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Shock breakout emission is likely the first electromagnetic signal from a wide variety of astro-
physical explosive phenomena, including supernovae and neutron star (NS) mergers; as exemplified
by GRB 170817A, this signal can be the dominant component in low-luminosity short y-ray bursts.
In this work, we investigate the cocoon shock breakout emission in NS mergers and how its signal
depends on the outermost layers of the ejecta profile, which we derive from general-relativistic radia-
tion hydrodynamic simulations. To explore the influence of the outermost layers of the ejecta on the
breakout emission, we model the ejecta profile as either having a sharp cutoff or an extended smooth
tail. We find that the shock breakout emission is strongly influenced by the shape of the outermost
layers of the ejecta, with breakouts from extended density profiles yielding emission consistent with
the observed properties of GRB 170817A; on the contrary, breakouts from ejecta with a sharp cut-
off tend to overestimate the radiated energy. Using a Bayesian analysis, we estimate the best-fit
parameters for the central engine, considering both accreting black hole (BH) and magnetized NS
scenarios. Our findings indicate a slight preference for scenarios in which the remnant suffers an
early collapse to a BH. Our work probes the nature of NS mergers and highlights the importance
of carefully treating the shape of the ejecta outermost layers in modeling early electromagnetic

counterparts from these events.

I. INTRODUCTION

The event GW170817 represented not only the first de-
tection of gravitational waves (GWs) from the merger of
two neutron stars (NSs) but also the first multimessen-
ger event with GWs and electromagnetic radiation [1, 2].
On August 17, 2017, the LIGO Scientific Collaboration
and the Virgo Collaboration simultaneously detected a
GW signal from the merger of two compact objects with
total mass 2.827007 M, consistent with the components
being two NSs with masses m; € (1.36,2.26)Ms and
mo € (0.86,1.36) M. Approximately 2 s after this de-
tection, a short 4-ray burst (sGRB) was independently
detected by the Fermi Gamma-Ray Burst Monitor tele-
scope and the SPI-ACS instrument onboard the Interna-
tional Gamma-Ray Burst Astrophysics Laboratory [3];
the emission came from a region consistent with the lo-
calization derived from the GW signal. Hours later, a
thermal optical counterpart, AT2017gfo, was detected,
which allowed the identification of the host galaxy, NGC
4993, located at a distance of ~40 Mpc [2, 4]. The op-
tical emission was consistent with a radioactive-decay-
powered kilonova originating from the NS merger [5, 6];
this component also produced detectable radiation in the
ultraviolet and infrared bands. Later, emission poten-
tially associated with the afterglow was detected in x-rays
[7] and radio [8]. Late-time very long baseline interfer-
ometry radio observations demonstrated the presence of
a relativistic jet [9, 10].

The ~-ray detection event, hereafter referred to as
GRB 170817A, confirmed the long-standing hypothesis
that sSGRBs can originate from NS/NS black hole (BH)

mergers [11-14]. However, the luminosity of this sGRB
was much lower than that of a regular event. The main
peak of the GRB, which arrived tgrp = (1.73 £ 0.05) s
after the arrival of the GWs, had a fluence of (2.8+£0.2) x
1077 erg cm™2 [15]. A simple estimate using the inferred
distance to the source gives an isotropic equivalent energy
of Eiso = (5.141) x 10% erg, which is ~4 orders of magni-
tude lower than the average value for the detected sGRB
population (see, e.g., Ref. [16]). The best fit for the spec-
trum of the primary ~-ray pulse is a power law with an ex-
ponential cutoff with a spectral index of @« = —0.6240.40
and peak energy of E,x grp = (185 £ 62) keV [15]. Be-
cause of its unique properties among the known sGRBs,
this event is sometimes considered to represent a differ-
ent type of GRB: a low-luminosity short GRB. Unfor-
tunately, GRB 170817A is to date the only sGRB event
with these characteristics occurring close enough to be
detectable.

Several scenarios for the origin of such weak v-ray
emission have been proposed. These include an intrin-
sically weak relativistic jet whose emission was observed
on axis, a regular powerful relativistic jet whose emis-
sion was observed off axis, and a shock breakout emis-
sion produced by a structured jet or a cocoon propagat-
ing through the NS ejecta [7, 17-20]. The third scenario
was first proposed in Ref. [20] and later investigated by
several other authors [16, 21-26], and it has shown to
provide a natural explanation for most properties of the
observed v-ray signal. The intrinsically weak jet scenario
faces challenges related to the jet’s ability to break out
of the ejecta successfully, whereas the off axis jet sce-
nario requires fine-tuning of viewing angle and jet struc-



ture parameters to account for the ~-ray emission [20].
Late-time radio observations extending to ~ 300 days
after the merger provided evidence consistent with an
off axis jet interpretation for the afterglow [27]. These
findings suggest that the merger may have given rise to
a jet+cocoon system that successfully broke out of the
ejecta; the wide-angle cocoon breakout likely produced
the y-ray emission, while the jet produced the late-time
afterglow emission.

An important aspect influencing shock breakout emis-
sion is how the jet propagates through the ambient
medium. Several authors have studied the propagation
of relativistic jets through a dense ambient medium [28-
31]. Later, these treatments were extended for the case of
an expanding medium [32-34] and magnetized jets [35—
38]. Our main aim in this work is to develop a model to
calculate the emission from shocks driven by the cocoon
breaking out of the NS merger ejecta for a wide range
of central engine properties and ejecta profiles. To this
end, we apply a similar approach to these works, though
with small modifications to treat more arbitrary ejecta
profiles and allow time-dependent engine luminosities.
We obtain the NS merger ejecta properties from a set
of general-relativistic neutrino-radiation hydrodynamics
long-term simulations, with different mass ratios and/or
nuclear equation of state (EOS), though all consistent
with GW170817.

