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Abstract

The ongoing LIGO-Virgo-KAGRA observing run O4 provides an opportunity to discover new multimessenger
events, including binary neutron star (BNS) mergers such as GW170817 and the highly anticipated first detection
of a multimessenger black hole—neutron star (BH-NS) merger. While BNS mergers were predicted to exhibit early
optical emission from mildly relativistic outflows, it has remained uncertain whether the BH-NS merger ejecta
provides the conditions for similar signals to emerge. We present the first modeling of early near-ultraviolet/optical
emission from mildly relativistic outflows in BH-NS mergers. Adopting optimal binary properties, a mass ratio of
q =72, and a rapidly rotating BH, we utilize numerical relativity and general relativistic magnetohydrodynamic
(GRMHD) simulations to follow the binary’s evolution from premerger to homologous expansion. We use an M1
neutrino transport GRMHD simulation to self-consistently estimate the opacity distribution in the outflows and find
a bright near-ultraviolet/optical signal that emerges due to jet-powered cocoon cooling emission, outshining the
kilonova emission at early time. The signal peaks at an absolute magnitude of ~—15 a few hours after the merger,
longer than previous estimates, which did not consider the first principles—based jet launching. By late 2024, the
Rubin Observatory will have the capability to track the entire signal evolution or detect its peak up to distances of
=1 Gpc. In 2026, ULTRASAT will conduct all-sky surveys within minutes, detecting some of these events within
~200 Mpc. The BH-NS mergers with higher mass ratios or lower BH spins would produce shorter and fainter
signals.

Unified Astronomy Thesaurus concepts: Compact binary stars (283); Compact objects (288); Astrophysical black
holes (98); Relativistic jets (1390); Jets (870); Gamma-ray bursts (629); Near ultraviolet astronomy (1094);
Ultraviolet astronomy (1736); Optical astronomy (1776); Transient sources (1851); Ultraviolet transient sources
(1854); Hydrodynamical simulations (767)

1. Introduction Ekanger et al. 2023; Gompertz et al. 2023), making them
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radioactive decay of heavy r-process elements (e.g., Ross- J g g
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2022a, 2022b). Unlike the kilonova signal, which can be
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GW200115 (with GW200105 being an additional controversial
source; Abbott et al. 2021), for which no electromagnetic
counterparts were detected (Dichiara et al. 2021; Zhu et al.
2021). Thus, if these mergers powered relativistic jets, the jet
prompt emission was beamed away from Earth. Similarly, most
future GW detections of BH-NS mergers are expected to fall
outside the narrow beaming angle of the jet, making it unlikely
to observe a coincident GW—sGRB signal. Nevertheless, the
interaction between the jet and the merger ejecta could give rise
to a hot, energetic cocoon that produces wide-angle emission.
While the presence of ejecta is expected in certain BH-NS
merger configurations of mass ratio and premerger BH spin
(Shibata & Uryta 2006, 2007; Etienne et al. 2008; Rantsiou
et al. 2008; Shibata & Taniguchi 2008, 2011; Duez et al. 2010;
Foucart et al. 2011, 2012, 2014, 2017, 2018, 2019; Kyutoku
et al. 2011, 2013, 2015, 2018; Foucart 2012; Kawaguchi et al.
2015; Brege et al. 2018; Hayashi et al. 2021; Most et al. 2021),
the amount of polar ejecta might not be sufficient to generate an
energetic cocoon. Therefore, the role of cocoon emission in
BH-NS mergers remains unclear.

The electromagnetic observations of GW170817 provided
valuable insights into the cocoon emission, revealing two
distinct processes: shock breakout emission in ~/X-rays
(Kasliwal et al. 2017; Gottlieb et al. 2018b) and multiband
synchrotron emission (e.g., Mooley et al. 2018a, 2018b;
Lazzati et al. 2018). Although the electromagnetic data within
the first ~10 hr after GW170817 were not available, it is
expected that during that period, the cocoon also emitted
radiation in the near-UV (NUV)/optical bands through multi-
ple emission mechanisms characterized by two distinct time-
scales. (i) For ¢ < 1 hr, the emission is attributed to enhanced (-
decay of free neutrons (Gottlieb & Loeb 2020) and cooling
envelope emission (Metzger et al. 2015; Kasliwal et al. 2017;
Nakar & Piran 2017; Gottlieb et al. 2018a; Piro &
Kollmeier 2018). (i) For r2> 1 hr, the dominant processes
include boosted radioactive decay of heavy r-process elements
(kilonova; Metzger et al. 2015; Kasliwal et al. 2017; Nakar &
Piran 2017; Gottlieb et al. 2018a; Piro & Kollmeier 2018;
Hamidani & Ioka 2023) and subsequent synchrotron emission
from the (-decay electrons (Gottlieb & Loeb 2020). Notably,
none of these cocoon signals have been investigated in the
context of BH-NS mergers.

