotted (Tanvir et al. 2013). The observed point in r-band at 1 days after the GRB is consistent with
the afterglow model. The key observations for an electromagnetic transient are the observed H-band data at 7 days after the GRB, which
exceed the H-band light curve of the afterglow model, and the upper limit in H-band at 22 days after the GRB. These data suggest the
existence of an electromagnetic transient associated with GRB 130603B.

ratio 3 ≤ Q ≤ 7 and the nondimensional spin parameter
of the black hole 0.5 ≤ χ ≤ 0.75, the stiff EOS models
are favored. For χ ≤ 0.5, any BH-NS models with Q ≥ 7
are unlikely to produce the required amount of ejecta.
In future, the observations of gravitational waves from
compact binary mergers within ∼ 200 Mpc will provide
the masses of the binaries and their types. Combining
the observations of the gravitational-wave and electro-
magnetic signals, it will be possible to constrain more
stringently the progenitor models, in particular EOSs, of
such events.
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Fig. 2.— Ejecta masses as a function of the compactness of the neutron star, which is defined by GMtot/2R1.35c2 and GMNS/R1.35c2

for NS-NS and BH-NS models, respectively. Left panel: NS-NS models. Each point shows the ejecta mass for the equal mass cases. Error
bars denote the dispersion of the ejecta masses due to the various mass ratios. Right panel: BH-NS models. The filled and open symbols
correspond to the models with (Q,χ) = (3–7, 0.75) and (7, 0.5), respectively. The blue shaded region in each panel shows the allowed ejecta
masses to reproduce the observed near-infrared excess of GRB 130603B, 0.02 ! Mej/M⊙ ! 0.07 and 0.02 ! Mej/M⊙ ! 0.1 for NS-NS and
BH-NS models, respectively. The lower and upper bounds are imposed by the hypothetical high- and low-heating models, respevtively.

H4 (Mej = 0.05M⊙), and APR4 (Mej = 0.01M⊙) with
(Q, χ) = (3, 0.75). For these cases, we employ the
fiducial-heating model. Note that the r-band light curves
of the BH-NS models reach ∼ 27 mag, which implies that
the light curves of the BH-NS models are bluer than those
of the NS-NS models. This is because the energy from
the radioactive decay is deposited to a small volume for
the BH-NS models (see Tanaka et al. (2013) for details).
We now translate these results into the progenitor

models, such as mass ratio, black hole spin, and EOS.
NS-NS models. The NS-NS models for GRB 130603B

should have ejecta of mass " 0.02M⊙. This is con-
sistent with that derived by Berger et al. (2013). This
value strongly constrains the NS-NS models because the
amount of the ejecta is at most ∼ 0.02M⊙ for an NS-NS
merger within the plausible mass range of the observed
NS-NS systems (Özel et al. 2012). Specifically, as shown
in the left panel of Fig. 2, such a large amount of ejecta
can be obtained only for the soft EOS models in which
a hypermassive neutron star with lifetime " 10 ms is
formed after the merger. For the stiff EOS models, the
amount of the ejecta is at most 4 × 10−3M⊙. Thus we
conclude that the ejecta of the NS-NS models with soft
EOSs (R1.35 ! 12 km) are favored as the progenitor of
GRB 130603B.
BH-NS models. The observed data in the H-band is

consistent with the BH-NS models which produce the
ejecta of ∼ 0.05M⊙ in our fiducial-heating model. Such
a large amount of ejecta can be obtained with only the
stiff EOSs (R1.35 " 13.5 km) for the case of χ = 0.75 and
3 ≤ Q ≤ 7 as shown in the right panel of Fig. 2. For the
soft EOS models, the total amount of ejecta reaches only
0.01M⊙ as long as χ ≤ 0.75, which hardly reproduces the
observed near-infrared excess. Thus the models with stiff
EOSs are favored for the BH-NS merger models as long
as with 0.5 ≤ χ ≤ 0.75 and 3 ≤ Q ≤ 7 as the progenitor
model of GRB 130603B. It is worthy to note that any
BH-NS models with χ ≤ 0.5 and Q ≥ 7 are unlikely to
reproduce the observed near-infrared excess.

5. CONCLUSION AND DISCUSSION

We explored possible progenitor models of the elec-
tromagnetic transient associated with the short GRB
130603B. This electromagnetic transient may have been
powered by the radioactive decay of r-process elements,
so called kilonova/macronova. We analyzed the dynam-
ical ejecta of NS-NS and BH-NS mergers for the progen-
itor models of this event. For computing the expected
light curves, we carried out the radiative transfer simu-
lations using the density and velocity structures obtained
from the numerical-relativity simulations with several to-
tal masses, mass ratios, and EOSs. Depending on these
quantities, the total amount of ejecta mass varies by or-
ders of magnitude 10−4M⊙ to 10−2M⊙ for the NS-NS
models and 10−5M⊙ to 10−1M⊙ for the BH-NS mod-
els. The expected light curves for the BH-NS models
are bluer than those for the NS-NS models due to the
morphology effects.
For both NS-NS and BH-NS models, we found that

there are progenitor models that can reproduce the ob-
served near-infrared excess within the realistic parameter
ranges. Specifically, the observed data suggest that the
required ejecta mass is at least ∼ 0.02M⊙ for NS-NS
mergers. For BH-NS mergers, the required ejecta mass
would be ∼ 0.02–0.1M⊙ taking into account the uncer-
tainty in the heating rate and opacities. These values
are consistent with the results of a spherically expanding
ejecta model (Berger et al. 2013). Such a large amount
of material is ejected when a hypermassive neutron star
with its lifetime " 10 ms is formed after the merger for
the NS-NS models and when the neutron star is tidally
disrupted for the BH-NS models. For these cases, the
merger results in a spinning black hole surrounded by
a massive torus ∼ 0.1M⊙. Such a remnant could have
been the central engine of GRB 130603B.
We constrained the progenitor models of GRB

130603B, which should produce the required amount of
ejecta. We found that the soft EOS models are favored
for NS-NS models. For BH-NS models with the mass
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Figure 4. Synthetic light curves of models t000, t030, t100, and tInf. Blue lines denote blue optical emission (averaged over 3500�5000 Å),
red lines denote red optical emission (5000� 7000 Å), and black lines infrared emission (1� 3 µm). Lines are overplotted for 20 di↵erent
viewing angles, equally spaced in cos ✓. A small amount of Monte Carlo noise is apparent in the calculations.

infrared transient. The infrared emission is generated within
the central ejecta, where the electron fraction is Y

e

<
0.25 and heavy line blanketing from the lanthanides sup-
presses the optical flux. This light curve is qualitatively
similar to that found in the parameterized models calcu-
lated by Barnes & Kasen (2013). The blue component of
the light curve is produced by the small amount of high Y

e

(lanthanide-free) material in the outer layers of ejecta. The
production of even a small (⇠ 10�4 M�) amount of high-Y

e

in the exterior ejecta therefore has important implications
for the detectability of kilonovae with optical facilities.

As the lifetime of the HMNS is increased, the optical
light curves become brighter. This is because neutrino irra-
diation converts a larger fraction of the wind to Y

e

> 0.25,
and a greater total mass is ejected due to the hard boundary
of the HMNS. For the extreme case of a stable NS (model
tInf), the entire wind is lanthanide-free and the blue optical
emission peaks at ⌫F⌫ ⇡ 2.8 ⇥ 1041 ergs s�1, a factor of 10
brighter than that of the prompt BH model t000. The op-
tical light curves roughly follow analytic expectations that
the duration should scale as t / M�1/2 and the peak optical

luminosity as L / M1/2 (Metzger et al. 2010), where M is
the ejected mass of high Y

e

material given in Table 1.

