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ABSTRACT
The most promising astrophysical sources of kHz gravitational waves (GWs) are the inspiral
and merger of binary neutron star(NS)/black hole systems. Maximizing the scientific return of
a GW detection will require identifying a coincident electromagnetic (EM) counterpart. One of
the most likely sources of isotropic EM emission from compact object mergers is a supernova-
like transient powered by the radioactive decay of heavy elements synthesized in ejecta from
the merger. We present the first calculations of the optical transients from compact object
mergers that self-consistently determine the radioactive heating by means of a nuclear reaction
network; using this heating rate, we model the light curve with a one-dimensional Monte Carlo
radiation transfer calculation. For an ejecta mass ∼10−2 M� (10−3 M�) the resulting light-
curve peaks on a time-scale ∼1 d at a V-band luminosity νLν ∼ 3 × 1041 (1041) erg s−1

[MV = −15(−14)]; this corresponds to an effective ‘f’ parameter ∼3 × 10−6 in the Li–
Paczynski toy model. We argue that these results are relatively insensitive to uncertainties in
the relevant nuclear physics and to the precise early-time dynamics and ejecta composition.
Since NS merger transients peak at a luminosity that is a factor of ∼103 higher than a typical
nova, we propose naming these events ‘kilo-novae’. Because of the rapid evolution and low
luminosity of NS merger transients, EM counterpart searches triggered by GW detections
will require close collaboration between the GW and astronomical communities. NS merger
transients may also be detectable following a short-duration gamma-ray burst or ‘blindly’ with
present or upcoming optical transient surveys. Because the emission produced by NS merger
ejecta is powered by the formation of rare r-process elements, current optical transient surveys
can directly constrain the unknown origin of the heaviest elements in the Universe.

Key words: gravitation – nuclear reactions, nucleosynthesis, abundances – binaries: close –
gamma-ray burst: general – stars: neutron – supernovae: general.

1 IN T RO D U C T I O N

The direct detection of gravitational waves (GWs) would be a major
breakthrough for both fundamental physics and astrophysics. With
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†NASA Einstein Fellow.
‡Hubbel Fellow.

upgrades of the ground-based interferometers LIGO (Abramovici
et al. 1992) and Virgo (e.g. Caron et al. 1999) to ‘advanced’ sen-
sitivity expected within the next decade, GW detection is rapidly
becoming a realistic – even anticipated – possibility.

The most promising astrophysical sources of GWs for ground-
based detectors are thought to be the GW-driven inspiral and
coalescence of binary compact objects [neutron stars (NSs) and
black holes (BHs)]. Advances in general relativistic simula-
tions of the merger process (Pretorius 2005; Baker et al. 2006;
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Campanelli et al. 2006) are honing our understanding of the
strength and form of the expected signal (see e.g. Duez 2009;
Faber 2009, for recent reviews). However, estimates of the merger
rates based on known NS–NS binaries and population synthesis
remain uncertain by at least an order of magnitude (Kim et al.
2005; Belczynski et al. 2006; Kalogera et al. 2007; LIGO Scientific
Collaboration & Virgo Collaboration 2010). For instance, Kim et al.
(2005) estimate that the NS–NS merger rate detectable with ad-
vanced LIGO will be 27+62

−21 yr−1, implying that if the true rate lies
on the low end of present estimates then only a few sources may be
detected per year. This possibility makes it especially crucial that
we extract the most science from each event.

Optimizing the science from a detected GW signal requires iden-
tifying a coincident electromagnetic (EM) counterpart (e.g. Schutz
1986, 2002; Sylvestre 2003; Stubbs 2008; Bloom et al. 2009a;
Phinney 2009; Stamatikos et al. 2009). By independently identi-
fying the source’s position and time, several of the degeneracies
associated with the GW signal are lifted (Hughes & Holz 2003;
Arun et al. 2009) and the signal-to-noise ratio required for a con-
fident detection is decreased (Kochanek & Piran 1993; Dalal et al.
2006). Coupled with its GW-measured luminosity distance, iden-
tifying the merger’s redshift (e.g. by localizing its host galaxy)
would also allow for a precision measurement of the Hubble con-
stant (e.g. Krolak & Schutz 1987; Holz & Hughes 2005; Deffayet
& Menou 2007). Likewise, the potential wealth of complementary
information encoded in the EM signal may be essential to fully
unravelling the astrophysical context of the event (Phinney 2009).

The most commonly discussed EM signal associated with
NS–NS/NS–BH mergers is a short-duration gamma-ray burst
(GRB), powered by the accretion of material that remains in a
centrifugally supported torus around the BH following the merger
(Paczynski 1986; Narayan, Paczynski & Piran 1992). The Swift
satellite (Gehrels et al. 2004) has revolutionized our understanding
of short GRBs by detecting and localizing a significant number
of their afterglows for the first time. This has enabled the discov-
ery that short GRBs likely originate from a more evolved stellar
population than those of long-duration GRBs (e.g. Berger et al.
2005; Villasenor et al. 2005; Bloom et al. 2006; see Berger 2009
for a recent review), consistent with an origin associated with com-
pact object mergers (Nakar, Gal-Yam & Fox 2006). Despite these
suggestive hints, however, it is not yet established that all short
GRBs are uniquely associated with NS–NS/NS–BH mergers (e.g.
Hurley et al. 2005; Metzger, Quataert & Thompson 2008a) nor that
all mergers lead to an energetic GRB. Furthermore, only a small
fraction of GRB jets are pointed towards us (Rhoads 1999) and for
off-axis events, the prompt and afterglow emission are much dim-
mer due to relativistic debeaming. Although some emission may be
observed by off-axis viewers, such ‘orphan’ afterglows (e.g. Totani
& Panaitescu 2002) are typically expected to peak at radio wave-
lengths on a time-scale of months–years (Soderberg et al. 2006a;
Rossi, Perna & Daigne 2008; Zhang & MacFadyen 2009). Only
a limited fraction of short GRBs are detected in radio, even when
viewed on-axis (e.g. Soderberg et al. 2006b).

In parallel to the advances in GW detectors, the advent of large-
scale optical surveys with increasing sensitivity, rapid cadence and
sky-area coverage is leading to a revolution in the study of transient
objects. These include the Palomar Transient Factory (PTF; Rau
et al. 2009), Pan-STARRs (Kaiser et al. 2002), SkyMapper (Keller
et al. 2007) and the VLT Survey Telescope (VST; Mancini et al.
2000), which are paving the way for future endeavours such as the
Large Synoptic Survey Telescope (LSST; Strauss et al. 2010) and
the proposed Synoptic All Sky Infrared Imaging (SASIR) survey

(Bloom et al. 2009b). Given these present and anticipated future
capabilities, the most promising EM counterpart of compact object
mergers is arguably an isotropic, optical/near-infrared (NIR) wave-
length signal. In addition to providing time-stamped maps of the
night sky for use in follow-up observations, these ‘blind’ surveys
could also detect EM counterparts even independent of a GW or
GRB trigger (see Section 5.3).

One proposed source of relatively isotropic optical/NIR emis-
sion following a NS–NS/NS–BH merger is a supernova (SN)-like
transient powered by the radioactive decay of merger ejecta (Li &
Paczyński 1998, hereafter LP98; cf. Kulkarni 2005; Metzger, Piro
& Quataert 2008b). Although Type Ia supernova light curves are
powered largely by the decay of 56Ni (e.g. Kasen & Woosley 2009),
most of the ejecta from NS–NS/NS–BH mergers is highly neutron
rich (electron fraction Ye ∼ 0.1–0.4) and produces little Ni. Instead,
much heavier radioactive elements are formed via rapid neutron cap-
ture (r-process) nucleosynthesis following the decompression of the
ejecta from nuclear densities (e.g. Lattimer & Schramm 1974, 1976;
Eichler et al. 1989; Freiburghaus, Rosswog & Thielemann 1999).
Although the r-process itself lasts only a matter of seconds, these
newly synthesized elements undergo nuclear fission, alpha and beta
decays on much longer time-scales as they descend to β-stability.
The resulting energy release can power detectable thermal emission
once the ejecta expands sufficiently that photons can escape. Be-
cause of the lower quantity of ejecta and its faster speed, however,
the resulting transient is dimmer and evolves faster than a normal
SN. Transients from NS mergers are thus a challenge to detect and
identify.