In this Letter, we focus on the early NUV /optical emission,
which plays a crucial role in constraining various aspects such as
the fate of the jet, the distribution and composition of the ejecta,
and facilitating follow-up observations (however, the multiple
predictions cause difficulties in discriminating the potential
signals; see Arcavi 2018; Gottlieb & Loeb 2020). We utilize
numerical relativity simulations of the premerger phase, which
we subsequently remap onto a general relativistic magneto-
hydrodynamic (GRMHD) setup. By evolving the system until
the homologous phase, we achieve a self-similar evolution of the
outflow. Based on these numerical results, we perform the first
calculations of the early NUV /optical emission that are based on
the self-consistent evolution of the outflow from the premerger
phase. These first estimates of cocoon emission in BH-NS
mergers serve as valuable insights for potential detection in the
LVK observing runs O4 and/or O5.

2. Calculation Method

We build on a numerical relativity simulation in SpEC (SpEC
Collaboration 2023) that evolves the premerger to 8 ms

Gottlieb et al.

Table 1
A Summary of the Models’ Parameters.

Model A 8, 1(s) Mg (1072 M) 1 (s)
H A=0 8 3
P, Ay p*r 1000 5 3 0.3
P, Ay p 1000 5 3 0.1
P, Ay p 100 1.8 5 0.05
T, Apo< p 1 4 4 4

Note. The model names stand for hydrodynamic (H), poloidal (P), or toroidal
(7) initial magnetic fields, and the subscripts indicate the strength of the field:
zero (0), weak (w), canonical (c), or strong (s). Here A is the vector potential, 3,
is the characteristic gas-to-magnetic pressure ratio, #; is the final time of the
simulation with respect to the merger, M,; is the amount of unbound ejecta at
the homologous phase, and 7, is the breakout time of the relativistic outflow
from the disk winds.

postmerger. The premerger setup is an aligned system of
BHs-NSs, where the BH mass and dimensionless spin are
Mgy ;=27 M, and a; = 0.6, respectively, and the NS mass is
Mns =135 M. The postmerger BH mass and spin are
Mgyy=3.8 M and a;=0.86. At 8 ms after the merger, we
remap the numerical relativity output to 3D GRMHD simula-
tions using the code H-AMR (Liska et al. 2022). We consider five
postmerger magnetic field configurations, where the magnetic
field depends on the mass density distribution at the time of
remapping, with a cutoff at 5 x 10~* of the maximum density.
The maximum asymptotic Lorentz factor of the jets is set by the
initial magnetization of the jets, which in turn is set by the floor
values of the simulations, to be gy = 150. Table 1 summarizes
the different magnetic configurations considered in the post-
merger evolution. The full details of the simulation are given in a
companion paper, Gottlieb et al. (2023).

We evolve the system for several seconds postmerger such
that a significant fraction of the outflow has reached
homologous expansion. Then, we postprocess the final snap-
shot of each simulation to semianalytically calculate the
predicted NUV and optical emission in the first hours after
the merger. We consider adiabatic cooling emission and
radioactive decay of heavy r-process elements from sub- and
mildly relativistic outflows. Thus, we ignore contributions from
elements with a Lorentz factor > 4, which have yet to reach
their asymptotic velocity, and consider only elements far
enough from the jet axis, 6 > 12°, where the cocoon maintains
a self-similar structure as it evolves. Therefore, our calculation
is in fact a lower limit on the cocoon emission.

The full description of the semianalytic calculation is given
in Appendix. Here we summarize the main steps. At each line
of sight, we consider only the gas that is homologous at this
time; namely, the radial velocity component dominates and
scales as v ~ v, oc r (most of the main ejecta does not). The top
panel of Figure 1 demonstrates that the homologous expansion
begins at 7 > 10°” cm at most angles far from the jet opening
angle. At 6 = 10° (blue), the flow is nonhomologous at all radii
due to the abrupt and turbulent jet structure. Using the radial
profile, we extrapolate the gas evolution adiabatically (before it
becomes radiative) to later times.