The dependence of the infrared brightness on t
ns

is
non-monotonic. The mass of low Y

e

ejecta in model t030
(t

ns

= 30 ms) is greater than that of model t000, and hence
the infrared light curve brighter. A turnover point, how-
ever, is reached around t

ns

⇡ 100 ms, at which point the
neutrino irradiation is su�cient to convert nearly the en-
tire wind to high-Y

e

, reducing the infrared emission. The
kilonova colors thus correlate with the degree of neutrino ir-
radiation. For t

ns

. 30 ms, the ratio ⌫L⌫(B)/⌫L⌫(IR) ⇡ 5,
whereas for t

ns

> 30 ms the color is much bluer, with
⌫L⌫(B)/⌫L⌫(IR) ⇡ 10.

The origin of the infrared emission in models with
t
ns

& 100 ms is distinct from those with t
ns

< 100 ms.
In the latter cases, the infrared emission arises in low-Y

e

,
lanthanide-blanketed regions of ejecta. In the former, there
is no low-Y

e

ejecta, and the infrared emission is simply the
long wavelength tail of the thermal spectrum that peaks
in the optical. Such infrared light curves display two dis-
tinct maxima, separated by about 10 days. The origin of

c� 2013 RAS, MNRAS 000, 1–10
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Fortunately, NSMs are also accompanied by coincident elec-
tromagnetic (EM) signals that inform physical processes at work
during the merger (e.g. Metzger & Berger 2012; Kelley, Mandel
& Ramirez-Ruiz 2013; Piran, Nakar & Rosswog 2013). One such
counterpart is a thermal IR/optical transient powered by the ra-
dioactive decay of heavy elements synthesized in the merger ejecta
(a ‘kilonova’; Li & Paczyński 1998; Metzger et al. 2010; Goriely,
Bauswein & Janka 2011; Roberts et al. 2011; Piran et al. 2013;
Grossman et al. 2014; Tanaka et al. 2014). Kilonovae are partic-
ularly promising EM counterparts because (1) their generation is
relatively robust, requiring only a modest amount of unbound ejecta;
(2) their signal is independent of the existence of a dense surround-
ing external medium; and (3) unlike a GRB, kilonovae are relatively
isotropic. A candidate kilonova was recently detected following the
GRB 130603B (Berger, Fong & Chornock 2013; Tanvir et al. 2013).

If the merger ejecta is sufficiently neutron-rich for r-process
nucleosynthesis to reach the Lanthanides (A ! 139), the optical
opacity becomes much higher than that of iron-group elements
(Kasen, Badnell & Barnes 2013), resulting in emission that is redder,
dimmer, and more slowly evolving (Barnes & Kasen 2013; Tanaka
& Hotokezaka 2013). Although such unusually red colours may be
beneficial in distinguishing NSM transients from unrelated astro-
physical sources, the current lack of sensitive wide-field infrared
telescopes could make EM follow-up across the large sky error re-
gions provided by Advanced LIGO/Virgo even more challenging
(e.g. Hanna, Mandel & Vousden 2014; Kasliwal & Nissanke 2013;
Metzger, Kaplan & Berger 2013; Nissanke, Kasliwal & Georgieva
2013).

The matter ejected dynamically following an NSM is likely to be
sufficiently neutron rich (as quantified by the electron fraction Ye "
0.3) to produce a red kilonova (e.g. Rosswog 2005; Duez et al. 2010;
Bauswein, Goriely & Janka 2013b). Dynamical expulsion is not the
only source of ejecta, however. A robust consequence of the merger
process is the formation of a remnant torus surrounding the central
HMNS. Outflows from this accretion disc over longer, viscous time-
scales also contribute to the merger ejecta (e.g. Metzger, Quataert &
Thompson 2008a; Surman et al. 2008; Dessart et al. 2009; Lee,
Ramirez-Ruiz & López-Cámara 2009; Metzger, Piro & Quataert
2008b; Wanajo & Janka 2012). The more isotropic geometry of
disc winds suggests that they may contribute a distinct component
to the kilonova light curve for most viewing angles (Barnes & Kasen
2013; Grossman et al. 2014).

Fernández & Metzger (2013a, hereafter FM13) calculated the
viscous evolution of remnant BH accretion discs formed in NSMs
using two-dimensional, time-dependent hydrodynamical simula-
tions. Over several viscous times, FM13 found that a frac-
tion ∼several per cent of the initial disc mass is ejected as a moder-
ately neutron-rich wind (Ye ∼ 0.2) powered by viscous heating and
nuclear recombination. Although the higher entropy of the outflow
as compared to the dynamical ejecta results in subtle differences
in composition (e.g. a small quantity of helium), the disc outflows
likely produce Lanthanide elements with sufficient abundance to
result in a similarly red kilonova as with the dynamical ejecta.

FM13 included the effects of self-irradiation by neutrinos on
the dynamics and composition of the disc. Due to the relatively
low accretion rate and radiative efficiency at the time of the peak
outflow, neutrino absorption had a sub-dominant contribution to the
disc evolution. This hierarchy is important because a large neutrino
flux tends to drive Ye to a value higher than that in the disc mid-
plane (e.g. Metzger et al. 2008a; Surman et al. 2008, 2014). If
neutrino irradiation is sufficient to drive Ye ! 0.3−0.4, the nuclear
composition of the disc outflows would be significantly altered,

Figure 1. Relation between the observed kilonova and the properties of the
ejecta that powers it. Material ejected dynamically in the equatorial plane
is highly neutron rich (Ye < 0.1), producing heavy r-process elements that
include Lanthanides. This results in emission that peaks in the near-infrared
and lasts for ∼1 week (‘late red bump’) due to the high opacity. Outflows
from the remnant disc are more isotropic and also contribute to the kilonova.
If the HMNS is long-lived, then neutrino irradiation can increase Ye to a
high enough value (Ye ∼ 0.4) that no Lanthanides are formed, resulting
in emission peaking at optical wavelengths (‘early blue bump’). If BH
formation is prompt, outflows from the disc remain neutron rich, and their
contribution is qualitatively similar to that of the dynamical ejecta.

resulting in a distinct additional component visible in the kilonova
emission.

By ignoring the influence of a central HMNS, FM13 implic-
itly assumed a scenario in which BH formation was prompt or the
HMNS lifetime very short. Here, we extend the study of FM13 to
include the effects of neutrino irradiation from a long-lived HMNS.
As we will show, the much larger neutrino luminosity of the HMNS
has a profound effect on the quantity and composition of the disc
outflows, allowing a direct imprint of the HMNS lifetime on the
kilonova (Fig. 1). As in FM13, our study includes many approxi-
mations that enable us to follow the secular evolution of the system.
We focus here on exploring the main differences introduced by the
presence of an HMNS, and leave more extensive parameter space
studies or realistic computations for future work.

The paper is organized as follows. In Section 2, we describe the
numerical model employed. Our results are presented in Section 3,
separated into dynamics of the outflow (Section 3.1) and composi-
tion (Section 3.2). A summary and discussion follows in Section 4.
Appendix A describes in more detail the upgrades to the neutrino
physics implementation relative to that of FM13.

2 N U M E R I C A L M O D E L

Our numerical model largely follows that described in FM13. Here,
we summarize the essential modifications needed to model the pres-
ence of an HMNS.