The outflows derived from these simulations demon-
strate the presence of a fast component with speed v >
0.5¢, the so-called fast ejecta, which naturally constitutes
the outermost regions of the outflow. However, the spe-
cific shape of these outer layers is largely unconstrained
once the outflow expands to large distances since simu-
lations are affected by resolution, floor effects, and finite
domains. One possibility is that the ejecta presents a
rather sharp cutoff at the outer boundary determined by
those parcels of plasma that achieve the highest velocity
shortly after the merger. Another possibility is that be-
cause of the intrinsic thermal velocity dispersion of the
ejecta matter or due to the interaction between differ-
ent layers of the outflow, the ejecta develops a smooth
extended tail without a clear cutoff. The specific prop-
erties of the outermost layers of the ejecta may have a
large influence on the amount of matter involved during
the breakout emission and hence on the emitted signal
[16, 25]. To investigate this effect in detail, we derive
radial ejecta profiles from numerical relativity simula-
tions and consider two cases: (i) the ejecta profile has
a “sharp cutoff” at r ~ rpax(t) and (ii) the ejecta has
an “extended tail” originated in the thermal dispersion
of matter in the outermost layers. Once we have deter-
mined the ejecta profiles, we model the central engine
that launches the relativistic jet based on the nature of
the remnant left behind after the merger; namely, we dis-
tinguish the scenarios where the remnant is an accreting
black hole or a highly magnetized NS. We investigate the
propagation of the jet through the ejecta, the cocoon evo-
lution before and after the jet breaks out of the ejecta,

and finally, we estimate the electromagnetic emission re-
leased when the forward shock driven by the cocoon itself
breaks out of the ejecta. We compare the observables de-
rived from our model for a large set of engine parameters
with observables from GRB 170817A, assuming that this
event indeed originated from a cocoon shock breakout.
Finally, we infer the most likely engine parameters and
discriminate among the various simulated ejecta profiles
and the two approaches (sharp cutoff or extended tail)
considered to model their outer layers.

We find that ejecta profiles with an extended tail pro-
duce electromagnetic signals at break out consistent with
that of GRB 170817A, whereas those with a sharp cutoff
at the outermost boundary systematically overestimate
the radiated energy. Regarding merger remnant and jet
engines, BH engines are marginally favored over magne-
tar engines, though we can only rule out one of the three
models that produce a long-lived NS remnant.

The paper is structured as follows. In Sec. II, we
present the details of our physical model. We summa-
rize the main characteristics of the numerical relativity
(NR) simulations considered to model the ejecta profiles,
and discuss the parametrizations used for the engine and
jet properties. We derive the equations for the jet and
cocoon evolution as they propagate in the ejecta until
the time when the jet finally breaks out. Then, we de-
scribe our treatment for the cocoon evolution once the
jet has broken out of the ejecta but most of the cocoon
is still trapped. In Sec. III, we analyze the results from
each of our simulations, in particular, the jet and cocoon
evolution, with a special focus on the properties of these
components at the time of breakout. Then, in Sec. IV,
we discuss the cocoon shock breakout emission and cal-
culate the bolometric light curves associated with it. In
Sec. V, we compare the main observables derived from
our calculations with those of GRB 170817A. We per-
form a Bayesian analysis to compare the likelihood of
the five NR simulations in order to estimate the most
likely engine parameters. In Sec. VI, we discuss the most
important points that we have derived from our analysis
and compare them with those in the literature. Finally,
we present our conclusions and discuss possible future
work in Sec. VII.

II. PHYSICAL SCENARIO

The physical scenario considered here and the vari-
ous components in our model are shown schematically
on the left panel of Fig. 1. We assume that two NSs
with masses M; and My merge at time t = 0, leading
to the ejection of matter in all directions. The resulting
mass outflow forms a dense, mildly relativistic expanding
medium. The merger leaves behind a compact remnant,
whose nature depends mainly on the total mass of the
binary, M = M; + Mo, its mass ratio, ¢ = M; /M, and
the microphysical properties of matter encoded mainly
in the unknown nuclear EOS. The merger outcome and



Figure 1.

Schematic representation of the various physical components of our model. Left: the jet4+cocoon system propagating

through the ejecta of the NS merger. We show the jet, with its unshocked region, the jet’s head, the cocoon, and the ejecta, for
which we identify the boundary for the sharp cutoff [at rmax ()] scenario as well as the extended tail. The head expands through
the ejecta with speed Sy in the vertical direction, whereas the cocoon also expands laterally with speed fc, .. We indicate the
position of the head z, and the lateral radius of the cocoon r¢ 1, as well as the rest-mass density and velocity profile of the
ejecta: pej(r,t), vej(r,t), respectively. Right: a closeup of the cocoon and its forward shock at the time of breakout tho,c at a
radius of Rpo,c = 10! cm. Pairs regulate the downstream temperature to be ~50 keV; when these photons are released, they
are observed with an energy ~100—250 keV since the Lorentz factor of the breakout layer is I'c po = 1—5.

the nature of the remnant can be roughly separated into
three cases:

(1)

Early collapse: The remnant is too massive (M >
Mrov, where Moy is the maximum mass for
a Tolman—Oppenheimer—Volkoff star for a given
EOS) and collapses into a BH on a timescale of
t < 15 ms. Because of the short collapse time,
most of the matter gets trapped within the event
horizon. The remaining matter may form a light
accretion disk around the BH.

Delayed collapse: The remnant has a mass M 2>
Moy and survives for some time as a differentially
rotating hypermassive neutron star (HMNS). This
occurs until the HMNS loses sufficient rotational
energy through GWs and winds and collapses into
a BH at some time between ¢ ~ tens of milliseconds
and t ~ few seconds.

Long-lived NS: The NS remnant has a mass M <
Mrov and does not collapse into a BH during the
timescales of interest (¢ < 10 s).

A. Merger ejecta

On timescales ¢t < 10 ms after the merger, the out-
flows are dominated by the “dynamical ejecta”’, namely,
the ejecta driven by dynamical forces as a direct con-
sequence of the collision [39-47]. On larger timescales
(t > 10 ms), the properties of the ejecta depend largely
on the outcome of the remnant formed after the NS col-
lision [48-58]. If the total binary mass is large enough

(Z 2.8M¢), then the NS collision leads to rapid collapse
to a BH, and, as a result, the dynamical mass ejection
significantly drops [46, 59-62].

(i)

(i)

Dynamical ejecta: The dynamical ejecta is driven
both by gravitational forces and by shock heat-
ing at the collision interface between the two
NSs. The shock-driven ejecta generates a largely
isotropic fast component of the outflow, whose
asymptotic velocities can be mildly relativistic:
Veast ~ 0.5—0.8c. In contrast, the tidal com-
ponent of the dynamical ejecta is predominantly
launched close to the equatorial plane, with slower
speeds (v ~ 0.1-0.4¢) and a low electron fraction
(Yo ~ 0.1). This neutron-rich component of the
ejecta is believed to be mainly responsible for the
radioactive-decay-powered kilonova at later times.