To self-consistently evolve the ejecta composition, which is
probed by the electron fraction, Y., we run an additional
postmerger simulation that is identical to model P. but employs
the Helmholtz EoS and neutrino physics using M1 neutrino
transport. The Helmholtz EoS (Timmes & Swesty 2000) is
implemented in a tabulated form in (logp, logT, Y.) and
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Figure 1. Top: dimensionless velocity profile at various polar angles, measured
at ¢ =0. Solid (dotted) lines represent outflows (inflows). Homologous
material (v o r) is seen at r > 10°> cm at most angles 6 > 20°. Around the jet
(blue), the radial velocity profile is stochastic. Bottom: ¢-averaged Y. as a
function of the polar angle at different radii, calculated from a BH-NS
postmerger simulation with the M1 scheme, measured 0.15 s after the merger.

includes the contributions of the ideal gas of ions, radiation,
and degenerate pressure of the electron—positron plasma.
Neutrino transport is implemented similar to Foucart et al.
(2015, 2016), with the neutrino weak force interactions
included via table interpolation using NuLib (O’Connor 2015).
This simulation evolves for 0.15 s postmerger, while the jet is
launched within the first 0.01 s after the merger in this model.
The grid resolution is 128 x 96 x 96 cells. Using this
simulation, we find the electron fraction distribution in the jet
and disk winds to estimate x(6) through the dependency on Y,
(see, e.g., Tanaka et al. 2020).

The bottom panel of Figure 1 depicts the ¢-averaged electron
fraction as a function of the polar angle 0.15 s after the merger.
It shows a moderate electron fraction Y.~ 0.25 at the jet—
cocoon angles, 6 < 45°, which gradually drops to Y, <0.1 at
6 =70°. We find only a weak dependence of the electron
fraction on the distance from the BH and the azimuthal angle.
Thus, we use Y.(0) to estimate the angle-dependent gray
opacity x( Ye), as fitted by Wu et al. (2022) and consistent with
Tanaka et al. (2020):

9 cm?
O T aer ¢ @
We emphasize that the remapping of Y, to x assumes a narrow
range of temperatures of several thousand kelvins. During the
first hour, the cocoon temperature is 7'>> 10* K, for which the
r-process opacities in the literature are only partly understood.
Recent radiative transfer simulations that estimated the opacity

Gottlieb et al.

in the range 10* K < 7'< 10° K indicate that the opacity values
of high Y, at this temperature range might be somewhat lower
than in Equation (1) (see Figure 7 in Banerjee et al. 2020), but
this highly depends on the atomic composition (Banerjee et al.
2023). Therefore, we also examine the case of constant
k=1cm? g for comparison. In the other extreme regime of
T <3000 K, lanthanide recombination takes place and the r-
process opacity falls dramatically (Kasen et al. 2013), but these
temperatures are only of concern at later times than those
studied here. Using (), we calculate the radial optical depth
assuming the photons diffuse radially'? (Equation (A1)). We
find the trapping radius and photosphere along each line of
sight and for each time.

At each time and line of sight, we calculate the local
luminosity at the trapping radius and the temperature at the
photosphere using the Stefan—Boltzmann law, assuming black-
body locally. We consider two emission contributions: (i) r-
process emission L, (Equation (A4)) due to radioactive heating
from (3 and ~ decay in the gas outside the trapping radius in a
comoving rate Q(t) ~ t~13 (e.g., Metzger et al. 2010b) and (ii)
cooling emission L. (Equation (A2)) from the thermal energy
of the gas and (3 and +y radioactive heating inside the trapping
radius. Finally, we boost the bolometric and spectral luminos-
ities to the observer frame and integrate the emission over all
angles and equal light travel times.