2.1 Equations and numerical method

We use FLASH3.2 (Dubey et al. 2009) to solve the time-dependent
hydrodynamic equations in two-dimensional, axisymmetric
spherical geometry. Source terms include the pseudo-Newtonian

MNRAS 441, 3444–3453 (2014)
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Figure 7. Angle averaged model light curves at optical blue wavelengths (left panel) and infrared wavelengths (right panel) for model
t100 surrounded by a varying amount of spherically distributed dynamical ejecta. Only a small amount (⇠ 10�4M�) of low-Y

e

dynamical
ejecta is needed to obscure the optical emission from the wind.

Figure 8. Synthetic light curves of wind model t100 surrounded
by a 10�3 M� torus of heavy r-process elements. Colored lines
denote the optical blue (3500� 5000 Å) light curve as seen from
di↵erent viewing angles, while solid black lines denote the infrared
light curve. The dashed black line shows the angle averaged blue
light curve of model t100 when no dynamical ejecta is included.
For pole on viewing angles (✓ ⇡ 0�) the blue emission is visible
through the hole in the torus, but for edge on orientations (✓ ⇡
90�), the dynamical ejecta suppresses the optical flux.

4 SUMMARY AND CONCLUSIONS

We have shown how material ejected in disk winds sub-
sequent to a compact object merger can give rise to both
optical and infrared kilonova emission. We studied the
dependences on key parameters such as the delay until
black hole formation, black hole spin, and the presence of
neutron-rich dynamical ejecta. In Figure 9, we summarize

schematically the range of possible kilonova properties, and
illustrate how they roughly map to the progenitor binary
and remnant type. Our main findings are as follows:

1. – For the characteristic entropies and expansion times of
disk winds, we find that the abundance of lanthanides cuts
o↵ sharply when the electron fraction Ye & 0.25 (Fig. 3).
The electron fraction in turn is very sensitive to the level
of neutrino irradiation of the wind and hence acts as a
diagnostic of the physical conditions in the aftermath of the
merger (Metzger & Fernández 2014).

2. – The presence of optical emission is a ubiquitous feature
of the disk wind ejecta, even in the case of non-spinning,
promptly-formed black hole remnants (Fig. 4). The magni-
tude and duration of this optical component is a sensitive
function of the lifetime of a HMNS or the spin of the
promptly-formed BH. In the limit of a very long-lived
HMNS, photons emerge primarily in the optical, reaching
luminosities up to 1041 erg s�1 for moderate disk masses
(0.03M�).

3. – The ratio of the optical to infrared luminosity from a
kilonova provides a powerful measure of the relative mass of
high-Y

e

to low-Y
e

ejecta. Using this information to infer the
underlying the physical scenario, however, may be di�cult
given the degeneracies. For example, the wind ejecta from
a promptly-formed, rapidly spinning BH produces a similar
kilonova light curve to that of a long-lived HMNS (Figure 5).

4. – Because the expansion velocities of the wind are
moderate (⇠ 10, 000 km s�1), numerous line absorption
features are discernible in the spectra (Fig. 6). This distin-
guishes the spectra of disk winds from those of fast moving

c� 2013 RAS, MNRAS 000, 1–10
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Figure 2. Schematic illustration of the ejecta from a binary NS merger
leading to a neutron-powered precursor. Matter ejected from the shock-
heated interface between the merging NSs expands outwards with a range
of velocities v(m) ∝ m−β (equation 4; Fig. 1) where β ≈ 3. A small quantity
of mass ejected first (mass coordinate m < mn ∼ 10−4 M⊙; blue) expands
sufficiently rapidly that neutrons avoid capture into nuclei, while for the
bulk of the ejecta (m > mn; maroon) neutrons are captured into nuclei
during the r-process. Energy released by the decay of free neutrons escapes
the outer layers over a short time-scale t ! hours, powering the precursor
emission, which is relatively blue due to the high photosphere temperatures.
Radioactive energy released by r-process nuclei throughout the bulk of the
ejecta (including that ejected by tidal tails and disc winds) escapes over a
longer time-scale ∼ days, with redder colours.

in Newtonian SPH simulations might also be expected, because the
strength of outflows from the merger interface region results in part
from the deeper GR potential well. Assuming the hydrodynamics
is robust, the density profiles of fluid elements must be extrapolated
to later times than the simulation duration of tens of milliseconds
in order to follow the effects of neutron captures (Goriely et al.
2011), a procedure upon which the final neutron fraction could be
sensitive.

The other merger simulations presented in Bauswein et al. (2013)
show similar populations of rapidly expanding SPH particles,
based on the same expansion time-scale criterion τ exp ! 5 ms
found to result in free neutrons in the case described above.
Asymmetric binaries appear to produce a greater quantity of fast-
expanding material; a 1.2–1.5 M⊙ merger employing the DD2 EOS
contains ∼2.6 times as many particles satisfying τ exp < 5 ms as the
1.35–1.35 M⊙ case. The quantity of fast-expanding fluid could also
depend on the EOS, because a softer EOS with a correspondingly
smaller NS radius also produces stronger shock-heated outflows.
Simulations employing the very stiff NL3 EOS indeed produce
only ∼1/3 as many fast-expanding particles, while the softer SFHo
EOS produces approximately the same number. Post-processing
of the trajectories with a reaction network finds a free neutron
mass ranging from 0.6 to 5 per cent of the total ejecta mass for 13
different models. Given the small numbers of SPH particles involved
(∼100), these trends should be taken as only suggestive at this
stage.

2.1 Shock break-out from NS collisions

Even if free neutrons are not abundant in the ejecta from standard
binary NS mergers, other related physical scenarios could produce
a small quantity of rapidly expanding ejecta. Alternatively, such
matter could be present even in standard NS mergers even if it is not
well resolved by current simulations. One example is shock break-
out following the collision in a standard NS–NS merger (Sekiguchi
et al. 2011; Paschalidis, Etienne & Shapiro 2012; Kyutoku, Ioka
& Shibata 2014) or as would be produced by the head-on collision
of two NSs. The latter could be physically realized if the binary
eccentricity is stochastically raised due to Kozai oscillations by a
tertiary companion (e.g. Katz, Dong & Malhotra 2011).

Two NSs that collide head-on at their escape velocity will dis-
sipate an energy of Ecoll ≈ GM2

ns/2Rns ≈ 3 × 1053 ergs, where
Mns ∼ 1.4 M⊙ and Rns ≈ 10 km are the NS masses and radii,
respectively. The collision drives dual shocks outwards through each
NS (e.g. Rosswog et al. 2009) which as they approach the surface
are accelerated to relativistic velocities by the decreasing density
profile ρ(r) ∝ (Rns − r)n (Johnson & McKee 1971), where n = 3.
According to the formalism outlined by Nakar & Sari (2012; their
section 2.1 and equations 26), each shell of mass m = 10−4m−4 M⊙
will be accelerated to a four velocity

βγ = 0.93m−0.17
−4 E0.62

53 , (1)

where γ = (1 − β−2)−1/2 and E = Ecoll/2 = 1053E53 erg is the total
energy of each shock.

Shock break-out thus naturally accelerates a small layer of mass
m ! 10−4 M⊙ to mildly relativistic speeds, as pointed out by
Kyutoku et al. (2014). If the thickness of the accelerated layer
is comparable to the NS crust, %R ≈ km, then its initial expansion
time τ exp ≈ %R/7c ≈ 5 × 10−7 s is indeed quite short. Matter orig-
inating from the inner NS crust starts highly neutron rich (electron
fraction Ye ! 0.1), but weak interactions such as neutrino absorp-
tions and e± captures could in principle raise Ye substantially. If
the density of the shell following shock compression is seven times
higher than its initial value ρ ≈ m/4πR2

ns%R, then its post-shock
temperature is given by

(4π/7)R2
ns%RaT 4 = mc2 → kT ≈ 52m

1/4
−4 MeV. (2)

The characteristic time-scale for e± captures,

τ± ≃ 2.1(T /MeV)−5 s ≈ 10−8m
−5/4
−4 s (3)

is thus shorter than the expansion time-scale for m " 10−5 M⊙. If
matter enters equilibrium with e± captures, then from fig. 1 of
Beloborodov (2003) we estimate that Ye could be raised
to ∼0.3 given the temperatures and densities corresponding to
m ≈ 10−4 M⊙.