Although the basic LP98 model provides a qualitative picture
of the thermal transients from NS–NS/NS–BH mergers, it makes a
number of simplifying assumptions and leaves several free parame-
ters unconstrained, including the fraction of nuclear energy released
and the precise distribution of decaying nuclei. LP98 further assume
that the photosphere radiates as a blackbody, which is a poor as-
sumption at moderate optical depths and in light of the substantial
UV line blanketing that may accompany the rich energy spectra of
the very heavy nuclei that dominate the composition. These details
may be important for predicting the unique, ‘smoking gun’ features
of merger-related transients. Because the transient sky is expected to
be rich in its diversity (e.g. Becker et al. 2004), more detailed predic-
tions may be essential to identifying candidate sources in real-time
for deeper follow-up observations, especially considering the like-
lihood that only limited information (e.g. photometric colours) may
be available. Understanding the detailed spectroscopic properties
of merger transients is clearly an important endeavour.

In this work we present the first self-consistent calculations of
the optical/NIR counterparts to NS–NS/NS–BH mergers. In partic-
ular, our work goes beyond previous work in two important ways:
(1) we use a nuclear physics reaction network to calculate the ra-
dioactive heating of the ejecta and (2) we employ the Monte Carlo
radiative transfer code SEDONA to more accurately model the light
curve and colours of the resulting EM transient. We begin in Sec-
tion 2 with preliminary considerations, including a discussion of the
sources of neutron-rich ejecta from NS–NS/NS–BH mergers (Sec-
tion 2.1) and a brief review of the relevant scalings for radioactively
powered transients (Section 2.2). In Section 3 we describe the nu-
cleosynthesis that occurs as the material decompresses from nuclear
densities and our calculations of the resulting radioactive heating,
including a detailed discussion of the efficiency of fission/β-decay
thermalization (Section 3.2). In Section 4 we present calculations
of the light curves and colour evolution of NS–NS/NS–BH merger
transients, highlighting the unique features of these events and the
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primary uncertainties in the theoretical predictions. We find that the
peak luminosities of NS merger transients are typically ∼ few ×
1041 erg s−1, or a factor of ∼103 larger than the Eddington lumi-
nosity for a solar mass object. We therefore dub these events ‘kilo-
novae’, since standard novae are approximately Eddington-limited
events. In Section 5 we discuss the implications of our results for the
present constraints on, and the future detection of, kilonovae from
NS–NS/NS–BH mergers, including the direct constraints that opti-
cal transient surveys place on the astrophysical origin of r-process
elements (Section 5.3.1). We summarize our results and conclude
in Section 6.

2 PR E L I M I NA RY C O N S I D E R AT I O N S

2.1 Sources of neutron-rich ejecta

There are several potential sources of neutron-rich ejecta from NS–
NS/NS–BH mergers. First, neutron-rich material can be ejected
due to tidal forces during the merger itself (Lattimer & Schramm
1974; Rosswog et al. 1999; Rosswog 2005). The quantity of this dy-
namically ejected material depends sensitively on the NS–NS/NS–
BH binary parameters and the NS equation of state (e.g. Ross-
wog 2005). Since this material primarily originates from the NS’s
neutron-rich outer core, it has a typical electron fraction Ye ∼ 0.03–
0.1 (e.g. Haensel & Zdunik 1990a,b; Rosswog 2005). The elec-
tron fraction probably remains low since the ejecta remains cold
(and hence thermal weak interactions remain slow) due to adia-
batic losses as the material rapidly expands from nuclear densities
(e.g. Ruffert et al. 1997; Duez 2009). A typical outflow speed is
v ∼ 0.1c.

Neutron-rich material also originates from outflows from the ac-
cretion disc on longer, viscous time-scales. Neutrino-heated winds
are driven from the disc for a variety of accretion rates and disc radii
during its early evolution (e.g. Metzger et al. 2008b; Surman et al.
2008; Dessart et al. 2009). Although these outflows are generally
neutron rich, they can be proton rich in some cases (e.g. Barzilay &
Levinson 2008; Metzger, Thompson & Quataert 2008c). An even
larger quantity of mass loss occurs at later times once neutrino cool-
ing shuts off, due to powerful outflows driven by viscous heating and
the nuclear recombination of free nuclei into α-particles (Metzger
et al. 2008b; Lee, Ramirez-Ruiz & López-Cámara 2009; Metzger,
Piro & Quataert 2009a). Metzger et al. (2009a) show that ∼20–
50 per cent of the initial disc mass is ejected with a range of elec-
tron fractions Ye ∼ 0.1–0.4. The wind’s asymptotic speed in this
case is also v ∼ 0.1–0.2c, set by the ∼8 MeV per nucleon released
as heavy elements are formed.

In summary, considering both the tidally and wind-driven ejecta
from NS–NS/NS–BH mergers, from Mej ∼ 0 up to ∼0.1 M� in
neutron-rich ejecta is expected with v ∼ 0.1c and Ye � 0.2, i.e. suf-
ficiently neutron rich to undergo a robust (low entropy) third-peak
r-process during its subsequent expansion (e.g. Hoffman, Woosley
& Qian 1997). A similar amount of material may be ejected with
Ye ∼ 0.2–0.4. Although this material is not sufficiently neutron rich
to reach the third r-process peak, it also produces heavy elements
that contribute a comparable radioactive heating rate (Fig. 3).

2.2 Analytic estimates

The majority of the energy released by the r-process occurs on a
time-scale of ∼seconds (e.g. Freiburghaus et al. 1999; Goriely et al.
2005; Metzger et al. 2010). However, most of this initial heating
(and any residual heat from the merger itself) is lost to adiabatic

expansion because the outflow is highly optically thick at these
early times. A significant EM luminosity is only possible once the
density decreases sufficiently that photons can escape the ejecta on
the expansion time-scale (Arnett 1982). The photon diffusion time
through the outflow at radius R is approximately

td = BκMej

cR
, (1)

where κ is the opacity and B � 0.07 for a spherical outflow (e.g.
Padmanabhan 2000). Setting this equal to the expansion time texp =
R/v gives the characteristic radius for the EM emission to peak

Rpeak �
(

BvκMej

c

)1/2

≈ 1.2 × 1014 cm
( v

0.1c

)1/2
(

Mej

10−2 M�

)1/2

, (2)

where we have taken κ = 0.1 cm2 g−1 as an estimate of the line
opacity of the r-process ejecta, assuming it is similar to that of
Fe-peak elements (Pinto & Eastman 2000). We discuss the validity
of this assumption further in Section 4.1. Assuming free expansion
R = vt, Rpeak is reached on a time-scale (Arnett 1982)

tpeak ≈ 0.5 d
( v

0.1c

)−1/2
(

Mej

10−2 M�

)1/2

. (3)

The above expression is strictly valid only if tpeak exceeds the in-
trinsic radioactive decay lifetime of the ejecta. This condition is
generally satisfied for r-process ejecta due to their rather short β-
decay half-lives. This short time-scale tpeak ∼ 1 d compared to that
of a normal SN (tpeak ∼ weeks) is one of the defining characteristics
of kilonovae from NS mergers.