3. Outflow Evolution and Emission

When the initial magnetic configuration in the disk is of a
strong poloidal field, the jet power of ~107%ergs ' is
considerably higher than that of tyspical sGRBs. In all other
models, the jet power is 10°°-10°'ergs™', consistent with
typical sGRBs. However, in these cases, the jet operates for
several seconds, exceeding the characteristic subsecond dura-
tion of sGRBs but consistent with long-duration sGRBs (e.g.,
Rastinejad et al. 2022). When the initial field is toroidal, the jet
can only be launched once the dynamo process generates a
global poloidal field after ~1s. Regardless of the specific
magnetic configuration, turbulence in the disk releases quasi-
isotropic massive winds (Table 1) during the first ~1 s after the
merger (Gottlieb et al. 2023).

The interaction between the winds and jets generates a
mildly relativistic hot cocoon, which is composed of shocked
jet and shocked wind material, at the expense of jet power. This
implies that forming a cocoon does not necessitate dynamical
ejecta. Thus, cocoons accompany all jets, given that jets require
an accretion disk that launches winds. Figure 2 depicts 3D
renderings of the four models with magnetic fields that generate
relativistic outflows, taken at # = #. Along the equatorial region,
low Y. winds (red) from the disk (yellow) are shocked by the
relativistic jet (light blue) along the polar axis, resulting in the
formation of a massive, hot cocoon (dark blue) surrounding the
jet. The cocoon, consisting of r-process elements, emits both
radioactive heating emission and cooling emission due to its
adiabatic expansion.

12 Deviations from sphericity were found to be important during the early BH—
NS postmerger, which exhibits a quasi-planar structure such that photons leak
nonradially (Kawaguchi et al. 2016; Darbha & Kasen 2020; Darbha et al.
2021). However, when relativistic outflows are present, a more isotropic
expanding gas structure is obtained (Figure 2) so that the radial diffusion
approximation is reasonable.



THE ASTROPHYSICAL JOURNAL LETTERS, 953:L11 (9pp), 2023 August 10

Gottlieb et al.

Figure 2. The 3D renderings of the final snapshot of each simulation. The outflows in the poloidal field configurations reach r ~ ct; and in model T, the outflow front
is at r = 8.8 x 10'” cm. The blue parts display the asymptotic proper velocity, showing the sub- and mildly relativistic cocoon (dark) enveloping the relativistic jets
(light). The red and yellow components portray the mass density, showing the merger ejecta and the accretion disk components, respectively. See full movies of

models 7 and P, at http://www.oregottlieb.com/bhns.html.
Using a characteristic cocoon mass of M~ 107> M., and

proper velocity of 3= 0.7, the observed emission peaks on a
timescale given by Equation (A9):

KMy b)3 0.5
Tobs™ 1 — —
4ve c

. y (1077%3)3 O.Sh

S5ecm?gr'1073M, 2
07

~3 r. @)

The emission profile is expected to vary with the viewing angle
due to differences in opacity (characterized by Y.), mass, and
velocity. Lighter, faster, and higher Y, ejecta along the polar
axis enables earlier diffusion of photons, which reduces
adiabatic losses and leads to an earlier and brighter peak.

Figure 3 depicts the emission profiles averaged over
azimuthal angles'® as a function of the observer time. The
first row shows the bolometric luminosity for different models
and at various angles, while the lower panels present the light
curves in absolute (left y-axis) and apparent at 200 Mpc (right
y-axis) magnitudes in the g band (second row), various bands
for model P,, (third row), and at different angles in the g band
(fourth row). The light-curve evolution can be described by two
phases: optically thick and optically thin cocoon.'*

1. During the first minutes to an hour, the cocoon is still
optically thick, and the emission is dominated by the front of

13 We find negligible variation in the observed light curves when considering
different azimuthal angles. However, near the equator, where the emission is
predominantly influenced by outflows from the disk, some asymmetry, such as
in the tidal tail, leads to variations of up to half a magnitude. At |f,ps| < 60°,
the differences are up to ~0.2 mag.

14 Except for model H,, where there is no cocoon, so only the first phase is
present.

the ejecta close to the equator. The strong initial fields in
models 7y and P, result in early ejection of a larger mass,
leading to brighter emission. However, despite the high
bolometric luminosity at early times (first row), the observed
NUV /optical emission is still weak in all models (second row).
This is because the color temperature is 72 10°K, causing
most of the radiation to exist as X-rays and far-UV photons.
Furthermore, these photons cannot diffuse out to the observer
due to the high opacity resulting from bound—free transitions
(Metzger 2019). This is not taken into account in our
calculation; thus, our calculation at early times is inapplicable.
Similarly, the validity of the predicted early cocoon-powered
X-ray emission proposed by Lazzati et al. (2017a, 2017b) and
Hamidani & Ioka (2023) is also called into question.