A more detailed calculation of shock break-out, including both
weak interactions and radiative losses, is necessarily to fully assess
the properties of fast-expanding, neutron-rich matter. Such a cal-
culation would also serve as a useful check on how the results of
numerical simulations such as those presented in Fig. 1 could be
impacted by resolution of the neglect of weak interactions in the
expanding matter.

3 LI G H T- C U RV E M O D E L

As matter expands, its optical depth decreases. The ejected mass
has a gradient of velocities. Following Piran, Nakar & Rosswog
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Fig. 1.— The rest-mass density profiles on the meridional plane for the NS-NS (SLy, Mtot = 2.7M⊙, Q = 1.0) and BH-NS (H4, Q =
3, χ = 0.75) models at 8.8 ms after the onset of the merger.

The density and velocity structures of the ejecta
of compact binary mergers are determined by
the numerical-relativity simulation using SACRA
code (Yamamoto et al. 2008). We follow the dynam-
ical ejecta with the numerical-relativity simulation
until the head of the ejecta reaches ≃ 1000 km (see
Hotokezaka et al. 2013 and Kyutoku et al. 2013 for
details). After that, the density and velocity structures
of the ejecta are modeled assuming homologous expan-
sion (Rosswog et al. 2013a). For the simulations, we
employ a piecewise polytropic EOS with which the cold
EOSs of neutron-star matter are well fitted (Read et al.
2009). For systematic studies of the dependence of mass
ejection on the cold EOSs of neutron-star matter, we
consider five cold EOSs: APR4 (Akmal et al. 1998)
and SLy (Douchin & Haensel 2001) as soft EOSs,
ALF2 (Alford et al. 2005) as a moderate EOS, and
H4 (Glendenning & Moszkowski 1991; Lackey et al.
2006) and MS1 (Müller & Serot 1996) as stiff EOSs3.
For NS-NS mergers, we choose the total gravitational

mass of the binary Mtot = 2.6M⊙−2.8M⊙ and the mass
ratio4 Q = 1.0 − 1.25. For BH-NS mergers, the grav-
itational mass of the neutron star MNS is fixed to be
1.35M⊙ and the mass ratio is chosen to be Q = 3 − 7.
The nondimensional spin parameter of the black hole χ
is chosen as χ = 0.75. We also perform the simulations
for Q = 7 and χ = 0.5. These parameters, ejecta masses
Mej, and averaged ejecta velocities ⟨vej⟩/c of the progen-
itor models are summarized in Table 1.
The morphologies of the ejecta for NS-NS and BH-NS

mergers are compared in Fig. 1. This figure plots the
profiles of the density and velocity fields at 8.8 ms after
the onset of the merger. Note that the ejecta veloci-
ties are in the small range between ∼ 0.1c and ∼ 0.3c,
because those are roughly equal to the escape velocities
from the neutron stars, which do not depend sensitively
on the progenitor models. However, the total mass and

3 In this Letter, ‘soft’ and ‘stiff’ EOSs mean those which repro-
duce the radii R1.35 ≤ 12 km and R1.35 ≥ 13.5 km, respectively.
Here R1.35 is the radius of a cold, spherical neutron star with
the gravitational mass 1.35M⊙. For all the EOSs, the maximum
masses of spherical neutron stars are larger than ≃ 2M⊙.

4 The mass ratio is defined by Q = m1/m2 with m1 ≥ m2,
where m1 and m2 are the component masses of a binary.

morphology of the ejecta depend sensitively on the pro-
genitor models. In the following, we briefly summarize
these properties of the NS-NS and BH-NS ejecta.
NS-NS ejecta. As shown in Fig. 1, the NS-NS ejecta

have spheroidal shape rather than a torus or a disk irre-
spective of Q and EOS as long as a hypermassive neu-
tron star is formed after the merger. The reason is as
follows. The origin of the ejecta for NS-NS mergers can
be divided into two parts: the contact interface of two
neutron stars at the collision and the tidal tails formed
during an early stage of the merger. At the contact in-
terface, the kinetic energy of the approaching velocities
of the two stars is converted into thermal energy through
shock heating. The heated matter at the contact inter-
face expands into low-density region. As a result, the
shocked matter can escape even toward the rotational
axis and the ejecta shape becomes spheroidal. By con-
trast, the tidal tail component is asymmetric and the
ejecta is distributed near the equatorial plane.
Numerical simulations of NS-NS mergers show that

the total amount of ejecta is in a range 10−4–10−2M⊙

depending on Mtot, Q, and EOSs (see the left panel of
Fig. 2). The more compact neutron star models with soft
EOSs produce the larger amounts of ejecta, because the
impact velocities and subsequent shock heating effects at
merger are larger. More specifically, the amounts of the
ejecta are

10−4 ! Mej/M⊙ ! 2× 10−2 (soft EOSs),

10−4 ! Mej/M⊙ ! 5× 10−3 (stiff EOSs). (1)

Bauswein et al. (2013) also show a similar dependence
of the ejecta masses on the EOSs and Mej ! 0.01M⊙ for
stiff EOS models. According to these results, it is worthy
to note that the ejecta masses of the stiff EOS models
are likely to be at most 0.01M⊙.
The dependence of the ejecta mass on the total mass

of the binary is rather complicated as shown in the left
panel of Fig. 2. The ejecta mass increases basically with
increasing Mtot as long as a hypermassive neutron star
with lifetime " 10 ms is formed after the merger. More
massive NS-NS mergers result in hypermassive neutron
stars with lifetime ! 10 ms or in black holes. For such
a case, the ejecta mass decreases with increasing Mtot
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3, χ = 0.75) models at 8.8 ms after the onset of the merger.
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ical ejecta with the numerical-relativity simulation
until the head of the ejecta reaches ≃ 1000 km (see
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2009). For systematic studies of the dependence of mass
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ALF2 (Alford et al. 2005) as a moderate EOS, and
H4 (Glendenning & Moszkowski 1991; Lackey et al.
2006) and MS1 (Müller & Serot 1996) as stiff EOSs3.
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mass of the binary Mtot = 2.6M⊙−2.8M⊙ and the mass
ratio4 Q = 1.0 − 1.25. For BH-NS mergers, the grav-
itational mass of the neutron star MNS is fixed to be
1.35M⊙ and the mass ratio is chosen to be Q = 3 − 7.
The nondimensional spin parameter of the black hole χ
is chosen as χ = 0.75. We also perform the simulations
for Q = 7 and χ = 0.5. These parameters, ejecta masses
Mej, and averaged ejecta velocities ⟨vej⟩/c of the progen-
itor models are summarized in Table 1.
The morphologies of the ejecta for NS-NS and BH-NS

mergers are compared in Fig. 1. This figure plots the
profiles of the density and velocity fields at 8.8 ms after
the onset of the merger. Note that the ejecta veloci-
ties are in the small range between ∼ 0.1c and ∼ 0.3c,
because those are roughly equal to the escape velocities
from the neutron stars, which do not depend sensitively
on the progenitor models. However, the total mass and

3 In this Letter, ‘soft’ and ‘stiff’ EOSs mean those which repro-
duce the radii R1.35 ≤ 12 km and R1.35 ≥ 13.5 km, respectively.
Here R1.35 is the radius of a cold, spherical neutron star with
the gravitational mass 1.35M⊙. For all the EOSs, the maximum
masses of spherical neutron stars are larger than ≃ 2M⊙.