The amount of dynamical ejecta is strongly influ-
enced by the binary mass ratio ¢ = My /Ms. For
large mass ratios, the lighter star will be tidally
disrupted before the merger itself, leading to a
much weaker collision and thus producing a lower
amount of shock-heated ejecta. Conversely, the
tidally ejected outflow will be enhanced.

Secular ejecta: Part of the material disrupted from
the stars remains gravitationally bound and forms
a thick accretion disk around the central remnant,
either an NS or a BH. The dynamics of these dense
disks is mediated by neutrinos, and so they are
called neutrino-dominated accretion disks [63-65].
The neutrinos heat matter to drive a baryonic wind
from the surface of the accretion disk. If the central



remnant has not collapsed to a BH, the surface of
the central NS can also be a strong source of neutri-
nos and contribute to the outflow [48, 50, 56, 57].
This component may dominate the ejecta in the
polar region, even though the total ejecta mass
is dominated by the wind launched by spiral den-
sity waves in the remnant, which transport angular
momentum and energy from the core to the outer
layers, driving mass ejection. The neutrino-driven
wind can be sustained up to ~10 s and typically has
masses of ~ 1072~1072 M, a higher electron frac-
tion Y, 2 0.2 due to intense neutrino irradiation,
and velocities in the range v ~ 0.1-0.2¢.

The different components of the ejected outflow ex-
pand and mix, forming a dense stratified expanding
medium. For this work, we characterize this expanding
medium by means of two functions of the radial coordi-
nate and the time: the rest-mass density profile pe;(r,t)
and the velocity profile ve;(r, ).

1. Numerical relativity simulations

To model the expanding ejecta profile, we consider a
set of five long-term NR simulations performed with the
code THC_M1 [66—69], which represent different NS merger
scenarios. THC_M1 is a general-relativistic hydrodynamics
code based on the Einstein Toolkit [70] coupled with
a moment-based energy-integrated scheme to treat the
transport of neutrinos [69]. This scheme is more accu-
rate than the most popular MO + leakage schemes, since
it correctly handles neutrino trapping in relativistically
moving media, such as rotating NS remnants.

The five simulations we consider here differ either in
the nuclear EOS or in the binary mass ratio, and produce
different outcomes: some of them give rise to an early
collapse to a BH whereas others give rise to a long-lived
remnant. All simulations but SLy_M145-125 make use of
the general-relativistic large-eddy simulation formalism
[71, 72] to account for the angular momentum transport
caused by magnetohydrodynamic turbulence. For more
details, see [58].

In the following, we list the main properties of each
simulated merger. Note that the isotropic equivalent
masses’ listed below are measured by integrating the
mass-loss rate over the duration of each simulation, but
this quantity can keep increasing at later times.

(i) DD2-M135-135: Equal-mass binary with the DD2
EOS [73, 74]. This is a stiff EOS with a large al-
lowed maximum TOV mass: Mp535. The simula-

tion ran for ~98 ms, over which the remnant did

1 The isotropic equivalent mass is defined as Mo =
47 [ drr?pej(r), where pej(r) is the ejecta rest-mass density pro-
file in the polar region.

not collapse. The ejecta has a fast component with
a maximum asymptotic speed of v ~ 0.58¢, fol-
lowed by a steady secular ejecta component driven
by neutrino irradiation from the NS remnant and
the accretion disk. The total isotropic equivalent
mass in the polar region is ~0.003Mg. This simu-
lation was analyzed in detail in Refs. [58, 75].

(ii) DD2_M180-108: Same EOS as in the previous case,
but here the NSs have a large mass ratio ¢ ~ 1.8.
This simulation ran for ~122 ms without producing
a collapse. The ejecta for this case has the largest
total isotropic equivalent mass among the five sim-
ulations we considered, =~0.01My. The fastest
ejecta also reaches a significantly larger speed of
v~ 0.76¢.

(iii) BLh-M1146-1635: This simulation considered a bi-
nary mass ratio ¢ &~ 1.4 and the BLh EOS [76]. It
ran for ~100 ms, over which the remnant did not
collapse. The ejecta has a maximum asymptotic
velocity of v ~ 0.66¢ and a total equivalent mass of
~0.009Mg .

(iv) SFHo-M135-135: The binary in this simulation has
a mass ratio ¢ = 1 and uses the soft SFHo EOS
[77]. The merger produced a short-lived remnant
that collapses to a BH at ¢ ~ 15 ms after the
merger. The simulation ran for ~57 ms. The ejecta
in the polar region has a total equivalent mass of
~0.002Mg, the smallest among the five simula-
tions, and its fast component reaches a maximum
asymptotic velocity of v ~ 0.78c.

(v) SLy_M145-125: The binary in this simulation has
a mass ratio of ¢ &~ 1.2, and uses the soft SLy4
EOS [78, 79]. Tt also produced a short-lived rem-
nant that collapsed to a BH at ¢ ~ 11 ms af-
ter the merger. The mass-loss rate rapidly de-
creases after BH formation, and the simulation ran
for ~35 ms. The fast ejecta reaches a velocity of
v ~ 0.73c and the ejecta has a total equivalent mass
of ~0.007Mg. This simulation was analyzed in de-
tail in Refs. [80, 81].

The simulations DD2_M180-108, BLh_-M1146-1635, and
SFHo_M135-135 will be analyzed in full detail in an up-
coming paper (Bernuzzi et al. [82]).

For each simulation, the azimuthally averaged outflow
properties are recorded at each polar angle over a sphere
placed at a radius Ry ~ 442 km>. These properties in-
clude the rest-mass density p, the outflow radial velocity
v, the temperature T, the specific entropy s, the proton

2 This radius (which corresponds to 300 in code units) is chosen
so that most of the captured ejecta is ballistic, while at the same
time its density is still high enough to be unaffected by the nu-
merical atmosphere.



fraction Y, and the Bernoulli parameter B = —hu;. The
latter coincides with the asymptotic Lorentz factor I'y.
We assume that for the distances of interest in our work,
r > Ry, the ejecta has reached its asymptotic velocity,
Voo := cy/1 — 1/T'2, and thus we use this quantity to de-
termine the radial velocity profile instead of the velocity
measured at Ry. From the measured ejecta properties,
we determine the time-dependent profiles for the rest-
mass density pej(r, t) and velocity vej(r, t) as described in
Appendix A.