2. As the cocoon becomes optically thin, a hump appears in
the light curve, indicating the release of a significant amount of
internal energy leaking out as NUV /optical photons. A clear
trend of earlier (Equation (2)) and brighter emission at smaller
viewing angles is apparent (top left panel), owing to lighter and
more energetic gas close to the jet axis. As the temperature
decreases, the NUV /optical light curve rises on a timescale of
tops 2, 1 hr. Subsequently, the temperature stabilizes around
T~5 x 10°K after a few hours, leading to a nearly mono-
chromatic peak in the light curve (third row). As the emission is
in the Rayleigh-Jeans regime, the light curves L,~ LT >
dictate that a constant temperature results in a rapid decline of
the light curve with the bolometric luminosity. During the
decay in the light curve, the emitting gas is subrelativistic,
resulting in nearly isotropic emission (fourth row). Once the
absolute magnitude drops below Mg~ —13 at f,ps ~ 10 hr,
the main kilonova signal becomes the dominant source of
emission (see, e.g., Gompertz et al. 2023). We do not
incorporate the main kilonova component of the ejecta
emission, as the slower parts of the ejecta have yet to reach
homologous expansion at the time of the final simulation


http://www.oregottlieb.com/bhns.html

THE ASTROPHYSICAL JOURNAL LETTERS, 953:L11 (9pp), 2023 August 10

Gottlieb et al.

45| —PF; | 45| —0ns = 20° |
10 : 10 0, = 40°
Oops = 40° s Model T Bobs = 60°

3 10% — O = 90°

40 | L
10
102 107 10°
tobs [hours] tobs [hours]
161 161
P g — band 121 P g — band 121
-5 o 15— P o
—T, Oobs = 40 100 E —T, eobs =90 ] 22E
Hy S Hy S
2-14f—F (k=1em’ g) o g-14—P(s=1lcem’g) o
Q - xQ
-137 = 1371 T log =
24 g ",_/_,—--‘ N 24 g
12t 25 127 74 T Sy \l2s
107 10° 10 107 10° 10
tobs [hours] tobs [hours]
-16 7:ZIUV Model P, -16 7:gNUV Model P,
i eobs — 400 b 21 . i Oobs — 900 b 21 .
-15 1 —K g 157K 8
122 = 22 =
£ S £ =
§ -14 & 2 -14 - I
13} N 13+ s
124 24
12} 12+
‘ ‘ 25 ‘ 25
107 10° 10' 107 10° 10"
tobs [hours] tobs [hours]
I e 16 —20°
b = 40" Model T, {21 Rty Model P, 121
-15 |~ Oobs = 60° 215 |—0obs = 60° /
—0Oons = 90° g—ba o — 0 = 90° g — band =
122 & / 22 &
14 = 5-14 =
8-14 ¢ o -14 o
< S < S
= 238 = 238,
3] g A3} g
24 24
12} 12+
. ‘ 25 L ‘ 25
107 10° 10! 107 10° 10!
tobs [hours] tobs [hours]

Figure 3. First row: bolometric luminosity in different models at 6, = 40° (left) and at various viewing angles in model 7 (right). Second row: g-band magnitude
(A =475 nm) of different models at s = 40° (left) and b,ps = 90° (right). Thin dashed lines represent the contribution of r-process heating outside of the trapping
radius. Third row: NUV (Ayyy = 250 nm), g (A, = 475 nm), i (\; = 760 nm), and K (Ax = 2160 nm) bands for model P,, at 6oy = 40° (left) and G5 = 90° (right).
Fourth row: different angles in the g band for model T (left) and P,, (right). The light curves are shown in absolute magnitude (left y-axis) and apparent magnitude at
200 Mpc (right y-axis).
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snapshots. Therefore, our calculations would no longer be valid
beyond that point.