4 The mass ratio is defined by Q = m1/m2 with m1 ≥ m2,
where m1 and m2 are the component masses of a binary.

morphology of the ejecta depend sensitively on the pro-
genitor models. In the following, we briefly summarize
these properties of the NS-NS and BH-NS ejecta.
NS-NS ejecta. As shown in Fig. 1, the NS-NS ejecta

have spheroidal shape rather than a torus or a disk irre-
spective of Q and EOS as long as a hypermassive neu-
tron star is formed after the merger. The reason is as
follows. The origin of the ejecta for NS-NS mergers can
be divided into two parts: the contact interface of two
neutron stars at the collision and the tidal tails formed
during an early stage of the merger. At the contact in-
terface, the kinetic energy of the approaching velocities
of the two stars is converted into thermal energy through
shock heating. The heated matter at the contact inter-
face expands into low-density region. As a result, the
shocked matter can escape even toward the rotational
axis and the ejecta shape becomes spheroidal. By con-
trast, the tidal tail component is asymmetric and the
ejecta is distributed near the equatorial plane.
Numerical simulations of NS-NS mergers show that

the total amount of ejecta is in a range 10−4–10−2M⊙

depending on Mtot, Q, and EOSs (see the left panel of
Fig. 2). The more compact neutron star models with soft
EOSs produce the larger amounts of ejecta, because the
impact velocities and subsequent shock heating effects at
merger are larger. More specifically, the amounts of the
ejecta are

10−4 ! Mej/M⊙ ! 2× 10−2 (soft EOSs),

10−4 ! Mej/M⊙ ! 5× 10−3 (stiff EOSs). (1)

Bauswein et al. (2013) also show a similar dependence
of the ejecta masses on the EOSs and Mej ! 0.01M⊙ for
stiff EOS models. According to these results, it is worthy
to note that the ejecta masses of the stiff EOS models
are likely to be at most 0.01M⊙.
The dependence of the ejecta mass on the total mass

of the binary is rather complicated as shown in the left
panel of Fig. 2. The ejecta mass increases basically with
increasing Mtot as long as a hypermassive neutron star
with lifetime " 10 ms is formed after the merger. More
massive NS-NS mergers result in hypermassive neutron
stars with lifetime ! 10 ms or in black holes. For such
a case, the ejecta mass decreases with increasing Mtot
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Fig. 10.— Color-magnitude (Top) and color-color (Bottom) di-
agrams for the BH-NS merger model APR4Q3a75 (black) and the
NS-NS merger model APR4-1215 (gray). These models are com-
pared with Type Ia (blue), IIP (purple), and Ibc (red) supernovae.
The BH-NS and NS-NS mergers have fainter absolute magnitudes,
and redder colors than supernovae. The arrows show the direc-
tion of time evolution, and dots for each model are shown with
5-day intervals. For supernovae, we use the spectral templates by
Nugent et al. (2002). All the magnitudes are in AB magnitudes
and in the rest frame (i.e., no K correction). Dashed lines in the
bottom panel show the positions of r − i = 0 and i− z = 0.

Yamada et al. 2012, 0.28 deg2 FOV) will be important.
Since BH-NS and NS-NS mergers are rare events,

follow-up observations for the EM counterparts of the
GW sources may discover more supernovae, which occur
by chance within the localization area of GW sources.
Thus, classification of transient objects is extremely im-
portant. Since the timescale of the light curve evolution
for BH-NS and NS-NS merger events is much faster than
that for supernovae, multiple visits within 5-10 days are
the most effective way to classify the transient objects
as BH-NS or NS-NS merger events. However, even with
observations at a single or a few epochs, a classification
may be possible. Figure 10 shows the color-magnitude
(top) and color-color (bottom) diagrams. These dia-
grams show that the radioactively powered emission from
BH-NS and NS-NS mergers are fainter and redder than
that from supernovae. Only at the brightest phase, the

BH-NS merger models can have a similar color to that of
supernovae. Thus, even without detailed light curves, we
may be able to distinguish BH-NS and NS-NS mergers
from supernovae with multi-band observations.
Color information can be used to effectively pick up

the candidates. However, to conclusively identify the
transient objects as BH-NS or NS-NS mergers, spec-
troscopic observations are eventually necessary. If ex-
tremely broad-line, smeared-out spectra are obtained
(see Figure 6 of TH13), such an object is likely to be
the counterpart of a GW source.
Interestingly, we might be able to even distinguish BH-

NS mergers from NS-NS mergers by the radioactively
powered emission. When the mass ejection from a BH-
NS merger is confined in a small solid angle, the emis-
sion from the ejecta can have bluer colors than those
for NS-NS mergers (Figures 6 and 10). In such a case,
the emissions for BH-NS and NS-NS merger models oc-
cupy different regions in a color-color diagram (Figure
10). In order to find the general emission properties
of BH-NS merger ejecta, we have to study a wide va-
riety of possible models, such as models with differ-
ent BH to NS mass ratios, with different BH spin pa-
rameters, and with non-aligned BH spins. Contribu-
tions from the r-processed ejecta from a BH-accretion
torus, expected to form after the first dynamical matter
ejection, should also be taken into account in the fu-
ture study (Surman et al. 2008; Wanajo & Janka 2012;
Fernández & Metzger 2013). Nevertheless, we empha-
size that, in addition to the GW observations (see e.g.,
Hannam et al. 2013), multi-band optical and NIR obser-
vations of radioactively powered emission may also pro-
vide independent information on the progenitors of GW
sources (see also Hotokezaka et al. 2013b).

5. CONCLUSIONS

We have performed three-dimensional, time-
dependent, multi-frequency Monte-Carlo radiative
transfer simulations for radioactively powered emis-
sion from BH-NS mergers by taking into account the
wavelength-dependent opacities of r-process elements.
We showed that, for the BH to NS mass ratio of Q = 3
and BH spin parameter of χ = 0.75 aligned with the
orbital angular momentum, radioactively powered emis-
sion from BH-NS mergers can be more luminous than
that from NS-NS mergers. In such cases, the observed
brightness of BH-NS mergers can be comparable to or
even higher than that of NS-NS mergers, compensating
expected typical larger distances to BH-NS mergers.
Then, a similar observational strategy to identify EM
counterparts works both for the BH-NS and NS-NS
merger events. Observations at the red edge of optical
and NIR wavelengths are most efficient. If a stiff EOS
is the case, the EM counterparts of GW sources can be
more easily detected for BH-NS mergers than for NS-NS
mergers.
When the mass ejection from a BH-NS merger is con-

fined in a small solid angle, a large radioactive energy is
deposited to the small volume, which makes the ejecta
temperature higher than that for an NS-NS merger. As
a result, the emission from BH-NS mergers can be bluer
than that from NS-NS mergers. Thanks to these prop-
erties, we might be able to distinguish BH-NS events
from NS-NS merger events by multi-band observations
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agrams for the BH-NS merger model APR4Q3a75 (black) and the
NS-NS merger model APR4-1215 (gray). These models are com-
pared with Type Ia (blue), IIP (purple), and Ibc (red) supernovae.
The BH-NS and NS-NS mergers have fainter absolute magnitudes,
and redder colors than supernovae. The arrows show the direc-
tion of time evolution, and dots for each model are shown with
5-day intervals. For supernovae, we use the spectral templates by
Nugent et al. (2002). All the magnitudes are in AB magnitudes
and in the rest frame (i.e., no K correction). Dashed lines in the
bottom panel show the positions of r − i = 0 and i− z = 0.
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Since BH-NS and NS-NS mergers are rare events,

follow-up observations for the EM counterparts of the
GW sources may discover more supernovae, which occur
by chance within the localization area of GW sources.
Thus, classification of transient objects is extremely im-
portant. Since the timescale of the light curve evolution
for BH-NS and NS-NS merger events is much faster than
that for supernovae, multiple visits within 5-10 days are
the most effective way to classify the transient objects
as BH-NS or NS-NS merger events. However, even with
observations at a single or a few epochs, a classification
may be possible. Figure 10 shows the color-magnitude
(top) and color-color (bottom) diagrams. These dia-
grams show that the radioactively powered emission from
BH-NS and NS-NS mergers are fainter and redder than
that from supernovae. Only at the brightest phase, the