The asymptotic speed of the fastest ejecta layers,
Bmax = maxy, [(Veo(to)/c] approximately determines the
outermost boundary of the ejecta:

Tmax(t) = RO + ﬂmaxc(t - tO) (1)

However, due to the spread in velocities, the fast ejecta
may extend to larger radii and speeds, forming a smooth
extended tail for r > rpax(t). As we will see, the pres-
ence or absence of such a tail has a large impact on the
properties of the breakout emission.

The left and middle panels in Fig. 2 show the asymp-
totic velocity and mass-loss rate as a function of time
for each simulation. The solid dark lines correspond
to the quantities measured in the simulation whereas
the red dashed lines show the extrapolated power-law
profiles. The right panel in Fig. 2 shows the rest-
mass density (solid lines) and velocity radial profiles
(dashed lines) calculated as described above. The differ-
ent colors correspond to different times after the merger:
t = [0.1,0.5,2,5] s. The extended tail formed by the
velocity dispersion in the fast ejecta component corre-
sponds to the shaded regions under each curve.

B. Central engine

For a long time, the central engine responsible for
launching a sGRB jet has been thought to be a hyperac-
creting BH. However, recent studies [83-85] suggest that
the highly magnetized rapidly rotating NS left behind an
NS merger may also launch relativistic collimated out-
flows and thus power sGRBs. Depending on the nature
of the compact remnant, we assume that one of the two
aforementioned central engines launches the relativistic
jet.

1. Millisecond magnetar

The total rotational energy of a millisecond magnetar
with a spin period P is (e.g., [86])

1 5 M _
Frot ~ 5[92 ~ (2.2 x 10°? erg) (1.4M@) REP7S, (2)

where

o~ 2arp2 45 2 M 2
I_5MR ~ (1.1 x 10™ g cm?) A0, R; (3)

is the moment of inertia of the NS (assuming it is spher-
ical), M is its mass, Q = 27/P is its angular velocity,
R = (10° cm)Rg is the NS radius, and P_3 = P/(1 ms).

The main mechanism for the energy extraction in mil-
lisecond magnetars is magnetic dipole radiation. Nev-
ertheless, in the context of NS mergers, other mecha-
nisms such as neutrino- or magnetically-driven winds also
play an important role. Based on numerical simulations,
Ref. [87] derived a semianalytical formula for the Poynt-
ing luminosity of a millisecond magnetar formed after the
collision of two NSs,

Lem ~ (10% erg S_l)Bgylg)RgP:?,la (4)

where B = (10'5G)B;y;5 is the surface dipolar magnetic
field strength at the polar cap region.
The spin-down timescale t;q can be estimated as

~ ~ (103 —1p—1p—2

tsd — Erot/Lem — (10 S) (14M®> RG P—3 Bp,15' (5)
Since we are interested in timescales t < ton, it is a fair
approximation to consider the magnetar luminosity as

constant in time.

2.  Hyperaccreting black hole

In early or delayed collapse scenarios, the BH formed
may initially have a large spin. This BH will be sur-
rounded by a compact, dense, and highly magnetized ac-
cretion disk. If the magnetic field lines are efficiently
advected toward the BH and thread the event horizon,
the BH can launch a jet via the Blandford—Znajek (BZ)
mechanism [88-91]. Such a jet will likely be dominated
by the Poynting-flux component and its power can be
expressed as [34]

Lgz = ngnaMe?, (6)

where 74 ~ (¢/50)%, ¢ = @BH(REMC)_UQ is the di-
mensionless magnetic flux threading the horizon, &gy =
(1/2) [[|B"|/=gdfdé is the dimensional magnetic flux
threading the horizon, and 7, ~ 1.063a* + 0.395a°
parametrizes the jet efficiency associated with the BH
spin a. For a saturated magnetic flux, ¢ ~ 50, corre-
sponding to a magnetically arrested disk (MAD) state,
the BZ power is [92-94]

Lpz ~ 1.7 x 10°* 1 erg s™*, (7)

where 11 := M /(Mys™'). This expression gives a power
significantly larger than that expected for typical sGRBs.

Numerical simulations have shown that postmerger ac-
creting BHs can launch a jet even before the disk reaches
a MAD state [95, 96]. This is a direct consequence of
the large compactness of the disk, which drives two main
effects:



100 ——

DD2_M135135 3 108 Tos
1 = ]
© i g 100 ] 0.6 _
S o 0 Joa™
T 1075 i
3 < 10.2
100 b=t b 10-10 ]
i DD2_M180108 105 " Jos
1 & :
o _ g 100 06
N T —— 19} )
N | o0 1 042
—_ y 10—5 ]
1071 | 1 < 102
100 == e 1010 .
E BLh_M11461635 | 10° Jos
1 ‘?'_| 1 0.6
o g 100 1
N 19} ] >
o a0 104
105 1
1071} < 10 10
100 et 10-10 400
F SFHo_M135135 ] 10° Jos
c]’)_‘ 1 0.6
o g 100 1
N o Jo4
= 10-5 1
4 g 10 Jo.2
100 st bt e 10-10 100
E SLy_M145125 ] 108 Jos
1 & ]
-1 0.6
0 g 100 1.
N 19} ] )
N So 80 Josam
~o 5 -5 ]
1071 = \\\\ 4 Q 10 ] 0.2
[ S~ ] F \ ] ]
[ o RN 10-4 LA LM i 10-10 100
10! 102 108 10t 102 108
t [ms] t [ms]
Figure 2. Ejecta properties for the five simulations considered (each row). The left and middle columns show, respectively,

the asymptotic velocity and the mass-loss rate measured at r = Rp as a function of time. In red dashed lines, we show the
power-law extrapolation of both quantities for times larger than the duration of the simulation. The right column shows the
outflow rest-mass density (solid lines) and velocity (dashed lines) profiles at four different times: ¢t = 0.1,0.5,2,5 s, denoted by
the red, blue, green, and purple curves, respectively. The shaded region under the curves corresponds to the extended tail of
the ejecta profiles for 7 > rmax. From top to bottom: DD2_M135-135, DD2_M180-108, BLh_M1146-1635, SFHo_M135-135, and
SLy_M145-125.

(a

) The accretion rate starts falling off very rapidly af-
ter the merger (¢t 2 tg ~ 0.1 s), with a power-law
time dependence:

M = My(t/to) 2, (8)

where MO ~ Mg/to and My is the initial mass of
the accretion disk. In our case, the two simula-
tions with short-lived remnants (SFHo_M135-135
and SLy_M145-125 give rise to accretion disks with
a mass < 0.01 M. For simplicity, we fix this pa-

rameter to My = 0.01M, for the scenarios with a
BH engine.