Provided that the radioactive power can be approximated as
a decreasing power law in time Q̇ ∝ t−α with α < 2, the
brightness of the event depends most sensitively on the amount
of radioactive heating that occurs around the time-scale tpeak:
Qpeak = ∫

tpeak
Q̇ dt ≈ Q̇(tpeak)tpeak = f Mejc

2, where f � 1 is a
dimensionless number (LP98). Parametrized thus, the peak bolo-
metric luminosity is approximately

Lpeak � Qpeak

td(Rpeak)

≈ 5 × 1041 erg s−1

(
f

10−6

) ( v

0.1c

)1/2
(

Mej

10−2 M�

)1/2

,

(4)

and the effective temperature is given by

Tpeak �
(

Lpeak

4πR2
peakσ

)1/4

≈ 1.4 × 104 K

(
f

10−6

)1/4 ( v

0.1c

)−1/8
(

Mej

10−2 M�

)−1/8

.

(5)

Note that Lpeak ∝ f , yet the value of f is left as a free parameter
in the LP98 model, with values up to f ∼ 10−3 considered plausible
a priori. In Section 3.2 we present explicit calculations of Q̇ and
show that the effective value of f is ∼3 × 10−6. Thus, for Mej ∼
10−2 M� we expect a transient with peak luminosity ∼1042 erg s−1

(bolometric magnitude Mbol ≈ −16) and a photospheric tempera-
ture ∼104 K, corresponding to a spectral peak at optical/near-UV
wavelengths.
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3 RADIOACTIVE H EATING

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
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Figure 2. Final abundance distribution from the fiducial model with Ye =
0.1 (Fig. 1), shown as the mass fraction versus mass number A. Measured
Solar system r-process abundances are shown for comparison with black
dots. They are arbitrarily normalized to the computed abundances for A =
195.

Figure 3. Total radioactive heating rate per unit mass Ė, calculated for
several values of the electron fraction Ye of the ejecta and for different
nuclear mass models (see text). Calculations employing the FRDM mass
model (Möller et al. 1995) are shown for Ye = 0.05 (triple dot–dashed line),
Ye = 0.1 (solid line), Ye = 0.2 (dotted line) and Ye = 0.3 (dot–dashed line).
A calculation employing the EFTSI-Q (Pearson et al. 1996) mass model is
shown for Ye = 0.2 (dashed line). Note that on time-scales of hours–days,
the radioactive heating rates in all models agree to within a factor of ∼4.

for ejecta with Ye = 0.05, 0.2 and 0.3 in comparison to the fiducial
model with Ye = 0.1. Although the heating rate for different values
of Ye differs substantially at early times (�10−4 d), Ė agrees be-
tween the models to better than a factor of ∼2 at the later times that
are the most important for transient EM emission.

Our results for Ė could in principle also be sensitive to the as-
sumed properties of the nuclei in the r-process path (e.g. masses and
neutron-capture cross-sections), which are uncertain and must be
obtained via theoretical modelling. In our fiducial model (Fig. 1) we
employ the FRDM model (Möller et al. 1995) for nuclear masses.
In order to explore the sensitivity of our results to the assumed nu-
clear physics, we also performed an otherwise identical calculation
using the ETFSI-Q mass model (Pearson et al. 1996), as shown in
Fig. 3 for Ye = 0.2. Although the two models again differ in their
early-time predictions for Ė, on time-scales �1 h they converge to
a heating rate within a factor of �4.

Finally, although the Lagrangian density trajectory ρ(t) that we
employ in our fiducial model formally corresponds to dynamically

ejected rather than wind-driven ejecta, both are likely present in
NS–NS/NS–BH mergers (see Section 2.1). Thus, we have also
performed an otherwise identical calculation, but instead using a
trajectory ρ(t) appropriate for (higher entropy) disc winds, simi-
lar to those studied in e.g. Arcones, Janka & Scheck (2007) (cf.
Metzger et al. 2008b; Surman et al. 2008). Although we do not
show our results explicitly in this case, we find that the heating
rate Ė decreases in a similar manner to the dynamically ejected
material on time-scales ∼1 d. However, the overall normalization
of Ė is smaller by a factor of ∼10 because in high-entropy winds
the mass fraction of heavy nuclei is reduced at the expense of a
higher α-particle fraction, which do not contribute to the heating
(Hoffman et al. 1997). Although some of the wind-driven material
in NS mergers may have high entropy (Metzger et al. 2008c; Surman
et al. 2008), most of the total mass ejected likely has low-modest
entropy (S ∼ 3–10 kb baryon−1; Metzger et al. 2009a). When cor-
recting our results for the higher mass fraction of heavy nuclei in a
lower entropy wind, we find that the heating rate Ė on time-scales
∼1 d in the wind ejecta agrees within a factor of ∼2 to that of the
dynamically ejected material.

To summarize, the heating rate for our fiducial model in Fig. 1
(which we employ throughout the remainder of the paper) appears
to be relatively insensitive to the precise trajectory and composition
of the ejecta, and to the uncertainties in the nuclear properties of the
unstable nuclei near the r-process path.

In order to understand why we find such a robust heating rate on
time-scales ∼1 d, it is first instructive to compare r-process ejecta
with that produced in Type Ia SNe. In Type Ia SNe, the ejected
material is processed through nuclear statistical equilibrium with
Ye ≈ 0.5. This favours the production of N = Z nuclei and, in
particular, 56Ni. The 56Ni nucleus (N = Z = 28) is produced in
high abundance both because 28 is a magic nucleon number and
because even–even (N = Z) nuclei have an additional binding en-
ergy, commonly known as the ‘Wigner energy’. At the high tem-
peratures at which 56Ni is produced, atoms are fully ionized and,
consequentially, 56Ni cannot decay by atomic electron capture. In
this case the half-life has been computed to be t1/2 ≈ 4 × 104 yr
by Fisker, Martı́nez-Pinedo & Langanke (1999). Once the temper-
ature decreases sufficiently that the inner K-shell orbit electrons
recombine, the decay proceeds at the laboratory measured rate
t1/2 � 6.075(10) d (da Cruz et al. 1992).

The situation is different for neutron-rich r-process ejecta. First,
r-process nuclei decay by β− and hence the half-life is unaffected
by the ionization state of the matter. Secondly, the r-process results
in a rather broad distribution of nuclei with mass number spanning
the range A ∼ 110–210. Because the nuclei produced in NS mergers
likely follow a distribution similar to their solar system abundances
(see Fig. 2), maxima will occur at the second (A ∼ 130) and third
(A ∼ 195) r-process peaks. The overall r-process abundances peak
in our calculations (as in the Solar system) near the second peak,
which is why second-peak nuclei dominate the β-decay heating rate
(see Table 1).

We argue below, however, that the energy generation rate Ė is
approximately independent of the precise distribution of heavy nu-
clei, provided that the heating is not dominated by a few decay
chains and that statistical arguments can be applied. This conclu-
sion is supported by our results in Fig. 3, which show that Ė is
relatively insensitive to the composition of the ejecta, despite the
fact that different electron fractions can result in rather different
abundance distributions. Perhaps most striking, the heating rate is
similar whether the second r-process peak is produced via the fis-
sion of nuclei near the magic neutron numbers N = 184 (A ∼ 280),
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as occurs for highly neutron-rich ejecta (Ye � 0.2), or whether it
is produced directly with little or no fission cycling, as occurs for
Ye � 0.3.