BH-NS merger models can have a similar color to that of
supernovae. Thus, even without detailed light curves, we
may be able to distinguish BH-NS and NS-NS mergers
from supernovae with multi-band observations.
Color information can be used to effectively pick up

the candidates. However, to conclusively identify the
transient objects as BH-NS or NS-NS mergers, spec-
troscopic observations are eventually necessary. If ex-
tremely broad-line, smeared-out spectra are obtained
(see Figure 6 of TH13), such an object is likely to be
the counterpart of a GW source.
Interestingly, we might be able to even distinguish BH-

NS mergers from NS-NS mergers by the radioactively
powered emission. When the mass ejection from a BH-
NS merger is confined in a small solid angle, the emis-
sion from the ejecta can have bluer colors than those
for NS-NS mergers (Figures 6 and 10). In such a case,
the emissions for BH-NS and NS-NS merger models oc-
cupy different regions in a color-color diagram (Figure
10). In order to find the general emission properties
of BH-NS merger ejecta, we have to study a wide va-
riety of possible models, such as models with differ-
ent BH to NS mass ratios, with different BH spin pa-
rameters, and with non-aligned BH spins. Contribu-
tions from the r-processed ejecta from a BH-accretion
torus, expected to form after the first dynamical matter
ejection, should also be taken into account in the fu-
ture study (Surman et al. 2008; Wanajo & Janka 2012;
Fernández & Metzger 2013). Nevertheless, we empha-
size that, in addition to the GW observations (see e.g.,
Hannam et al. 2013), multi-band optical and NIR obser-
vations of radioactively powered emission may also pro-
vide independent information on the progenitors of GW
sources (see also Hotokezaka et al. 2013b).

5. CONCLUSIONS

We have performed three-dimensional, time-
dependent, multi-frequency Monte-Carlo radiative
transfer simulations for radioactively powered emis-
sion from BH-NS mergers by taking into account the
wavelength-dependent opacities of r-process elements.
We showed that, for the BH to NS mass ratio of Q = 3
and BH spin parameter of χ = 0.75 aligned with the
orbital angular momentum, radioactively powered emis-
sion from BH-NS mergers can be more luminous than
that from NS-NS mergers. In such cases, the observed
brightness of BH-NS mergers can be comparable to or
even higher than that of NS-NS mergers, compensating
expected typical larger distances to BH-NS mergers.
Then, a similar observational strategy to identify EM
counterparts works both for the BH-NS and NS-NS
merger events. Observations at the red edge of optical
and NIR wavelengths are most efficient. If a stiff EOS
is the case, the EM counterparts of GW sources can be
more easily detected for BH-NS mergers than for NS-NS
mergers.
When the mass ejection from a BH-NS merger is con-

fined in a small solid angle, a large radioactive energy is
deposited to the small volume, which makes the ejecta
temperature higher than that for an NS-NS merger. As
a result, the emission from BH-NS mergers can be bluer
than that from NS-NS mergers. Thanks to these prop-
erties, we might be able to distinguish BH-NS events
from NS-NS merger events by multi-band observations
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Figure 7. Gamma-ray localizations, P48 tiles, and discovery images for the GBM–iPTF afterglows. The Fermi GBM 1- and 2-� regions are shown as black
contour lines, the P48 tiles as gray rectangles, the 3� IPN triangulations in blue (when available), and the LAT 1� error circles in green (when available). The
positions of the optical transients are marked with black diamonds.

Singer+2013,	
  2015
(arXiv:1501.00495)

8 Singer et al.

Table 2

GBM–iPTF detections.

RA Dec Gal. Epeak E�,iso
GRB OT (J2000) (J2000) lat.a z (keV, rest) (1052 erg, rest)b,c T90 (s) mR(tP48)d

GRB 130702A iPTF13bxl 14h29m15s +15�4602600 65� 0.145 18±3 <0.065±0.001 58.9±6.2 17.38
GRB 131011A iPTF13dsw 02h10m06s -4�2404000 -61� 1.874 625±92 14.606±1.256 77.1±3 19.83
GRB 131231A iPTF13ekl 00h42m22s -1�3901100 -64� 0.6419 291±6 23.015±0.278 31.2±0.6 15.85
GRB 140508A iPTF14aue 17h01m52s +46�4605000 38� 1.03 534±28 24.529±0.86 44.3±0.2 17.89
GRB 140606B iPTF14bfu 21h52m30s +32�0005100 -17� 0.384 801±182 0.468±0.04 22.8±2.1 19.89
GRB 140620A iPTF14cva 18h47m29s +49�4305200 21� 2.04 387±34 7.28 ±0.372 45.8±12.1 17.60
GRB 140623A iPTF14cyb 15h01m53s +81�1102900 34� 1.92 834±317 3.58 ±0.398 114.7±9.2 18.04
GRB 140808A iPTF14eag 14h44m53s +49�1205100 59� 3.29 503±35 8.714±0.596 4.5±0.4 19.01

a Galactic latitude of optical afterglow. This is one of the main factors that influences the number of optical transient candidates in Table 1.
b E�,iso is given for a 1 keV–10 MeV rest frame bandpass.
c The rest-frame spectral properties, Epeak and E�,iso, for GRB 130702A are reproduced from Amati et al. (2013). For all other bursts, we
calculated these quantities from the spectral fits (the scat files) in the Fermi GBM catalog (Goldstein et al. 2012) using the k-correction
procedure described by Bloom et al. (2001).
d R-band apparent magnitude in initial P48 detection.

Table 3

Log of P48 tilings for Fermi GBM bursts.