The second row of Figure 3 demonstrates that the bright and
long cooling emission (thick solid lines) outshines the
negligible contribution of radioactive decay emission in the
cocoon (thin dashed lines), i.e., L. < L., at all times. This
finding differs from the results of Gottlieb et al. (2018a) and
Gottlieb & Loeb (2020), who found a shorter signal and a
double-humped structure when x < 1 cm?® gr ', attributing it to
an early cooling signal followed by the kilonova emission from
the cocoon. The disparities between our findings and theirs are
attributed to two main factors. First, the angular distribution of
the electron fraction indicates that although the opacity is
uncertain at these high temperatures, it seems to be relatively
high, x> 5cm? g™, resulting in a rather faint kilonova signal,
akin to their models with x=10cm®g ' Indeed, when
k=1cm?g"" (brown lines), the cooling emission peaks at
half the time (see also Equation (1)); however, it still outshines
the radioactive decay heating. Second, whereas they found the
cocoon to contain only 10% of the jet energy, our cocoons have
a comparable energy to the jets and thus are an order of
magnitude more massive. This is due to either more powerful
outflows that unbind a larger amount of ejecta (e.g., model Py)
or the late activation of a magnetically arrested disk (e.g.,
models T, P,, and P,,) that prolongs the interaction between the
jet and the ejecta. The cocoon—jet energy ratio depends on the
amount of ejecta, among other things, which in turn depends on
the binary properties. These factors could not be addressed in
previous models, as the self-consistent modeling of jet
launching was absent. An order-of-magnitude more massive
cocoon explains why the signal is ~three times longer
(Equation (2)). We note that both of these aspects may be
altered in other binary merger configurations, where the jet is
likely less energetic (see Gottlieb et al. 2023), or when
neutrinos are incorporated into the postmerger simulation, as
neutrino cooling influences both the electron fraction and the
amount of unbound ejecta (see Section 4).

Our results suggest that BH-NS mergers with the specific
properties examined in this study are expected to be
accompanied by an NUV /optical signal peaking at an apparent
magnitude of ~21-22 in the UV/g band at the detection
horizon of LVK run O4, D ~ 200 Mpc (Abbott et al. 2020).
This magnitude makes the peak of closer events detectable by
the Zwicky Transient Facility (ZTF; Graham et al. 2019;
Dekany et al. 2020) at some viewing angles. Future telescopes
such as the Rubin Observatory (LSST Science Collaboration
et al. 2009) and ULTRASAT (Ben-Ami et al. 2022;
Shvartzvald et al. 2023) are projected to survey the sky down
to single-visit magnitudes of ~25 and ~22, respectively. Rapid
wide-field follow-up observations in the NUV and optical
ranges, triggered by a GW detection from a BH-NS merger,
could successfully detect these electromagnetic signals. Rubin
Observatory will have the capacity to monitor the evolution of
such signals within the LVK O4 detection horizon or detect
parts of them at distances of D 2 1 Gpc.

4. Discussion

We conducted the first calculation of early NUV /optical
emission originating from relativistic outflows that evolve self-
consistently in compact binary mergers starting from the
premerger phase. Notably, this is the first computation of such
emission specifically in the context of BH-NS mergers and the
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first to utilize M1 neutrino transport in large-scale jets. Our
investigation involved tracking the evolution of an aligned
BH-NS binary with a mass ratio of ¢g=2 and a BH
dimensionless spin of a =0.6, starting from the premerger
and progressing to the homologous expansion. Subsequently,
we advanced the system semianalytically to the emission zone.
By considering cooling envelope and r-process radioactive
decay emission mechanisms, we calculated the light curves in
the NUV /optical bands for different outflows and at various
viewing angles.

Our findings indicate that in BH-NS mergers with low mass
ratios and high BH spin, the presence of relativistic jets leads to
a bright NUV /optical signal that lasts for a few hours. This
signal peaks at an absolute magnitude of Mg~ —15,
outshining any contribution from radioactive decay emission.
Compared to previous studies of cocoon cooling emission that
did not incorporate self-consistent jet launching, our results
demonstrate a longer-lasting signal, owing to a more accurate
estimation of the cocoon energy resulting from the interaction
between the jet and ejecta.

The brightness of these signals may enable their detection by
the ZTF out to ~100 Mpc. The upcoming Rubin Observatory,
scheduled to begin observations during the later stages of O4,
will be capable of effectively monitoring the entire evolution of
such signals and detecting parts of them at distances beyond
D Z 1 Gpc. Additionally, ULTRASAT, anticipated to launch in
2026, will cover the entire sky within minutes, enabling the
detection of some of these signals out to ~200 Mpc.