(b) The dimensional magnetic flux rapidly accumulates
on the BH horizon and finally reaches saturation.

The latter point implies that the jet power remains
constant (Lpz o ® ~ const) until the time when the
disk reaches the MAD state. Since the mass accretion
rate decays as M ~ t~2, the magnetic field becomes more
relevant with time. This is measured as a growth in the



dimensionless magnetic flux until it reaches ¢ ~ 50. After
this time, the jet power starts decreasing by following the
declining accretion power Lpz o< M ~ t~2 [see Eq. (8)].

C. Jet and cocoon propagation within the ejecta

We consider that the central engine launches a mag-
netized jet with a delay time tqe after the merger and
a time-dependent luminosity L;(¢). The jet is injected
into the merger debris in the polar region at a height
29 ~ Ry with an initial opening angle 6 ¢. It propagates
through the expanding ejecta until it either breaks out or
is choked within the ejecta. As the jet head pushes the
ejecta matter, it develops a forward and a reverse shock
separated by a contact discontinuity. The matter that
enters the jet head through the forward shock is heated
and pushed sideways, forming a hot cocoon surrounding
the jet. The jet, initially conical, may be collimated at
some height z.o1 > 29 due to the pressure exerted by the
cocoon on its lateral walls. We assume that the cocoon
has an ellipsoidal shape, and as it expands due to its own
pressure, it also drives a forward shock onto the ejecta.

The propagation of a jet4+cocoon through an ambient
medium has been investigated in different setups (e.g.,
static or expanding medium, magnetized or hydrody-
namic jets) by several authors [28-38]. We here present
the system of equations that govern the evolution of the
system for our specific problem and leave the full deriva-
tion of these equations to Appendix B. We use the sub-
scripts j, h, and ¢ to indicate quantities related to the
bulk of the jet, the jet head, and the cocoon, respec-
tively, and the subscript L to refer to lateral expansion.
The jet head position zy, cocoon lateral radius rc |, and
cocoon internal energy F. evolve as

th o
at B,
dTC’J_ o
dt - /BC,J_C7
dE.
di = 77Lj (teng) [ﬁj - 5h] ) (9)

where teng =t — 21 /c is the retarded time at the engine,
and n accounts for the fraction of the jet head that is in
causal contact with the cocoon [see Eq. (B9)] [32].

The breakout time t1,, and radius Ry, are determined
by the condition

T = /OO dZFCj (Z)pcj (Z,tbo)ﬁ? = 1/5é7 (10)

Ry,

where (. is the forward shock speed in the ejecta frame
and k ~ 0.16 cm? g~! is the absorption coefficient for
highly ionized r-process elements.

D. Cocoon evolution after the jet head breakout

Once the jet head breaks out at time ¢y, and radius
Rion, it detaches from the ejecta and stops feeding the
cocoon. However, most of the cocoon material still re-
mains within the ejecta. The cocoon evolution is later
on driven by the adiabatic conversion of its internal en-
ergy to kinetic energy and by its interaction with the
remaining ejecta material through which it has to travel
to break out.

Because of its ellipsoidal shape, regions of the cocoon
closer to the polar axis will also be closer to the outer
boundary of the ejecta and will move faster. Then, these
regions will likely break out shortly after the jet head
breaks out. On the contrary, regions that are located
at a large polar angle move slower, and thus they may
break out with a non-negligible delay with respect to the
jet head or even remain trapped within the ejecta. Then,
in a realistic scenario, it is reasonable to expect a struc-
tured cocoon that breaks out with an angular, time, and
energy dependence. A full treatment of such an evolu-
tion requires nonlinear numerical simulations, which are
beyond the scope of this paper.

We instead model the cocoon as a single fireball ex-
panding spherically. To treat it as a single structure,
we first average the cocoon properties over different an-
gles by assuming its energy has an angular distribution
given by [32, 97, 98]: dE./dQ oc exp(—0/0.) cos? 6, where
0. = rc,0/%nbo is the opening angle of the cocoon.

To estimate the cocoon expanding speed, we use our
knowledge of the speed of the jet head and the cocoon at
the time the jet head breaks out as well as its ellipsoidal
shape. We calculate the horizontal (x-directed) and ver-
tical (z-directed) cocoon speed components at each polar
angle 0 as

Bc,z = ( Te )ﬁc,J., Bc,z = ( o )Bh,bm (11)

Te, L Zh,bo

where x. = 1¢(0) sinf, z. = r.(0) cosd, and
Zh,bo COS 0

2
cos2 6 + (ﬂ> sin® 0

27‘C,L

re(0) = (12)

gives the radial distance to the origin as a function of @
for an ellipsoidal surface with semimajor and semiminor
axes as zh,bo/2 and rc | , respectively, and with its center
at (0, zh,b0/2). Finally, the radial expansion speed at a
given angle is calculated by (relativistically) adding the
projections of 5, and 3, in the radial direction as

Be.xsinf + B, cosb
c 0) = ’ -
Be(0) 1+ Be zBc,»cosfsind

(13)

We then calculate the angle-averaged Lorentz factor
and radial coordinate of the cocoon forward shock at the
time the jet head breaks out as

[1- 2]

r ~ E!
< C,0> C QC dQ

aQ,  (14)



and
~ dE
o)~ BT (0) —==dQ, 15
o) = B [ )5 (15)
respectively, where E, = . ‘fi% dS2 is the cocoon energy

contained within the solid angle €., which extends from
the polar axis to the minimum value between 6. and the
angle above which S.(0) becomes lower than [Sp,ax, and
thus the matter is likely to remain trapped within the
ejecta.

With the averaged quantities estimated above, we es-
timate the initial conditions for the cocoon and assume
that it propagates as a spherical blast wave. The evolu-
tion of the Lorentz factor I', the internal energy U, the
mass m, and the radial coordinate R of the blast wave
can be obtained by solving the following differential equa-
tions [99]:

d£ _ [F — ch + I‘Cﬁ,(rml _ 1)] 62% 4T d[j;‘d (16)
dt (Mc+m)c? + %U )
where
dm )
= (B 1) (B = Ba) e (17)

dt

is the mass swept up by the forward shock per unit time,
Il 1s the Lorentz factor of the cocoon forward shock in
the frame of the expanding ejecta material, and I'eg =
(AT2 =4 —1)/T; 4 ~ 4/3 is the adiabatic index. The last
term in the numerator is the internal energy loss rate due
to adiabatic expansion and can be calculated as

dUpq dIn V"’
= —(Ya —]_ = —(7va _1
et (g~ )Y (-
350 5PFCJ‘ dﬂcj 5ercj 1 dr’
ke L L !
R Tw a "\Tureg T)ar| ¥

where V' ~ R3FF—ej is the comoving volume of the blast
wave. In turn, the internal energy of the blast wave
evolves as

du dm ,

dUqq
oY, 1)
g = T = 1) e

+dt’

(19)

where the first term accounts for the shock heating. The
forward shock position evolves as

dR
dt - 667 (20)
where [ is obtained from the Lorentz factor.