GBM tP48 P48
GRB timea fluenceb -tburst

c aread Prob.e

2013-06-28 20:37:57 10 ±0.1 10.02 73 32%
!2013-07-02 00:05:20 57 ±1.2 4.20 74 38%

2013-08-28 07:19:56 372 ±0.6 20.28 74 64%
2013-09-24 06:06:45 37 ±0.6 23.24 74 28%
2013-10-06 20:09:48 18 ±0.6 15.26 74 18%

!2013-10-11 17:47:30 89 ±0.6 11.56 73 54%
2013-11-08 00:34:39 28 ±0.5 4.69 73 37%
2013-11-10 08:56:58 33 ±0.3 17.47 73 44%
2013-11-25 16:32:47 5.5±0.3 11.72 95 26%
2013-11-26 03:54:06 17 ±0.3 6.94 109 59%
2013-11-27 14:12:14 385 ±1.4 13.46 60 50%
2013-12-30 19:24:06 41 ±0.4 7.22 80 38%

!2013-12-31 04:45:12 1519 ±1.2 1.37 30 32%
2014-01-04 17:32:00 333 ±0.6 18.57 15 11%
2014-01-05 01:32:57 6.4±0.1 7.63 74 22%
2014-01-22 14:19:44 9.1±0.5 11.97 75 34%
2014-02-11 02:10:41 7.4±0.3 1.77 44 19%
2014-02-19 19:46:32 28 ±0.5 7.01 71 14%
2014-02-24 18:55:20 24 ±0.6 7.90 72 30%
2014-03-11 14:49:13 40 ±1.2 12.18 73 54%
2014-03-19 23:08:30 71 ±0.3 3.88 74 48%
2014-04-04 04:06:48 82 ±0.2 0.11 109 69%
2014-04-29 23:24:42 6.2±0.2 10.99 74 15%

!2014-05-08 03:03:55 614 ±1.2 6.68 73 67%
2014-05-17 19:31:18 45 ±0.4 8.60 95 69%
2014-05-19 01:01:45 39 ±0.5 4.42 73 41%

!2014-06-06 03:11:52 76 ±0.4 4.08 74 56%
2014-06-08 17:07:11 19 ±0.6 11.20 73 49%

!2014-06-20 05:15:28 61 ±0.6 0.17 147 59%
!2014-06-23 05:22:07 61 ±0.6 0.18 74 4%

2014-06-28 16:53:19 18 ±1.0 16.16 76 20%
2014-07-16 07:20:13 2.4±0.3 0.17 74 28%
2014-07-29 00:36:54 81 ±0.7 3.43 73 65%
2014-08-07 11:59:33 13 ±0.1 15.88 73 54%

!2014-08-08 00:54:01 32 ±0.3 3.25 95 69%
a Time of Fermi GBM trigger. !Afterglow detections are marked with
an arrow and set in bold face. The corresponding entries in Table 2 can
be found by matching the date to the GRB name (GRB YYMMDDA).
b Observed Fermi GBM fluence in the 10–1000 keV band, in units
of 10-7 erg cm-2. This quantity is taken from the bcat files from the
Fermi GRB catalog at HEASARC.
c Age in hours of the burst at the beginning of the P48 observations.
d Area in deg2 spanned by the P48 fields.
e Probability, given the Fermi GBM localization, that the source is con-
tained within the P48 fields.

Figure 5. Prior probability of containing the burst’s location within the P48
fields versus age of the burst at the beginning of P48 observations. Afterglow
detections are shown in red and non-detections are shown in gray.

varying sources. Of the three, iPTF13bxl showed the clear-
est evidence of fading in the P48 images. Its spectrum at
�t = 1.2 days consisted of a featureless blue continuum. We
triggered Swift, which found a bright X-ray source at the posi-
tion of iPTF13bxl (Singer et al. 2013c; D’Avanzo et al. 2013).
Shortly after we issued our GCN circular (Singer et al. 2013c),
Cheung et al. (2013) announced that the burst had entered the
FOV of LAT at �t = 250 s. The LAT error circle had a ra-
dius of 0.5�, and its center was 0.8� from iPTF13bxl. An
IPN triangulation with MESSENGER (GRNS), INTEGRAL
(SPI–ACS), Fermi–GBM, and Konus–WIND (Hurley et al.
2013) yielded a 0.46�-wide annulus that was also consistent
with the OT.

The afterglow’s position is 0.006 from an R = 23.01 mag
source that is just barely discernible in the P48 reference
images. A NOT+ALFOSC spectrum (Leloudas et al. 2013)
determined a redshift of z = 0.145 for a galaxy 7.006 to the
south of iPTF13bxl. At �t = 2.0 days, we obtained a Magel-
lan+IMACS spectrum (Mulchaey et al. 2013) and found weak
emission lines at the location of the afterglow that we inter-
preted as H↵ and [O III] at the same redshift. Kelly et al.
(2013) characterized the burst’s host environment in detail,
and concluded that it exploded in a dwarf satellite galaxy.

74	
  deg2
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Figure 1. Screen shot of the iPTF TOO Marshal shortly after a Fermi GBM
detection. At this stage, the application presents the recommended P48 fields,
the time window of observability, and the history of GCN notices and circu-
lars related to the trigger. It gives the human participants the option to cus-
tomize the P48 sequence by adding or removing P48 fields and tuning the
airmass limit, cadence, or number of images.

As the night progresses, the TOO Marshal monitors the
progress of the observations and the iPTF real-time image
subtraction pipeline (Nugent et al., in preparation). The re-
al-time pipeline creates difference images between the new
P48 observations and coadded references composed of obser-
vations from months or years earlier. It generates candidates
by performing source extraction on the difference images. A
machine learning classifier assigns a real/bogus score (RB2;
Brink et al. 2013) to each candidate that predicts how likely
the candidate is to be a genuine astrophysical source (rather
than a radiation hit, a ghost, an imperfect image subtraction
residual, or any other kind of artifact).

Table 1 lists the number of candidates that remain after
each stage of candidate selection. First, requiring candidates
to have signal-to-noise ratio (SNR)> 5 gives us a median of
35 000 candidates. This number varies widely with galac-
tic latitude and the area searched (a median of ⇠500 deg-2).
Second, we only select candidates that have RB2> 0.1, re-
ducing the number of candidates to a median of 36% of the
original list.40 Third, we reject candidates which coincide
with known stars in reference catalogs (Sloan Digital Sky Sur-

40 This RB2 threshold is somewhat deeper than that which is used in the
iPTF survey. An improved classifier, RB4 (Bue et al. 2014), entered evalua-
tion in August 2014 shortly before GRB 140808A.

Table 1

Number of optical transient candidates surviving each vetting stage

SNR RB2 not not in detected saved for
GRB > 5 > 0.1 stellar MPCa twice follow-up

130702A 14 629 2 388 1 346 1 323 417 11
131011A 21 308 8 652 4 344 4 197 434 23
131231A 9 843 2 503 1 776 1 543 1 265 10
140508A 48 747 22 673 9 970 9 969 619 42
140606B 68 628 26 070 11 063 11 063 1 449 28
140620A 152 224 50 930 17 872 17 872 1 904 34
140623A 71 219 29 434 26 279 26 279 442 23
140808A 19 853 4 804 2 349 2 349 79 12

median reduction 36% 17% 16% 1.7% 0.068%
a Not in Minor Planet Center database

vey (SDSS) and the PTF reference catalog), cutting the list to
17%. Fourth, we eliminate asteroids catalogued by the Minor
Planet Center, reducing the list to 16%. Fifth, we demand at
least two secure P48 detections after the GBM trigger, reduc-
ing the list to a few percent, or ⇠ 500 candidates.

When the image subtraction pipeline has finished analyzing
at least two successive epochs of any one field, the TOO Mar-
shal contacts the humans again and the surviving candidates
are presented to the humans via the Treasures portal.

2.4. Visual scanning in Treasures Portal
The remaining candidate vetting steps currently involve

human participation, and are informed by the nature of the
other transients that iPTF commonly detects: foreground SNe
(slowly varying and in low-z host galaxies), active galactic
nuclei (AGNs), cataclysmic variables, and M-dwarf flares.

In the Treasures portal, we visually scan through the auto-
matically selected candidates one P48 field at a time, exam-
ining ⇠10 objects per field (see Figure 2 for a screen shot of
the Treasures portal). We visually assess each candidate’s im-
age subtraction residual compared to the neighboring stars of
similar brightness in the new image. If the residual resembles
the new image’s PSF, then the candidate is considered likely
to be a genuine transient or variable source.