Assuming a broad distribution of exponentially decaying nuclei
with mass number A the evolution of the energy generation rate
Ė can be understood by the following arguments. For an isotopic
chain of odd-A nuclei the Q values are essentially proportional to
the neutron excess η ≡ N − Z and the β-decay rate λ ∝ η5 due to the
three-body nature of the final state. The situation is slightly more
complicated for even-A chains due to the presence of pairing that
increases the binding energy of even–even nuclei and modifies the
global proportionality of the Q value and neutron excess. However,
the selection rules of β-decay favour a maximum change in angular
momentum between initial and final states of one unit; as a result,
the decay of odd–odd nuclei, that typically have angular momentum
J > 1, proceeds via excited states in the daughter even–even nucleus.
Consequently, the global dependence λ∝ η5 is recovered. Assuming
that the number of nuclei per neutron excess interval is constant the
number of nuclei per decay rate interval, λ, and lifetime interval,
τ = 1/λ, are given by

dN = N0λ
−4/5 dλ, dN = N0τ

−6/5 dτ, (6)

where N0 is a normalization constant. Further assuming that the
energy generation at a time t is dominated by nuclei with τ = t that
release energy Q ∝ τ−1/5, the energy generation rate then becomes

Ė ∝ t−7/5 = t−1.4. (7)

The same result can be obtained assuming that we have a distri-
bution of nuclei that follows equation (6), each releasing an energy
Q ∝ λ1/5 with a rate λ. In this case the energy generation rate is

Ė ∝
∫ ∞

0
λλ1/5 e−λtN0λ

−4/5 dλ = N0�(7/5)t−7/5, (8)

where � is the Gamma function.
The above discussion neglects the fact that with increasing neu-

tron excess the β-decay populates an increasing number of states in
the daughter nucleus. Consequently, we expect an exponent slightly
larger than 5 for the dependence of decay rates with neutron excess.
This will result in a power-law decay with an exponent smaller than
the value of 1.4 deduced above. Overall, this analytic derivation is
in reasonable agreement with the numerical results in Fig. 1, which
correspond to Ė ∝ t−α with α ∼ 1.1–1.3 on time-scales of hours–
days. Incidentally, we note that this functional form is remarkably
similar to the heating rate Ė ∝ t−1.2 found for the decay of nuclear
waste from terrestrial reactors (Cottingham & Greenwood 2001,
p. 126).

3.2 Thermalizing processes

Of the total power released by nuclear reactions Ė (Fig. 1), only
a fraction εtherm will thermalize with the plasma and hence be use-
ful for powering EM emission. In this section we estimate εtherm.
Since the light-curve peaks on approximately the time-scale tpeak

(equation 3), we shall normalize our considerations to this time.

3.2.1 β-decay heating

First, consider the energy released by β-decays, which dominate
Ė at late times (Fig. 1). The total energy released in the decay
Q is divided between the outgoing neutrino and electron, and the
γ -rays produced as the daughter nucleus cascades to the ground

state from excited nuclear levels. In Table 1 we list the proper-
ties of a sample of nuclei which contribute appreciably to Ė at
t ∼ tpeak ∼ 1 d, as determined from our network calculations in Sec-
tion 3.1. The properties listed include the decay half-life t1/2, the
relative fraction of Q carried away by the electron, neutrino and γ -
rays (εe, εν and εγ , respectively) and the mean γ -ray energy Eavg

γ .
Most of this information was obtained or calculated using data from
the Lawrence Berkeley National Laboratory’s Isotopes Project.2

Because the energy imparted to the outgoing electron Ee =
εe Q is generally greater than or similar to the electron rest mass
(0.511 MeV), the electron is mildly relativistic and, as a result,
carries a similar fraction of the outgoing energy as the neutrino
(i.e. εe ≈ εν). Although the neutrino readily escapes the ejecta and
does not contribute to the heating, the electron is charged and in-
teracts electromagnetically with the ambient electrons and nuclei.
The dominant thermalizing process is electron–electron coulomb
scattering.

For electron–electron scattering in the fast test particle limit
(Ee  kT , where T ∼ 104 K is the temperature of the background
plasma), the energy exchange (or ‘thermalization’) time-scale is
given by

t e–e
therm ≈ 4.6 × 1013 s

(
Ee

0.5 MeV

)3/2

ln �−1n−1
e , (9)

where ln � is the Coulomb logarithm (e.g. NRL Plasma Formu-
lary; Huba 2007). Assuming a spherical, homogeneous outflow, the
electron density ne at time t is approximately given by

ne = Mej

(4π/3)R3μe

≈ 1012 cm−3

(
Mej

10−2 M�

)−1/2 ( v

0.1c

)−3/2
(

t

tpeak

)−3

,

(10)

where μe ≈ Amn/Z is the mean mass per electron, mn is the mass
of a nucleon, and we have assumed an average charge Z ∼ 60
and mass A ∼ 130 for the r-process nuclei. Although the r-process
nuclei are only partially ionized on time-scales t ∼ tpeak, ne includes
both free and bound electrons because, for purposes of high-energy
scattering, they have identical cross-sections (the impact parameter
for Ee ∼ MeV is much smaller than the atomic scale).

Thus, the ratio of the thermalization time due to electron–electron
collisions te−e

therm to the time-scale at which the emission peaks is given
by

t e–e
therm/tpeak

≈ 10−4

(
Ee

0.5 MeV

)3/2 (
ln �

10

)−1 ( v

0.1c

)2
(

t

tpeak

)3

. (11)

Equation (11) shows that for a typical value Ee ∼ 0.5 MeV,
te−e
therm > tpeak for t � 10tpeak, implying that the β-decay electrons

will efficiently thermalize on the time-scales of interest.
Table 1 shows that typically ∼1/2 of the β-decay energy is also

released in the form of ∼MeV γ -rays. Although a portion of the
γ -rays will thermalize via Compton scattering and photoelectric ab-
sorption (e.g. Colgate, Petschek & Kriese 1980; Swartz, Sutherland
& Harkness 1995), a significant fraction will also escape, especially
as the ejecta expands and the optical depth decreases. In the case of
56Ni and 56Co, for example, Swartz et al. (1995) find an effective
absorptive opacity which is about ∼15 per cent of the fully ion-
ized Thomson opacity (i.e. κγ ≈ 0.03 cm2 g−1) using Monte Carlo

2http://ie.lbl.gov/education/
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radiative transfer calculations. Since tpeak is attained when the opti-
cal depth is τ peak ∼ c/v ∼ 10, the thermalization ‘optical depth’ is
� 1 for times greater than ≈ (κ/κγ )(v/c)tpeak ∼ tpeak (see equa-
tions 1 and 3). As Table 1 illustrates, the mean γ -ray energy Eavg

γ

from 56Ni decay is within a factor of ∼2 of those produced by the
other β-decays, so we expect similar γ -ray thermalization prop-
erties in Type Ia SNe and in NS merger ejecta. We conclude that
photons will partially thermalize for t � tpeak, but they will con-
tribute little heating at later times (t  tpeak).

From Table 1 we infer average values of εe ≈ εν ≈ 0.25 and εγ ≈
0.5 (Table 1). Combining our results, we conclude that the effective
β-decay thermalization fraction will vary from εtherm ≈ εe + εγ ≈
0.75 to εtherm ≈ εe ≈ 0.25 as the ejecta expands from R � Rpeak to
R � Rpeak.

3.2.2 Fission heating

In the case of fission most of the radioactive energy is released as
kinetic energy of the fission product nuclei, with a typical daughter
energy of EA ∼ 100 MeV. In this case the dominant thermalizing
process is Coulomb scattering off ambient nuclei of similar mass
A and charge Z. In the case of ion–ion collisions the thermlization
time-scale is (Huba 2007)

tA–A
therm

≈ 5 × 1012 s ln �−1n−1
A

(
EA

100 MeV

)3/2 (
A

130

)1/2 (
Z

60

)−4

,

(12)

where nA ≈ ρ/Amn is the number density of ambient nuclei. Thus,
using equations (3) and (10) the ratio of the thermalization time-
scale to the time-scale at which the emission peaks is given by

tA–A
therm/tpeak ≈ 6 × 10−3

(
EA

100 MeV

)3/2 (
A

130

)3/2

×
(

Z

60

)−4 (
ln �

10

)−1 ( v

0.1c

)2
(

t

tpeak

)3

. (13)

Since tA−A
therm � tpeak we conclude that the fission daughters will also

thermalize on time-scales ∼tpeak, implying that εtherm ≈ 1 for fission.
Therefore, even though fission contributes less to Ė than β-decays
at t ∼ tpeak ∼ 1 d, its higher thermalized fraction suggests that it may
dominate the heating.