We solve the system of Egs. (16), (17), (19), and (20)
with initial conditions ((T'), Me, Ee, (rco)) to deter-
mine the cocoon breakout properties [the cocoon break-
out is also calculated using Eq. (10)]. Here, M, is the
ejecta mass enclosed within the cocoon volume at the
time when the jet head breaks out.

III. RESULTS ON JET AND COCOON
PROPAGATION

To explore the parameter space of relevance in our
models, we have performed 200 simulations of the
jet+cocoon evolution for each ejecta profile and each of
the two approaches to model its outermost layers (ex-
tended tail or sharp cutoff) by varying the following
central engine parameters: the dipolar magnetic field B
threading the engine (either the event horizon if the en-
gine is a BH or the NS surface if the engine is a millisec-
ond magnetar), the time delay between the merger and
the jet launch tqe1, and the initial opening angle of the jet
6;,0. We choose the first two parameters to be uniformly
distributed in the ranges B € (5 x 10'4,10°) G and
tael € (0.1,2) s, respectively, whereas for the jet opening
angle, we consider two different values, 6;o = 6°, 18°,
as representative cases of “narrow” and “wide” jets, re-
spectively. In what follows, we analyze and compare for
each model the jet and cocoon properties at the time of
breakout of each of both components.

In Fig. 3, we show the time evolution of the jet head
position (a), the jet opening angle (b), the internal en-
ergy and pressure of the cocoon (c¢), and the Lorentz fac-
tor of the jet head (d) for the ejecta profiles derived from
DD2_-M135-135 with a magnetar engine (left column pan-
els) and SFHo_M135-135 with a BH engine (right column
panels). Figure 3(a) also shows the radius of the ejecta
outer boundary [Eq. (1)] and the lateral radius of the
cocoon, while Fig. 3(d) shows their respective Lorentz
factors. In both examples, the engine has a dipolar mag-
netic field B = 5 x 10'® G and launches a jet with an
initial opening angle of 6o = 8° and with a time delay
of tges = 1 s after the merger.?

The ejecta from SFHo-M135-135 is less massive and
expands faster than the one derived from DD2_M135-135.
This causes the cocoon to expand laterally much faster,
as can be noticed by comparing the two columns in panel
d) of Fig. 3. The cocoon then acquires a larger volume,
which implies that it exerts a lower pressure on the lateral
walls of the jet compared to the case of DD2_M135-135,
despite having a larger internal energy. Consequently,
the jet is collimated only for a short time, after which
the jet expands back to attain the same opening angle
with which it was initially launched (8°), as shown in the
right column of panel b) for 6;.

The solid lines in all four plots correspond to the cases
where the ejecta profile has a sharp cutoff at r = 7.5 (¢),
while the dashed lines show the continuation of the
jet-+cocoon evolution when the ejecta has a smooth ex-
tended tail at r > rpax(t). For the ejecta profile with the
sharp cutoff, the breakout condition given by Eq. (10)
is almost interchangeable with Ry & rmax(tho), whereas

3 Note, however, that the same parameters give a larger jet power
for a BH engine than for a magnetar engine.
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Figure 3. Time evolution of the jet head and the cocoon for two different simulations and engine models. Left: DD2_M135-135
simulation with a magnetar engine. Right: SFHo_M135-135 simulation with a BH engine. Both engine models have an initial
jet opening angle of 6y = 8°, a dipolar magnetic field B = 5 x 10'® G, and a jet launching time delay of tqe1 = 1 s. From top
to bottom: a) position of the jet head, the outer boundary of the ejecta and lateral radius of the cocoon; b) opening angle of
the jet; ¢) cocoon energy (blue) and cocoon pressure (red); and d) Lorentz factor for the jet head (blue), the outer boundary
of the ejecta (green), and the lateral radius of the cocoon (red). The black line shows the rest-mass density at the jet head
position as a function of time. For all the panels, the dashed extended lines correspond to the evolution of the quantities when
the ejecta density profile has an extended tail.



for the profiles with an extended tail, we generally have
Rbo > Tmax(tbo). This can be seen in Fig. 3(a), where the
dashed lines extend beyond the theoretical outer bound-
ary of the ejecta defined by Eq. (1); this fact naturally
delays the breakout time.

Another key difference between the two ejecta profiles
considered can be observed in the maximum Lorentz fac-
tor achieved by the jet head at break out. With the
sharp cutoff in the ejecta density profile, the jet for
SFHo_M135-135 breaks out with a larger Lorentz factor
than in the case of DD2_M135-135 due to the differences
in the density and expansion speed of the ejecta outer
layers between the two profiles. However, when a fast ex-
tended tail is included, both jet heads keep accelerating
and break out with a similar Lorentz factor. Although
the total mass in the extended tail is much lower than the
total mass of the ejecta, me;(r > rmax(t)) <K Me;j(t), this
component may have a significant effect on the late-time
evolution of the jet head by delaying the breakout time
and allowing the jet head to reach larger speeds.

From the 200 engine models considered for each ejecta
profile, we derive the main properties of the jet head and
the cocoon at the breakout time: the jet head location
Zh,bo = Rbo,n, the jet head speed By o, the lateral radius
of the cocoon r. | and its lateral expansion speed f, i,
as well as the cocoon internal energy E.. As an exam-
ple, in Fig. 4 we show the properties of the jet+cocoon
system at the breakout time for the ejecta profile de-
rived from the simulation DD2_M135-135 for the range
of engine parameters considered. The left (right) panels
correspond to the scenario with a sharp cutoff (extended
tail) in the ejecta profile. Each curve shows the respec-
tive quantity as a function of the dipolar magnetic field
B of the engine, for fixed values of (6;0,tqe1). We dis-
criminate between the two initial opening angles of the
jet with different colors, using green (purple) for 6; o = 8°
(65,0 = 16°). For fixed values of B and tge1, jets launched
with a smaller opening angle have a larger Lorentz fac-
tor at breakout, a shorter breakout time and radius, and
they deposit a smaller amount of energy into the cocoon.
In addition, the presence of an extended tail in the ejecta
profile (see left panels) induces larger Lorentz factors at
the time of breakout, since the jet head has more time to
accelerate while traveling through the ejecta outer layers.

