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The most promising astrophysical sources of gravitatievales (GWs) for ground-based inter-
ferometers such as LIGO and Virgo are the inspiral and mesgbmary neutron star (NS) and
black hole systems. However, maximizing the scientific fienef a GW detection will require
identifying a coincident electromagnetic counterparte@fthe most likely sources of isotropic
emission from NS mergers is a supernova-like transient pedvby the radioactive decay of r-
process elements synthesized in the merger ejecta. Wenpthedirst calculations of the optical
transients from NS mergers that self consistently detegntiie radioactive heating using a nu-
clear reaction network and which determine the resultiglticurve with a Monte Carlo radiation
transfer calculation. Due to the rapid evolution and low ilnosity of NS merger transients, op-
tical counterpart searches triggered by a GW detectionredjuire close collaboration between
the GW and astronomical communities. NS merger transieaisaiso be detectable following a
short duration Gamma-Ray Burst or blindly with present ocarping optical transient surveys.
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The inspiral and merger of neutron star (NS) and black hole binariearamng the most
promising sources of gravitational waves (GWs) for ground-basedénteneters such as LIGO
and Virgo. Although a direct GW detection would signal a monumental breakg for funda-
mental physics, maximizing the resulting science will require identifying a codmtidlectromag-
netic (EM) counterpart [1]. This is important for several reasonduiling (1) identifying the host
galaxy and environs of the merger; (2) allowing for a direct and indépehmeasurement of the
Hubble constant; (3) enhancing the effective sensitivy of presentd8i&ttors by improving the
confidence level of a given event.

A commonly discussed EM signal associated with NS-NS/NS-BH mergers @riadiiration
Gamma-Ray Burst (GRB). However, the association between short GRBBIS mergers is not
yet definitive [2] and because GRB jets are relativistically beamed, omyadl fraction of events
(those with jets pointed towards Earth) are detectable [3]. The advengef&zale optical surveys
with increasing sensitivity, rapid cadence, and sky-area coveragatutionizing the study of
transient objects (e.g. Palomar Transient Factory [PTF]; Pan-STAR&ge Synoptic Survey
Telescope [LSST]). Given these present and anticipated futurebititipa, the most promising
EM counterpart is arguably a@sotropic optical wavelength signal.

As first proposed by [4], a promising source of quasi-isotropic emisBmm NS mergers
is a supernova-like transient powered by the radioactive decay ofemejgcta. Unlike Type la
SNe, which are powered by the decay®8Ni and °6Co, NS merger transients are powered by
the decay of much heavier elements (mass numberl30), which are formed via rapid neutron
capture f-process) nucleosynthesis following the ejecta’s decompression fumfear densities
(e.g. [5, 6]). Although the-process itself lasts at most a few seconds, these newly-synthesized
elements undergo fission and beta decays on much longer timescales asstteryddB-stability.
The resulting energy powers detectable thermal emission once the ejeatalexqufficiently that
photons may escape.

Neutron-rich material may be ejected both dynamically during the merger itsdby ¢nu-
clear recombination-powered) winds from the accretion disk at later timgs [@). Typical
values of the ejecta mass and speedMge~ 10 2M., andv ~ 0.1 c, althoughMe; may vary
between events by more than order of magnitude. The EM luminosity peaks tvadimescale
for photon diffusion becomes less than the expansion timescale [7], whthratt ~ theax~

. C\1/2 .
0.5days(5%:) 1/2 (1()2/'2‘3,{%) . Due to the lower mass and faster speed of the ejecta from NS
mergers relative to normal supernovae, emission peaks on a shorteralengst day, making

these events a challenge to detect. The peak luminosity is approximately

Eth’tpeak 1 1 f \Y 1/2 ME] 1/2

whereEthermhpeakz fMejC2 is the thermal energy of the ejecta at tyea, Which we parameterize in
terms of a dimensionless constadntThe detectability of NS mergers clearly depends sensitively
on f, which must be determined self-consistently from the radioactive heatimg.récent work
[10] we present the first calculations of the transient emission from N§enethat uses a nuclear
physics reaction network to calculate the radioactive heating of the ejeldgtar{§ more accurately
models the light curve and color evolution of the resulting EM transient usiagliative transfer
code (82). We briefly summarize this work below.
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1. Nuclear Reaction Network and Radioactive Heating
We employ a dynamicalprocess network that includes neutron captures, photodissociations,
B-decays and fission reactions (see [10, 11] for more details). Eje@tztoaes are from the
numerical NS-NS merger calculations of [12]. Our results for the totdbeadive heating raté&
as a function of time following the ejection are shown in Figure 1. The larg8riteeate at early
times is due to the-process, which ends when neutrons are exhausted-dt s ~ 10~° days.
Heating on longer timescales results from the synthesized isotopes debagip stability.
Although the fast nuclei and electrons produced in the decays thermé#l@ergly with the
plasma via coloumb collisions, a small fraction of {ie-decay energy is lost to neutrinos and
y—rays. We estimate that the total thermalization efficiency ranges beteyegh~ 25% and
unity, such that theffectivevalue of f defined in equation (1) isc 3 x 10°. Our results shown
in Figure 1 are for one ejecta composition, but we have performed similaslatitms considering
different values of the electron fractiofy and a different nuclear mass model. In all cases the
radioactive heating on timescalesl days agrees with our fiducial model to within a factor of a
few, suggesting that our results are relatively robust.