3.2.3 Neutron heating

Neutrons, emitted either spontaneously following fission or induced
by β-decays, also carry a modest portion of the released energy.
Although the contribution of neutrons to Ė is generally much less
than that of β-decays or the kinetic energy of fission daughters, we
consider their thermalization as well for completeness.

At high densities (e.g. in terrestrial reactors) fission-product neu-
trons can be captured by heavy nuclei to induce further reactions.
For the much lower densities of present interest, however, the neu-
tron capture time-scale (with a typical cross-section ∼ millibarns)
is much longer than the free neutron β-decay time-scale ∼15 min.
As a result, fast neutrons created by fission rapidly decay into fast
protons (with a typical energy Ep ∼ 1 MeV) before capturing. In or-
der to thermalize, the protons must exchange energy with the much
heavier ambient charged particles (the proton density is too low for
p–p scattering to be efficient). We find that the proton’s thermaliza-
tion time is larger by a factor ∼Z2A1/2(Ep/EA)3/2 ∼ 102 than that

of the fission daughter nuclei (equation 13). This suggests that the
proton will have ttherm ∼ tpeak and hence may not thermalize.

Our estimates above neglect, however, the possible effects of
magnetic fields, which can trap charged particles and enhance their
thermalization if the field is directed perpendicular to the outflow
velocity (e.g. Colgate et al. 1980). For instance, if the NS involved
in the merger has a (modest) surface field strength of B ≈ 109 G,
this translates into a field strength of B ∼ 3 × 10−8 G at R ∼ Rpeak

by flux freezing. The Larmor radius for a 1-MeV proton at Rpeak is
rL ∼ 1012 cm, which is �Rpeak ∼ 1014 cm. This suggests that the
proton’s residence time (and hence thermalization) may be signifi-
cantly enhanced due to the magnetic field. As a result, we conclude
that the energy released in neutrons will also likely thermalize.

3.2.4 Net heating efficiency and the effective value of f

Considering both β-decays (with εtherm ≈ 0.25–0.75) and fission
(εtherm ≈ 1), we conclude that the net heating fraction of merger
ejecta is between εtherm ≈ 0.25 and ≈1, depending on time and the
relative contributions of β-decays and fission to Ė.

From Fig. 1 we find that Ė decreases approximately as a power
law Ė ∝ t−α , with a value α ∼ 1.1–1.4 on time-scales of hours–
days, relatively close to the heating functional form adopted by
LP98: Q̇ ∝ f c2/t (see equation 4 and surrounding discussion).
In Section 3.1 we presented a simple derivation of this result that
explains why α � 1.4 (see equations 7 and 8). For an average ther-
malization efficiency of εtherm ∼ 0.75, our results imply that the
effective value of f is ≈ 3 × 10−6 at t ∼ 1 d. This is somewhat
lower than the range of values considered by LP98 and much lower
than has been estimated elsewhere in the literature. For instance,
Rosswog (2005) estimates a NS merger transient peak luminos-
ity Lpeak ∼ 1044 erg s−1, corresponding to an effective value of f
∼ 10−3 for Mej ∼ 10−2 M� (equation 4). He derives this under the
assumption that an appreciable fraction of the total energy released
in forming heavy r-process nuclei (B/A ∼ 8 MeV nucleon−1) is re-
leased over a time-scale tpeak ∼ 1 d. This is incorrect because most
of the binding energy is released by the formation of seed nuclei
in the initial expansion (on time-scales ∼ milliseconds) and by the
subsequent r-process (on time-scales � 1 s; see Fig. 1). Since this
heating all occurs at radii R � (v × 1 s) ∼ (v/0.3c)1010 cm, this
early-time heating suffers a factor of � 104 loss in thermal energy
due to P d V work before the outflow expands to the radius Rpeak ∼
1014 cm (equation 2) at which photons can finally escape. Instead,
the luminosity at t ∼ tpeak is primarily powered by residual energy
released as r-process products fission and decay back to stability.
This occurs on much longer time-scales and involves a significantly
smaller energy release (typically closer to ∼10−3 MeV nucleon−1

on time-scales ∼1 d).

4 L I G H T C U RV E S

4.1 Radiative transfer calculation

We calculate the light curves of compact object merger ejecta using
the time-dependent radiative transfer code SEDONA (Kasen, Thomas
& Nugent 2006). Our set-up is similar to that described in Darbha
et al. (2010) for the case of 56Ni decay-powered transients produced
by the accretion-induced collapse of white dwarfs. However, in the
present case we have modified the code to include the radioactive
heating Q̇ = εthermĖ for NS mergers as calculated in Section 3.
Although SEDONA can track γ -ray thermalization, we do not use this
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option given the large number of decaying nuclei and their complex
γ -ray spectra; rather, we incorporate the escape fraction into an
average thermalization efficiency εtherm that we hold constant in
time. We calculate models assuming both εtherm = 0.5 and 1 in
order to bracket the uncertainty in the precise fraction of γ -rays
that thermalize (see Section 3.2.4).

Although the ejecta from NS–NS/NS–BH mergers is likely to be
highly asymmetric (e.g. the ‘banana-like’ geometry of tidal tails;
Rosswog 2005), we assume a one-dimensional (spherically sym-
metric) geometry for simplicity. We shall address the effects of
the full multidimensional kinematics of the outflow in future work.
Since SEDONA uses a velocity–time grid, a required input to the
calculation is the velocity profile ρ(v) of the (assumed homolo-
gous) expansion. We take the density profile to decrease as ρ ∝ v−3

between v ≈ 0.05–0.2c, as motivated by the typical velocity v ∼
0.1c of the dynamically ejected and wind-driven neutron-rich ejecta
from NS–NS/NS–BH mergers (Section 2.1). We assume that ρ(v)
decreases exponentially with v outside this range and have verified
that our results are not sensitive to precisely how we taper the edges
of the velocity distribution. We find that our results are also similar
if we instead assume ρ ∝ v−2 or ρ ∝ v−4, implying that the exact
density profile is not crucial for the overall light-curve shape.

Another input to our calculation is the composition, the ioniza-
tion energies of each element and the bound–bound and bound–free
opacities of each element. Unfortunately, the spectral line informa-
tion for these very high-Z elements is very limited. Most of the
data available is experimental (e.g. Lawler et al. 2006, 2007, 2009;
Biémont et al. 2007), since many body quantum mechanical cal-
culations of these elements’ spectra represent a formidable task,
even with modern computing. Much of the experimental work has
focused on aiding studies of r-process abundances in ultra metal-
poor halo stars, which generally make use of resonant absorption
lines at optical wavelengths (e.g. Cayrel 1996; Sneden et al. 2003).
However, the total opacity of most relevance to merger transients
results from densely packed UV lines, for which there is currently
insufficient information in either the Kurucz line list (Kurucz &
Bell 1995) or the more recent experimental studies. Nevertheless,
the spectra of at least some high-Z r-process elements are almost
certainly as complex as Fe peak elements, if not more (Wahlgren,
private communication); this is important because the Fe peak ele-
ments cause UV ‘line blanketing’ in normal SN spectra. We expect
that the same effect is likely to be produced by third r-process peak
elements since they are largely transition metals.