For each simulation, the values of the quantities we de-
rived at the time of jet head breakout serve as the initial
conditions for the subsequent cocoon evolution, which is
determined as described in Sec. IID. Fig. 5 shows the
properties of the cocoon at the time it breaks out. The
dependence of these properties on the engine parameters
is similar to that of the jet head quantities shown in Fig.
4. The main difference with the jet head is the smaller
overall Lorentz factor that the cocoon reaches at break-
out; this is the case for profiles with a sharp cutoff and
those with an extended tail. This is reasonable given
the larger opening angle of the cocoon and the lack of
continuous energy injection from the engine once the jet
head has detached from the cocoon. Fig. 6 shows the
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Figure 4. Properties of the jet4cocoon system at the time
of the jet head breakout as a function of the dipolar mag-
netic field at the engine for the simulation DD2_M135-135.
Left: ejecta profile with an extended tail. Right: ejecta pro-
file with a sharp cutoff at r = rmax(t). From top to bottom:
jet breakout time in the lab frame (tbo,n), Lorentz factor of
the jet head (I'n,bo), cocoon internal energy (E.), and jet head
breakout radius (Rbo,n). The green (purple) lines show the
results from simulations where the engine launches a jet with
an initial opening angle of ;0 = 8° (6;0 = 16°). For both
these cases, each individual curve corresponds to a fixed time
delay tqer € (0.1,2) s with a darker line color corresponding
to a larger delay in jet launching.

maximum Lorenz factor achieved by the cocoon at the
time of its breakout for all five simulations considered:
DD2_M180-108 shows the largest values and DD2_M135-
135 has the lowest values for I'c 1.

Simulations producing an early collapse and thus a BH
engine show a slightly negative correlation between the
Lorentz factor and the engine magnetic field, as opposed
to the simulations with a long-lived NS engine. This is
a consequence of BH engines being more powerful (by
about an order of magnitude) than magnetar engines for
the same magnetic field strength. For large (small) jet
powers, an increase in the dipolar magnetic field tends
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Figure 5. Similar to Fig. 4 but for the cocoon breakout. From
top to bottom: cocoon breakout time (¢o,), Lorentz factor
of the cocoon at breakout (I'vo,c), and cocoon breakout radius
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Figure 6. Cocoon Lorentz factor at the time of its breakout as
a function of the dipolar magnetic field powering the jet. Here
we show the results for all five NR simulations considered,
each denoted by a different color. Each curve corresponds to
a fixed value for the jet opening angle and the jet launching
time delay, with a darker color corresponding to a larger delay.
Left: Ejecta profile with an extended tail. Right: Ejecta
profile with a sharp cutoff.

to cause an increase (a decrease) in the lateral radius of
the cocoon at the time when the jet head breaks out.
In turn, a larger lateral radius of the cocoon implies a
larger cocoon opening angle and lower average cocoon
Lorentz factor. Then, we see opposite trends for BH
engines (large jet powers) and magnetar engines (small
jet powers).

11
IV. SHOCK BREAKOUT EMISSION

The theory of Newtonian shock breakout and its asso-
ciated electromagnetic signal have been extensively stud-
ied by many authors in the context of static stellar en-
velopes, such as those occurring in core-collapse super-
novae [100-106] or in stellar winds [107, 108]. Relativistic
shock breakout theory was first explored in Ref. [109] for
static envelopes and later investigated for expanding me-
dia [16, 20, 22, 23, 110]; see also Ref. [111]. The emission
produced in a shock breakout from expanding ambient
media may largely depend on the properties of the ejecta
profile at the outermost boundaries and present signifi-
cant differences from that produced in a static medium
[16]. In what follows, we summarize the main steps in-
volved in calculating such emission.

A. General estimates

To simplify the notation, we use primed notation to re-
fer to quantities that are measured in the ejecta frame®:
e.g., I'xej = I'x. The forward shock driven by the jet or
the cocoon propagating through the ejecta in NS mergers
will likely be radiation mediated (dissipation within the
transition layer is mediated by radiation) and radiation
dominated (the downstream internal energy is dominated
by radiation, implying an adiabatic index v.q ~ 4/3).
The shock propagates as long as its optical depth 7 re-
mains greater than ~ 1/5. [see Eq. (10)]; after this time,
the photons within the shock transition layer can diffuse
out, and we can say that the shock breaks out. These
first escaping photons arise from the so-called “break-
out layer”, and are then followed by photons generated
deeper in the downstream, which need a longer diffusion
time to escape the surrounding medium.

The condition for a shock to break out can be expressed
as T ~ KMo min/(ATRE) &~ 1/BL, where mpo min is the
minimum mass in the breakout layer,

47TR]230 .
Bir

The downstream is energized due to the deceleration of
the material crossing the shock, and this energy is ra-
diated after the breakout. The internal energy of the
breakout layer in the lab frame can be estimated as

(21)

.
Mpo,min ~

Ebo,min ~ ’Ybo(’%)o - 1)mbo,minc2a (22)

where 7y, is the Lorentz factor of the breakout layer.
The right panel of Fig. 1 shows schematically the basic
picture described above.

4 Note that there is not a unique ejecta frame (it expands with a
distribution of speeds); hence, when we use primed quantities,
we are referring to the ejecta frame at a specific radius and time.



The duration of the breakout signal can be approxi-
mated by the “angular time scale”, defined as the dif-
ference between the light travel time of photons emitted
along the line of sight and that of photons emitted at an
angle ~ 1/9p,. Thus, Atp, ~ Rpo/(c12,). After the first
photons from the breakout layer escape, radiation starts
to diffuse out of deeper layers. The phase comprised be-
tween the time since the release of the first photons, i.e.
the breakout time, until the time when the expanding gas
doubles its radius is usually known as the “planar phase”.
If the shocked gas is relativistic (ys0s 2 1), the dynam-
ical timescale ~ Ry, /(Bscy2) which determines the du-
ration of the planar phase is comparable to the angular
timescale. Consequently, photons that diffuse out dur-
ing this phase can arrive simultaneously to the observer
with those emitted by the breakout layer. The net result
of this effect is an energy enhancement of the received
signal [16, 23].