2. Light Curvesand Detection Prospects

We calculate the light curves of NS merger ejecta using the time-dependiativa transfer
code SEDONA [8], which is modified to include the radioactive hea@ng EhermE s shown in
Figure 1. Although the total opacity of the ejecta is probably dominated byetiepacked UV
lines, the available spectral line data foprocess elements is limited. We crudely account for
ther-process element opacities by using the bound-bound lines of Fe, amgtssn which may
be justified because the thirgporocess peak elementa £ 195) are also largely transition metals.
Fortunately, the overall lightcurve shape, peak luminosity, and chaistateéimescales are robust
in spite of these uncertainties.

Figure 2 shows our results for the bolometric light curve, calculated fontbdel shown in
Figure 1. The predicted peak luminosity-isfew x10* ergs s (visual magnitudevly ~ —15),
or a factor~ 10° larger than the Eddington luminosity for a solar mass object. We therefore dub
these events “kilo-novae,” since standard novae are approximatelgdidd-limited events.

A transient peaking dtpeax~ 3 x 10* erg s (Fig. 2) corresponds to an apparent magnitude
V ~ 22— 24 at the edge of the Advance LIGO volume (distarc800 and~ 650 Mpc for NS-
NS/NS-BH mergers, respectively). Although this represents a realigtihder a large telescope,
the positional uncertainty of LIGO/Virgo detections will range from manyranutes to degrees,
such that a telescope with both sensitivity and a large field of view (e.g. L. 8Sdptimal for
GW follow-up. Given the short duration 1 day, rapid GW data reduction and dissemination of
candidate detections to the astronomical community will be crucial. Encoutggiagent efforts
have begun to set up a GW data analysis pipeline to produce locationbitybeky maps within
~ 5— 10 minutes following a LIGO/Virgo detection [13].

Given the possible association between short GRBs and NS mergetsamethod to search
for kilonovae is with deep optical/IR observations-erl day timescale following the burst. Using
the upper limits from refs. [14, 15] we constrain the ejecta mass Mg 0.1M and S 103M,,
for GRBs 070724A and 050509b, respectively. The most promisindidate kilonova detection
occured following GRB 080503, which showed an unusual rise in its dg@tfterglow att ~ 1 day
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Figure 1: Radioactive heating rate per unit massn NS merger ejecta due to the decayrefrocess
material, calculated for NS merger ejecta with electroreticm Yo = 0.1 (see [10] for details). The total
heating rate is shown with a solid line and is divided intotdbntions from3—decays dotted ling and
fission @ashed ling For comparison we also show the heating rate per unit masiped by the decay
chain®Ni — %6Co — Fe (dot-dashed ling On the timescales of interest for powering EM emission
(tpeak~ hours—days), most of the fission results from the spontaséission of nuclei withA ~ 230— 280
and theB—decays of nuclei such 82139, 1281295 andl?9Te.

before rapidly fading over the next several days in a manner consisiténpredictions [16]. The
lack of a candidate host galaxy at the predicted redzhift0.1 and the coincident detection of
bright X-ray emission, however, called into question a kilonova interpretatio

A final way to detect NS mergers is ‘blindly’ with present and upcoming optieasient
surveys. Assuming an optimistic merger rate~xoL0~* yr~1 galaxy 1, PTF(LSST) should detect
up to~ 1(10%) mergers per year, respectively. Obviously a major challenge is to unigglesiyify
merger transients sufficiently early to obtain follow-up photometry and speatfsmoking gun”
feature of kilonovae would be the presence of optical absorption linesadieavy neutron-rich
elements (as in-process enriched halo stars), although Doppler smearing due to tlegefeia
speed could lead to a rather featureless spectra.
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Figure 2. Bolometric light curve of the radioactively-powered traamds from NS-NS/NS-BH mergers,
calculated assuming a total ejecta mihs = 10 °M., with electron fractionY, = 0.1 and mean outflow
speedv ~ 0.1 ¢, and for two values of the thermalization efficiengyerm = 1 (solid line) and gherm= 0.5
(dotted ling, which roughly bracket our uncertainty. Also shown for qarison {lashed lingis a one-zone
calculation as implemented in e.g. [4], assuming 3 x 10~ and the same values b andv.
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