Given this lack of spectral information, we attempt to crudely
account for the effects of the unknown r-process element lines on
the opacity by using the bound–bound lines of Fe, but modified to
include the correct ionization energies of the r-process elements.
Specifically, our calculations use the ionization energies of Pb as a
representative r-process element. These uncertainties in the bound–
bound transitions obviously limit our ability to make detailed spec-
troscopic predictions, but it does allow us to qualitatively address
the effects of line blanketing on the transients’ colour evolution. In
addition, the overall light-curve shape, the peak luminosity and the
characteristic time-scale of the event (∼ day) are robust in spite of
these uncertainties.

4.2 Results

Fig. 4 shows our results for the bolometric light curve for a fiducial
model with Ye = 0.1, ejecta mass Mej = 10−2 M� and outflow
speed v = 0.1c. We show two calculations performed using differ-
ent values for the assumed thermalization efficiency, εtherm = 0.5

Figure 4. Bolometric light curve of the radioactively powered transients
from NS–NS/NS–BH mergers, calculated assuming a total ejecta mass
Mtot = 10−2 M� with electron fraction Ye = 0.1 and mean outflow speed
v � 0.1c, and for two values of the thermalization efficiency (Section 3.2),
εtherm = 1 (solid line) and εtherm = 0.5 (dotted line). Also shown for com-
parison (dashed line) is a one-zone calculation based on the LP98 model (as
implemented in Kulkarni 2005; Metzger et al. 2008b) assuming f = 3 ×
10−6 (see Section 3.2.4) and the same values for Mtot and v.

Figure 5. Top panel: νLν colour light curves from the εtherm = 1 calculation
in Fig. 4. V-, U- and R-band light curves are shown with solid, dotted
and dashed lines, respectively. Bottom panel: analogous colour evolution
predicted by the LP98 blackbody model.

and 1, which roughly bracket our uncertainty in the γ -ray escape
fraction (Section 3.2). Also shown for comparison in Fig. 4 is the
toy model of LP98 (cf. Kulkarni 2005; Section 2.2), calculated as-
suming an electron scattering opacity and an ‘f ’ value = 3 × 10−6,
as calibrated to match the radioactive heating rate in Section 3.2.4.
Fig. 4 shows that the light curves predicted using the toy model and
our more detailed calculation are relatively similar near the time of
peak emission (tpeak ∼ 1 d), but their differences become more pro-
nounced at earlier and later times. The ‘bumps’ in the light curve
at t ∼ few days in our calculation are due to recombination of the
outer shell electrons in our representative high-Z element Pb (and
the resulting opacity change) as the expanding photosphere cools.

In the top panel of Fig. 5 we decompose the light curve into
luminosities νLν in several standard optical bands (i.e. ‘colours’).
The bottom panel of Fig. 5 shows the analogous colour evolution
predicted with the LP98 model, which assumes a perfect (single
temperature) blackbody spectrum. Both calculations predict that the
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Figure 6. Same as the top panel in Fig. 5, but calculated for Mej = 10−3 M�.

light-curve peaks earlier in time at shorter wavelengths because the
photospheric temperature decreases with time as the ejecta expands.
However, the LP98 model predicts an overall νLν peak in the UV,
while our calculation predicts an earlier peak at longer wavelengths
(i.e. in V band) and a clear suppression in UV emission at times
t � 1 d. This behaviour results from strong UV absorption due to
dense bound–bound transitions (‘line blanketing’), which produces
a much redder spectrum than would be predicted by assuming a
grey opacity. Indeed, rapid reddening following the peak emission
epoch is likely a defining characteristic of kilonovae.

We have also explored the sensitivity of our results to the mass
of the ejecta by performing an otherwise identical calculation, but
with a lower ejecta mass Mej = 10−3 M�. Our results for the colour
evolution are shown in Fig. 6. Although the qualitative features
of the light-curve evolution are similar to the Mej = 10−2 M�
case, the V-band light-curve peaks somewhat earlier and at a lower
luminosity, as expected from the analytic scaling relationships
tpeak ∝ M1/2

ej (equation 3) and Lpeak ∝ M1/2
ej (equation 4). The higher

photosphere temperature at the epoch of peak emission for lower
Mej (Tpeak ∝ M−1/8

ej ; equation 5) also results in somewhat bluer peak
emission.

5 D ETECTION PRO SPECTS

Because the radioactively powered emission from NS–NS/NS–BH
mergers is relatively isotropic, it can in principle be detected in
at least three independent ways: (1) coincident with a source of
detected GWs; (2) coincident with a short-duration GRB and (3)
via blind transient surveys (e.g. PTF and LSST). In this section, we
discuss each possibility in turn.

5.1 Gravitational wave-triggered follow-up

Advanced LIGO is expected to be sensitive to NS–NS and NS–BH
mergers out to a distance ∼300 and ∼650 Mpc, respectively (Cutler
& Thorne 2002). For an ejecta mass of Mej = 10−2 M� we predict a
peak V-band luminosity of ≈ 3 × 1041 erg s−1 (Fig. 4), correspond-
ing to an absolute magnitude MV ∼ − 15. Thus, the entire Advanced
LIGO volume could be probed by searching down to magnitude
V ∼ 22–24. Although this represents a realistic depth for a mod-
erately large telescope, the positional uncertainty of LIGO/Virgo
detections is expected to range from many arcminutes to degrees
(e.g. Sylvestre 2003). As a result, both sensitivity and a large field
of view (i.e. a high ‘étendue’) are requirements for any follow-up

instrument. Since these figures of merit are already optimized for
transient survey telescopes, projects such as PTF and (eventually)
LSST and SASIR may be optimal for GW follow-up (in addition to
their role in blind transient searches; Section 5.3).

Given the short-lived duration ∼1 d of the expected transient sig-
nal, rapid GW data reduction (e.g. Márka, Mours & Williams 2002)
and dissemination of candidate detections to the astronomical com-
munity will be crucial for detection and follow-up (as has been
adopted by the neutrino community; e.g. Kowalski & Mohr 2007;
Abbasi et al. 2009; Stamatikos et al. 2009). Indeed, given the unique
optical signature of NS–NS/NS–BH merger transients (Section 4),
moderately deep optical/NIR follow-up of even low-significance
potential GW sources could improve the effective sensitivity of Ad-
vanced LIGO/Virgo with only a relatively moderate investment of
resources (see Kowalski & Mohr 2007 for an example applied to
high-energy neutrino point sources). This could prove to be partic-
ularly important if the merger rates are at the low end of current
estimates. Recently, efforts have begun to set up a rapid GW data
analysis pipeline to produce location-probability sky maps within
∼5–10 min following a GW detection with LIGO/Virgo (Kanner
et al. 2008). In fact, a pilot program for the prompt follow-up of
GW triggers with wide-field optical telescopes such as QUEST and
TAROT is already underway (Shawhan, private communication).

5.2 Short-duration GRB follow-up

Given the possible association between short-duration GRBs and
NS–NS/NS–BH mergers, another method to search for kilonovae is
with deep optical/IR observations on ∼1 d time-scale following the
burst. Recently, Kocevski et al. (2010) presented upper limits on the
presence of a putative LP98 kilonova using follow-up observations
of GRB 070724A and GRB 050509b (Hjorth et al. 2005). Our re-
sults in Section 4.2 show that the LP98 model (properly calibrated)
does a reasonably good job of reproducing the qualitative features
of the optical/NIR light curves around the time of peak emission.
Thus, by assuming v ≈ 0.1c and f ≈ 3 × 10−6 (Section 3.2.4)
we conclude from their figs 8 and 9 that Mej must be � 0.1 and
� 10−3 M� for GRBs 070724A and 050509b, respectively. Al-
though the former (070724A) is not particularly constraining on
merger models because such a large ejecta mass is unlikely, the
latter non-detection (050509b) suggests that the disc that formed
in this event was rather small (�10−2 M�; see the discussion in
Section 2.1). A low disc mass is, however, still consistent with a
merger interpretation for this event because the isotropic luminos-
ity of the GRB was quite low (Eγ,iso ∼ 2.4 × 1048 erg; Kann et al.
2008): even ignoring geometric beaming corrections, only an ac-
creted mass ∼10−5 M� is necessary to produce a relativistic jet with
energy Eγ,iso assuming that the efficiency for converting rest-mass
energy to γ -ray power is ∼10 per cent (e.g. McKinney 2005).