Detecting and interpreting the signals from these outflows
poses a crucial question: what insights can we gain about the
system? Differentiating between various types of outflows is a
highly challenging task due to the complex and nonlinear
nature of their evolution, as well as the inherent degeneracy in
the system properties. The brightness of the signals is
influenced by the strength of the outflows, the viewing angle,
and the optical depth of the outflow. We do not find any clear
signature of the outflow structure or the initial magnetic field
configuration in the light curves.

Another question to consider is whether we can distinguish
BH-NS mergers from BNS mergers. Inferring the merger type
based on the early emission from BH-NS mergers with a mass
ratio of g =2 may be unfeasible, as such systems might evolve in
a similar way to BNS mergers if the BNS merger product
collapses to a BH relatively fast. However, BH-NS mergers can
manifest in various forms with lower BH spins, higher mass
ratios, and misaligned orbits. These variations lead to less mass
remaining outside the BH innermost stable circular orbit after the
merger, resulting in a reduced energy reservoir for jet launching
and disk winds and, subsequently, a less energetic cocoon.

In the companion paper, Gottlieb et al. (2023), we show that
all jets exhibit either excessive luminosity or an extended
launching process when compared to typical sGRBs. The
reason behind this lies in the fact that, in order to achieve the
expected luminosity of sGRBs, the jets must reach their
maximum efficiency after a significant decrease in the accretion
rate. However, this necessitates a longer duration for the jet
launching process than what is typically observed in sGRBs.
This poses a fundamental challenge to our current under-
standing of jet formation in binary mergers. A possible solution
is that most SGRB jets in these binaries are launched from low
premerger BH spin, as suggested by LVK observations
(Abbott et al. 2021), or in higher mass ratio and spin—orbit
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misaligned binaries, as suggested by population synthesis
models (Belczynski et al. 2008). In all such cases, the bound
mass (disk) will be lower, such that the jet and cocoon
(emission) will be weaker. Therefore, the aforementioned
variations in the merger properties might be favored in order to
fit SGRB observations. Thus, while a low mass ratio is similar
to BNS mergers and ideal for cocoon emission, other BH-NS
mergers might exhibit considerably earlier, shorter, and fainter
emission, which could display distinct characteristics compared
to BNS mergers.

An alternative method for deducing the nature of the system
is to examine observational signatures that are exclusive to
each merger type. For example, the role of the cocoon’s
kilonova, as previously proposed in Nakar & Piran (2017),
Gottlieb et al. (2018a), Gottlieb & Loeb (2020), and Hamidani
& Ioka (2023), remains uncertain, as we find here, and due to
the considerable reliance on the poorly understood opacity of
the hot cocoon, it might differ between BNS and BH-NS
mergers. Additionally, if a fast tail of free neutrons is unique to
BNS mergers, it could aid in identifying the merger type. This
could be achieved through the detection of radioactive decay
emission from free neutrons in the ejecta (Metzger et al. 2015)
or within the cocoon (Gottlieb & Loeb 2020), although its
emission likely overlaps with other mechanisms occurring on a
similar timescale. Finally, when the cocoon breaks free from
the ejecta, v-ray photons leak out through the breakout layer,
generating a short-lived shock breakout signal, the character-
istics of which strongly depend on the front ejecta mass and
velocity (Gottlieb et al. 2018b). The BH-NS mergers might
exhibit a different front ejecta structure compared to BNS
mergers, providing yet another electromagnetic counterpart that
could aid in identifying the merger type. Calculation and
comparison of the shock breakout emission in various merger
configurations is a topic for future work.

To address the challenges mentioned above, we plan to (i)
conduct a comprehensive analysis spanning from premerger to
postmerger stages of BH-NS systems with higher mass ratios
and lower BH spins; (ii) perform a self-consistent radiative
transfer calculation of the emission in order to properly resolve
physical processes such as ionization of the material near the
photosphere, reprocessing of photons, and nonradial photon
diffusion (Darbha & Kasen 2020; Darbha et al. 2021); and (iii)
employ a complete neutrino transport scheme, which will
enable us to properly account for the evolution of neutrinos
within the system. We anticipate that neutrino cooling will
suppress the early strong winds, leading to a reduction in wind
emission and a decrease in the mass of the cocoon. As a result,
the cocoon emission will also be attenuated. However, in
Gottlieb et al. (2023), we demonstrate that the winds are
strongly influenced by magnetized outflows, indicating that
they may not be significantly affected by neutrino cooling. The
inclusion of neutrino transport will also allow us to self-
consistently examine the evolution of the electron fraction
within the cocoon. This will enable a more precise calculation
of the resulting emission, improving the accuracy of our
predictions.
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Appendix
Light-curve Calculation