Next, we look at the photometric history of the candidates.
Given the time, t, of the optical observation relative to the
burst and the cadence, �t, we expect that a typical optical
afterglow that decays as a power law F⌫ / t-↵, with ↵ = 1,
would fade by �m = 2.5log10(1 + �t/t) mag over the course of
our observations. Any source that exhibits statistically signif-
icant fading (�m/m � 1) consistent with an afterglow decay
becomes a prime target.41

Note that a 1� decay in brightness requires such a source to
be

- 2.5log10

✓
�t

t
p

2

◆
(2)

brighter than the 1� limiting magnitude of the exposures. For
example, given the P48’s typical limiting magnitude of R =
20.6 and the standard cadence of �t = 0.5 hours, if a burst is
observed t = 3 hours after the trigger, its afterglow may be
expected to have detectable photometric evolution only if it is
brighter than R = 18.3. Noting that long GRBs preferentially
occur at high redshifts and in intrinsically small, faint galaxies
(Svensson et al. 2010), we consider faint sources that do not

41 A source that exhibits a statistically significant rise is generally also
followed up, but as part of the main iPTF transient survey, rather than as a
potential optical afterglow.
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4 Singer et al.

Figure 1. Screen shot of the iPTF TOO Marshal shortly after a Fermi GBM
detection. At this stage, the application presents the recommended P48 fields,
the time window of observability, and the history of GCN notices and circu-
lars related to the trigger. It gives the human participants the option to cus-
tomize the P48 sequence by adding or removing P48 fields and tuning the
airmass limit, cadence, or number of images.

As the night progresses, the TOO Marshal monitors the
progress of the observations and the iPTF real-time image
subtraction pipeline (Nugent et al., in preparation). The re-
al-time pipeline creates difference images between the new
P48 observations and coadded references composed of obser-
vations from months or years earlier. It generates candidates
by performing source extraction on the difference images. A
machine learning classifier assigns a real/bogus score (RB2;
Brink et al. 2013) to each candidate that predicts how likely
the candidate is to be a genuine astrophysical source (rather
than a radiation hit, a ghost, an imperfect image subtraction
residual, or any other kind of artifact).

Table 1 lists the number of candidates that remain after
each stage of candidate selection. First, requiring candidates
to have signal-to-noise ratio (SNR)> 5 gives us a median of
35 000 candidates. This number varies widely with galac-
tic latitude and the area searched (a median of ⇠500 deg-2).
Second, we only select candidates that have RB2> 0.1, re-
ducing the number of candidates to a median of 36% of the
original list.40 Third, we reject candidates which coincide
with known stars in reference catalogs (Sloan Digital Sky Sur-

40 This RB2 threshold is somewhat deeper than that which is used in the
iPTF survey. An improved classifier, RB4 (Bue et al. 2014), entered evalua-
tion in August 2014 shortly before GRB 140808A.

Table 1

Number of optical transient candidates surviving each vetting stage

SNR RB2 not not in detected saved for
GRB > 5 > 0.1 stellar MPCa twice follow-up

130702A 14 629 2 388 1 346 1 323 417 11
131011A 21 308 8 652 4 344 4 197 434 23
131231A 9 843 2 503 1 776 1 543 1 265 10
140508A 48 747 22 673 9 970 9 969 619 42
140606B 68 628 26 070 11 063 11 063 1 449 28
140620A 152 224 50 930 17 872 17 872 1 904 34
140623A 71 219 29 434 26 279 26 279 442 23
140808A 19 853 4 804 2 349 2 349 79 12

median reduction 36% 17% 16% 1.7% 0.068%
a Not in Minor Planet Center database

vey (SDSS) and the PTF reference catalog), cutting the list to
17%. Fourth, we eliminate asteroids catalogued by the Minor
Planet Center, reducing the list to 16%. Fifth, we demand at
least two secure P48 detections after the GBM trigger, reduc-
ing the list to a few percent, or ⇠ 500 candidates.

When the image subtraction pipeline has finished analyzing
at least two successive epochs of any one field, the TOO Mar-
shal contacts the humans again and the surviving candidates
are presented to the humans via the Treasures portal.

2.4. Visual scanning in Treasures Portal
The remaining candidate vetting steps currently involve

human participation, and are informed by the nature of the
other transients that iPTF commonly detects: foreground SNe
(slowly varying and in low-z host galaxies), active galactic
nuclei (AGNs), cataclysmic variables, and M-dwarf flares.

In the Treasures portal, we visually scan through the auto-
matically selected candidates one P48 field at a time, exam-
ining ⇠10 objects per field (see Figure 2 for a screen shot of
the Treasures portal). We visually assess each candidate’s im-
age subtraction residual compared to the neighboring stars of
similar brightness in the new image. If the residual resembles
the new image’s PSF, then the candidate is considered likely
to be a genuine transient or variable source.

Next, we look at the photometric history of the candidates.
Given the time, t, of the optical observation relative to the
burst and the cadence, �t, we expect that a typical optical
afterglow that decays as a power law F⌫ / t-↵, with ↵ = 1,
would fade by �m = 2.5log10(1 + �t/t) mag over the course of
our observations. Any source that exhibits statistically signif-
icant fading (�m/m � 1) consistent with an afterglow decay
becomes a prime target.41

Note that a 1� decay in brightness requires such a source to
be

- 2.5log10

✓
�t

t
p

2

◆
(2)

brighter than the 1� limiting magnitude of the exposures. For
example, given the P48’s typical limiting magnitude of R =
20.6 and the standard cadence of �t = 0.5 hours, if a burst is
observed t = 3 hours after the trigger, its afterglow may be
expected to have detectable photometric evolution only if it is
brighter than R = 18.3. Noting that long GRBs preferentially
occur at high redshifts and in intrinsically small, faint galaxies
(Svensson et al. 2010), we consider faint sources that do not

41 A source that exhibits a statistically significant rise is generally also
followed up, but as part of the main iPTF transient survey, rather than as a
potential optical afterglow.
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(arXiv:1501.00495)

~100	
  deg2	
  with	
  PTF	
  

~35	
  deg2	
  (20	
  poin-ng)	
  with	
  HSC

Detec-on Selec-on Mul-ple
detec-on

137,222 20,625 1,787

(x	
  20	
  for	
  2	
  day	
  observa-ons)



ar-facts	
  around	
  
bright	
  source

inaccurate
convolu-on

cosmic	
  ray
event

real	
  :	
  bogus	
  	
  ~	
  	
  1	
  :	
  100-­‐1000



Applica-on	
  of	
  “Machine	
  learning”

x1
(FWHM)

x2
(elonga-on)

x3
(magnitude)

x4

Figure	
  from	
  
Ivezic+

real

bogus

see	
  e.g.,	
  Bloom+12,	
  Brink+13,	
  Wright+15

x5
...
x30



Fron-er	
  of	
  transient	
  sky
25.5	
  mag	
  depth,	
  t	
  <	
  10	
  min

moving	
  object
	
  (~25	
  mag,	
  2”/hr)

20	
  arcsec	
  (“)

flare
(23.8	
  =>	
  22.5	
  mag	
  

in	
  5min)

20	
  arcsec	
  (“)



20

22

24

26
1 5 10 days

Magnitude	
  @	
  200	
  Mpc
Opt NIR

NS	
  merger

15

BH-­‐NS	
  merger	
  
free	
  neutron

disk
8m	
  

1m	
  

Kiso	
  =>	
  Tomoe
PTF	
  =>	
  ZTF

Subaru/HSC