Berger (2009) present additional early optical/NIR follow-up ob-
servations of GRB 070724a, including the discovery of transient
emission peaking t ∼ 3 h following the burst. Because of the tran-
sient’s very red spectrum (which is highly unusual for a standard
GRB afterglow) they suggest a possible NS merger transient inter-
pretation. They conclude, however, that this possibility is unlikely:
the brightness and rapid rise time of the transient require values
of f ∼ 5 × 10−3 and Mej ∼ 10−4 M� which, within the standard
LP98 model, predicts a photospheric temperature peaked in the UV
(equation 3) and thus inconsistent with the transient’s red colours.
Our calculations in Section 4 suggest that UV line blanketing could
produce a redder spectrum (see Fig. 5). However, the value of
f ∼ 5 × 10−3 they nominally require is three orders of magnitude
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higher than we predict from radioactive decay (Section 3.2.4). It
thus appears more likely that the emission detected by Berger et al.
is afterglow related (with the observed reddening perhaps due to
dust).

Perhaps the most promising candidate kilonova detection to date
was following GRB 080503, which showed an unusual rise in its
optical afterglow light curve at t ∼ 1 d before rapidly fading over
the next several days (Perley et al. 2009). Although limited colour
information was obtained near the emission peak, the observed
light-curve evolution is largely consistent with that expected from
a kilonova for an assumed ejecta velocity v ∼ 0.1c and mass Mej ∼
few × 10−2 M�. However, although the event was well localized
on the sky, no obvious host galaxy was detected coincident with
the burst, despite the fact that a relatively low redshift z ∼ 0.1
would be required to fit the observed peak brightness (if the event
was indeed a kilonova). In principle, NS–NS/NS–BH binaries can
receive natal ‘kicks’ from their supernovae which may eject them
into intergalactic space, thereby making it difficult to identify their
original host galaxy. This possibility is consistent with the very low
density of the circumburst medium inferred for 080503. Perhaps
more problematic for the kilonova interpretation, however, is the
X-ray detection by Chandra coincident with the optical rise, which
suggests that the optical emission at ∼1 d may simply be due to
an (albeit unusual) non-thermal afterglow. The fact that the X-
ray luminosity exceeds the optical luminosity appears especially
difficult to explain if both are related to radioactively powered quasi-
thermal emission.

Although the possible presence of kilonovae following short
GRBs is not well constrained at present, this situation could in
principle improve with additional sensitive, early-time optical/NIR
observations of short GRBs. Indeed, Swift should remain opera-
tional through the next decade and presently detects short GRBs
at a rate of about ∼10 yr−1. Unfortunately, however, this approach
may encounter fundamental obstacles due to the non-thermal after-
glow emission which also generally accompanies GRBs. In most
accretion-powered GRB models, the luminosity of the burst in-
creases with the accretion rate (e.g. McKinney 2005; Zalamea &
Beloborodov 2009) and, hence, with the disc mass. Since the quan-
tity of neutron-rich ejecta may be a relatively constant fraction of
the disc mass (Metzger et al. 2009a; Section 2.1), the luminosity
of the kilonova (Lpeak ∝ M1/2

ej ; equation 4) may positively correlate
with the luminosity of the GRB.3 Since the afterglow luminosities
of short GRBs appear to scale with the prompt GRB fluence (as
in long-duration GRBs; Nysewander, Fruchter & Pe’er 2009), the
afterglow may generically swamp any putative kilonova emission.
To date, this appears to be true even in cases when the circumburst
density appears to be very low and the afterglow is relatively dim
(Perley et al. 2009).

5.3 Blind optical transient surveys

In this section we assess the prospects for detecting kilonovae from
NS–NS/NS–BH mergers with present and upcoming optical tran-
sient surveys. The virtue of such a search strategy is that it does not
rely on a GW or high-energy EM trigger.

Based on observed binary NS systems, Kalogera et al. (2004)
find that the NS–NS merger rate in the Milky Way is between

3An exception may occur in the case of BH–NS mergers, where in some
cases large amounts of material can be ejected relative to the mass of the
accretion disc that forms (Rosswog 2005).

1.7 × 10−5 and 2.9 × 10−4 yr−1 at 95 per cent confidence. Popu-
lation synthesis estimates (e.g. Belczynski et al. 2006) are consis-
tent with this range but with larger uncertainties. Since there are no
known BH–NS binaries, the BH–NS merger rate is even less certain.
Bethe & Brown (1998) argue that BH–NS mergers could be sub-
stantially more common than NS–NS mergers, with Bethe, Brown
& Lee (2007) estimating a rate ∼104 Gpc−3 yr−1, corresponding to
∼10−3 yr−1 in the Milky Way. An interesting limit can be placed on
the total amount of neutron-rich ejecta from NS–NS/NS–BH merger
from Galactic chemical evolution (e.g. Metzger et al. 2009a). Ac-
counting for the total observed abundances of elements with A �
100 in our Galaxy, for example, requires an average production rate
∼10−6 M� yr−1 (e.g. Qian 2000). Assuming that a merger ejects
Mej ∼ 10−2 (10−3) M� on average, the Galactic merger rate cannot
exceed ∼10−4 (10−3) yr−1 in order to avoid overproducing these
rare neutron-rich isotopes (see further discussion in Section 5.3.1).

Assuming that the NS–NS rate is proportional to the blue stel-
lar luminosity (Phinney 1991; Kopparapu et al. 2008), a Galactic
rate of RNS−NS ≡ 10−4R−4 yr−1 corresponds to a volumetric rate of
10−6R−4 Mpc−3 yr−1. For v = 0.1c and Mej ∼ 10−2Mej,−2 M� our
calculations predict an optical transient with a peak V-band lumi-
nosity νLν ∼ 3 × 1041M1/2

ej,−2 erg s−1 (Figs 5 and 6). For a limiting
magnitude MV = 25(24)[21], this corresponds to a maximum de-
tection (luminosity) distance of DL = 1070(680)[170]M1/4

ej,−2 Mpc

and a comoving volume V = 2.8(0.9)[2 × 10−2] M3/4
ej,−2 Gpc3. The

PTF 5-d cadence survey (Law et al. 2009), which surveys an ac-
tive area ∼2700 deg2 to a limiting AB magnitude of 21, should
therefore detect ∼1.4R−4 M3/4

ej,−2 yr−1. Thus, if NS–NS mergers oc-
cur at the upper end of present rate estimates (∼10−4 yr−1) and
Mej ≈ 10−2 M� is indeed representative, current surveys such as
PTF should ‘blindly’ detect ∼1 merger yr−1. We emphasize, how-
ever, that the total predicted rate of events and their luminosity
function is sensitive to the distribution of ejecta masses Mej, which
in principle could range from ∼0 to 0.1 M� given present uncer-
tainties (Section 2.1).

Prospects for detection are much better with the LSST, which
will image the entire sky down to a limiting magnitude ∼24.5 every
three–four nights and should detect NS–NS merger events at a rate
∼2 × 103R−4M3/4

ej,−2 yr−1. Note that LSST is expected to come on-
line in 2015, roughly coincident with Advanced LIGO/Virgo, and
together they have the potential to completely revolutionize our
understanding of compact object mergers.