At time 7= fr— the end of the simulations, most of the outflow
reaches homologous expansion. This enables us to advance the
outflow expansion in postprocessing using the adiabatic relations.
We note that because we do not consider emission from the jet,
we can safely ignore the magnetic component, which is
negligible outside of the jet. The emission calculation is
performed on the unbound 3D outflow as follows. At each line
of sight and time, we find the photosphere Ry (7, 0, ¢)=
R[7(t, Ry, 0, ¢) = 1] and the trapping radius Ry (¢, 0, ¢)=
R[T(t, Ry, 0, ¢) = c/v(ty, Ry, 0, ¢)], where v is the velocity,
and 7 is the optical depth along a radial line of sight,

)
Tt 0, ¢) = (ti) I KO)p
’

X (tr, ', 0, )1 —v(ty, 1, 0, §)/O)v(Hty, ¥, 6, 9)dr,
(AD)

where p is the mass density.
The photons diffuse out from the trapping radius, such that
the luminosity per solid angle in the lab frame due to cooling
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emission is
Lc(t7 0’ ¢) = [4P(tf’ th 9’ d))
+ AQ(t9 r, 9’ (b)p(t’ r, 97 ¢)]’Y(tf, Rtr: 9’ ¢)2

If 4 2
« (7) Vs, R, 0, 6) Ru(t, 0, 6)°,

(A2)

where p is the thermal pressure, y is the Lorentz factor, and the
heating rate contribution to cooling due to 3 and ~y radioactive
decay is (Hotokezaka et al. 2016)

A

2
1 — exp (M) +0.5; Ot r, 0, ¢)

td
—1.3
_ mm[_fd ] erg
’Y(t’ r, 97 ¢) g S

and may vary with the composition to within a factor of a few
(see, e.g., Freiburghaus et al. 1999; Metzger et al. 2010b;
Korobkin et al. 2012; Wanajo et al. 2014; Hotokezaka et al.
2016). The time ¢, is defined as t;=t/day. The first term in
Equation (A2) is the adiabatic cooling of the shocked cocoon,
as obtained from the radial flux component of the stress-energy
tensor. The second term accounts for the radioactive heating of
the gas. Both contributions are calculated in the comoving
frame and then boosted to the lab frame. The luminosity per
solid angle due to radioactive decay in the lab frame is

Lr(t7 97 QS)
= [ AW, 1, 0, $)pi, 1, 0, OV, 7, 0, 9)Pridr.  (Ad)

(A3)

The total local luminosity is the sum of both contributions, L(z,
0, &)=LJt, 0, ¢)+LAt, 0, ¢). The local temperature is
calculated at the photosphere and assumed to be blackbody.

To transform the emission from the lab frame luminosity to
the observed frame (Gyps, Pobs), We find

tobs(ea ¢) = t[l - v(tf’ Rl.ra 0’ ¢)/Cu(00bsa ¢0b595 (b)]’

(AS)
where
1 Oobss Doper 05 @) = €08 0 cos Oops + sin Oy Sin 0 cOS( — Py
(A6)

Then, the observed luminosity is

Lobs(tobs: Rirs Oobss Pops)
T p27
= [ [T DCtobss Rues 0, 9)*5(tovss Rues 0 G)L Loty 0, 91t (Bops, bops 05 ),
(A7)

where D(tops, Ry, enbs’ ¢0bs) = [’Y( fobss Rirs enbs’ Qsobs)(l
V(fobss Rirs Oobss Pops))]~! is the Doppler factor of the emit-
ting gas.

The emission peak time is derived as follows. The photons
diffuse out from the trapping radius, 7(Ry) = c¢/v; thus,
Equation (A1) dictates

3Mk
——y( —v/o)~

. A8
47 (vt)? (A3)

< |
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Approximating Equation (A5) to 7y ~ #(1 — v/c), we find

0.5
KM v?
fops & [ 7(1 - —) ] . (A9)
4ye c
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