Other thermal transients are predicted to occur in Nature on ∼day
time-scales, which could be confused with NS–NS/NS–BH merg-
ers. Examples include Type ‘Ia’ SNe due to unstable thermonu-
clear He flashes from white dwarf binaries (Bildsten et al. 2007;
Poznanski et al. 2010) and Nickel-rich outflows from the accretion-
induced collapse of white dwarfs (Metzger, Piro & Quataert 2009b;
Darbha et al. 2010). Such events may originate from a similar stel-
lar population to NS–NS/NS–BH mergers. However, one ‘smoking
gun’ feature of kilonovae from NS–NS/NS–BH mergers is the pres-
ence of optical absorption lines due to heavy neutron-rich elements
(as in r-process enriched halo stars; e.g. Sneden et al. 2003), which
may not be present in white dwarf systems (although some r-process
nuclei may be produced in neutrino-heated winds in the case of
AIC; e.g. Dessart et al. 2006). Thus, NS–NS/NS–BH mergers may
be distinguishable from other transients with rapid, deep spectro-
scopic observations. We plan to explore more detailed calculations
of these r-process spectral features in future work.

In reality, only limited information will initially be available
to transient searches (e.g. photometric colours, at best). Thus, the
reddening of kilonovae at times �tpeak (Fig. 5), if indeed robust,
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may be crucial for identifying these events. In fact, of the variable
sources from the Sloan Digital Sky Survey characterized by Sesar
et al. (2007), only a small fraction are as red as we predict kilo-
novae from NS–NS/NS–BH mergers to be at peak light (U − V
� 2 following peak brightness; compare our results in Fig. 5 with
fig. 4 of Sesar et al. 2007). This suggests that a promising search
strategy for detecting kilonovae is to trigger on anomalously red
events of duration ∼thinsp;hour–day for more detailed follow-up
observations.

5.3.1 Implications for the origin of r-process elements

The astrophysical origin of the r-process elements remains one of
the great mysteries in nuclear astrophysics (see Qian & Wasserburg
2007 for a recent review), with the two chief candidates being core-
collapse supernovae (e.g. Meyer et al. 1992) and NS–NS/NS–BH
mergers (Freiburghaus et al. 1999; see Fig. 2). Since the luminosity
of merger transients is directly related to their nucleosynthetic yield
(equation 4), this implies that the detection of, or constraints on the
rate of, kilonovae from NS mergers directly probes the origin of
r-process elements.

As a concrete example, if one assumes that NS mergers are the
dominant source of r-process elements in our Galaxy, then the
mean mass ejected per event M̄ej and merger rate Ṅmerge are related
by Ṅmerge = 10−4 yr−1(M̄ej/10−2 M�)−1, where we have assumed
a Galactic r-process production rate of 10−6 M� yr−1 (e.g. Qian
2000). Since the kilonova luminosity Lpeak ∝ M1/2

ej , the rate of de-

tected transients ∝ L3/2Ṅmerge ∝ M̄
−1/4
ej ∝ Ṅ 1/4

merge. Fig. 7 shows
the expected detection rates versus Ṅmerge (or, equivalently, M̄ej)
with present and upcoming transient surveys if one assumes that
NS–NS/NS–BH mergers are the dominant r-process source. Note
that within the current uncertainties in Ṅmerge, current transient sur-
veys should detect a few events per year if mergers are indeed the
dominant source of the r-process, independent of M̄ej. In reality, the
detection efficiency for low M̄ej may be somewhat lower than this
simple estimate due to the shorter transient duration tpeak ∝ M1/2

ej

(equation 3).

Figure 7. Rates of detected kilonovae from NS–NS/NS–BH mergers with
present and upcoming surveys as a function of the merger rate Ṅmerge (bot-
tom axis) or the average ejecta mass M̄ej (top axis), calculated under the
assumption that NS–NS/NS–BH mergers are the primary source of r-process
elements in the Galaxy. Also shown are the NS–NS merger rate estimates
(95 per cent confidence interval) from Kalogera et al. (2004).

6 C O N C L U S I O N S

In their seminal paper on nucleosynthesis, Burbidge et al. (1957,
B2FH) proposed that SNe are powered by the radioactive decay of
254Cf (cf. Burbidge et al. 1956). Although we now appreciate that
most supernovae are powered by 56Ni and 56Co, the B2FH picture of
‘r-process-powered’ SNe still holds relevance for the neutron-rich
ejecta from NS–NS/NS–BH mergers.

In this paper we have presented the first calculations of the ra-
dioactively powered transients from NS–NS/NS–BH mergers that
self-consistently determine the radioactive heating using a nuclear
reaction network and which accurately model the light curve and
colour evolution with a radiative transfer calculation. Our main
conclusions are summarized as follows.

(i) The radioactive heating Ė on time-scales tpeak ∼ hours–days
results (in approximately equal parts) from the fission and β-decays
of heavy nuclei, which are produced by the r-process at much earlier
times (t � 1 s; see Fig. 1). Our results for Ė at t ∼ tpeak are relatively
insensitive to the precise electron fraction and early-time expansion
of the ejecta (e.g. whether it is dynamically ejected or wind driven),
and to details of uncertain nuclear physics such as the theoretical
nuclear mass model.

(ii) The net heating rate decreases approximately as a power law
Q̇ ∝ t−α with α ∼ 1.1–1.4 for t ∼ hours–days, similar to the
assumption Q̇ ∝ t−1 in the LP98 model. The total heating rate is
∼3 × 1010 erg s−1 g−1 at t ≈ 1 d. By calibrating the LP98 model
using our results, we find an effective ‘f’ parameter ∼3 × 10−6

which is generally much lower than previously assumed.
(iii) β-decay electrons (Section 3.2.1) and fission daughter nu-

clei (Section 3.2.2) both thermalize with the plasma on time-scales
∼tpeak, while only a portion of the γ -rays likely thermalize. We
estimate that the net thermalization efficiency is εtherm ∼ 0.5–1
(Section 3.2).

(iv) For an ejecta mass Mej ∼ 10−2 to 10−3 M� we predict a
transient that peaks on a time-scale ∼1 d at a bolometric and V-
band luminosity ∼1042 erg s−1 (MB = −16) and ∼3 × 1041 erg s−1

(MV = −15), respectively (Figs 4 and 5).
(v) We argue that the transition metal r-process elements are

likely to have UV absorption due to line blanketing (like Fe peak
nuclei). As a result, we predict that NS merger transients will
be relatively red (and redden in time; see Figs 5 and 6), a pre-
diction not captured by assuming single-temperature blackbody
emission. More detailed models of the colour evolution of NS
merger transients will require a better understanding of the UV
and IR spectral lines of second and third r-process peak elements
(Section 4.1). The presence of absorption lines due to heavy r-
process elements is one ‘smoking gun’ prediction of NS merger
transients.

(vi) Because NS merger transients are isotropic, they can in prin-
ciple be detected in three independent ways: in coincidence with
a detected GW source; following a short-duration GRB and with
blind optical/NIR transient surveys.

(vii) Given the low luminosities and rapid evolution of kilonovae
from NS mergers, their detection will require close collaboration
between the GW and astronomical communities. Given the unique
observational signature of kilonovae, the real-time follow-up of GW
detections with sensitive, wide-field telescopes could improve the
effective sensitivity of LIGO/Virgo.

(viii) For an average ejecta mass M̄ej ≈ 10−2 M�, current sur-
veys such as PTF should ‘blindly’ detect ∼ one NS merger transient
per year if the merger rates lies at the high end of present estimates;
LSST should detect ∼1000 yr−1 under the same assumptions.
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(ix) Since the luminosity and detection rate of NS merger tran-
sients is closely related to the yield of heavy neutron-rich elements,
current transient surveys are directly probing the unknown astro-
physical origin of the r-process (Fig. 7). Holding the total r-process
injection rate in the Milky Way fixed at 10−6 M� yr−1 implies a
detection rate ∼ few yr−1 and ∼103 yr−1 for PTF and LSST, respec-
tively, independent of the average ejecta mass.
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