The degree to which the signal is enhanced depends
largely on the shape of the ejecta profile close to its out-
ermost edge. To carefully quantify this effect, we seek
for the radius Rey from which the photons diffuse out
over the duration of the shock breakout signal [23, 110].
To to this, we equalize the diffusion timescale between
Rem and the photospheric radius R, with the dynam-
ical timescale in the comoving frame tfiyn ~ Rpo/(VboC)
[112],

" (R, —lRphd—RQQ’ t
tdiff( em)— ¢ Jn (T em) Y Iipej(T,)

2K [ften
~— dr(r — Rem)'yngj (r,t).  (23)
Rel!]

We then estimate the total mass contributing to the radi-
ation during this period as my, ~ 4w flf"h dr 72 pe;(r,t),
while the energy released is [16]

Mo

Ebo = Ebo,min (24)

bo,min

The total energy radiated thus depends largely on the
specific profile of the ejecta outermost layers. If the pro-
file has a sharp cutoff, then the density is large near
the edge and Rpn(t) = rmax(t). As a result, a large
amount of mass may contribute during the planar phase
and Mmpo > Mpo min. 10 contrast, if the profile has an ex-
tended low-density tail, the breakout may occur before
reaching the outermost layers in a region with a lower
density such that mpo 2 Mbomin. To be more precise,
let us assume that the radiating layer has a width A’
and an associated diffusion time tj,q o< A’?p/; the ra-
diating mass contained within that layer is m oc A’p’.
Profiles with an extended tail have a lower mass density
at the breakout radius than those with a sharp cutoff,
namely phrr < pS (we used the subscripts ET and SC
for quantities in the extended tail and the sharp cut-
off scenarios, respectively). Then, for a fixed diffusion
time, the ratio of widths for the two types of profile is
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w1/ A X \/Pse/ P, and the layer masses are related
as mpr X prrAgr ~ \/PrrlscAsc ~ VPEr/Pscmsc:
Since the radiated energy is proportional to the mass in
the radiating layer, we have Ey, g1 < Epo,sC-

From the simulations described in the previous section
and the above analysis, we can straightforwardly derive
two observables: the isotropic equivalent energy radiated
during the breakout E},, and the time delay between the
arrival of GWs and that of the 7 rays, which in our case
is given by the observed breakout time

Rbo,c

- (25)

tbo,obs = tbo,c -
In addition, we can extract information about the av-
erage energy of photons in the observer frame as fol-
lows. It is known that if the downstream temperature
exceeds ~50 keV, electron-positron pair production be-
comes important and significantly affects the shock struc-
ture. In particular, the temperature in the immediate
downstream is regulated by pair creation and annihi-
lation, and is maintained in the range ~100—200 keV
[103, 113]. A large number of pairs can significantly in-
crease the effective optical depth, thereby delaying the
photon escape until the gas expands and the tempera-
ture drops back to ~50 keV. This implies that, indepen-
dent of the specific shock details, it can be expected that
the breakout photons are released with a temperature of
~50 keV in the downstream frame [109, 114, 115]. The
observed temperature can then be approximated by [109]

Tobs ~ 507b0,f keva (26)

where 7o ¢ is the Lorentz factor of the emitting plasma
after it has cooled down to 50 keV. In principle, this
value can be larger than the Lorentz factor the plasma
acquired through the shock passage. If the shock is rel-
ativistic with /3, 2 1, this acceleration occurs before
the photons are released, since the pair opacity will be
very high. The final Lorentz factor in the ejecta frame is
Yios = N, where a is in the range (1,1++/3) [116, 117].
Because of the uncertainties in this parameter, we neglect
the postbreakout acceleration and assume o ~ 1.

B. Bolometric light curve

In this subsection, we calculate the bolometric light
curve for the shock breakout emission derived from our
model and the spectrum assuming purely thermal emis-
sion. To this aim, we determine the equal-arrival-time
surface (EATS) [118, 119] for each observer time tops >
tho,obs and integrate the emission over it. The EATS is
determined by the equation

tobs =t — cosf, (27)

R(t)

where 6 is the polar angle measured from the line of sight,
and ¢ is the time in the lab frame. At time ¢, the emission



comes out from the photospheric radius Ry, (t), which
is determined by solving f;zh(t) L(r,t)pej(r, t)rdr = 1.
However, this radiation is originally produced in a deeper
layer at Rem(t) such that the time it takes for the radi-
ation to diffuse up to the photosphere equals the time
elapsed after the shock breakout, measured in the co-
moving frame. This is, t};4(Rem, Rpn) = (t — tho)/(Tej),
where t/,4 is given by Eq. (23), (T'sj) is the average
Lorentz factor of the ejecta between Rem(t) and Rpn(t),
and we have assumed that diffusion occurs in the ra-
dial direction. Once we obtain the lab frame time ¢ and
the emission radius Ren (f) for each 6, we calculate the
isotropic equivalent luminosity at the observer time tgps
as Ligo = 47Td%F , where dy, is the luminosity distance to
the source and F' is the bolometric flux:

1 /1 LAL (1)
— D*———pudpu. (28)
47rd% Hon (tobs) dﬂ

F(tobs) =
Here, 4 = cosf, D = [[(1 — Bu)]~t is the Doppler
factor of the fluid moving at an angle 6 with respect
to the observer, and dL'/du is the comoving luminos-
ity per unit cosf at time t. Since the emission escapes
only for t > tpoc, at any time the observer sees the
emission coming from regions up to the maximum angle
Oon beyond which t(0on) < tho,c; this gives pion(tobs) =
1 — c(tobs — tho,obs)/ Rbo,c (see, e.g., Ref. [119]).

To calculate the energy released by the shocked plasma
per unit time, we consider the following argument. At a
given time t; > tp,, the emission escaping from the pho-
tosphere has to be produced in a deeper layer located at
the correspondent emission radius: Ry = Rem(t1). Since
this layer expands at a speed 1 = Bej(R1,t1), at a later
time to = t; + At, this layer will have expanded to a
radius Ry = R + (81cAt, while the new emission radius
is Rem(t2) < Ro. That means that during the interval
At, the internal energy contained between Repn(t2) and
Ry = Rem(t1) + B1cAt has been radiated away. If we sit
in the comoving frame of a given layer, its radius remains
constant while the emission radius R}, drifts inward.

Hence, we estimate the comoving luminosity as

dr’

U 0) ~ 2R (1) 3¢ (1 B [RLa(8)] - (29)
dup 3
where €/(t, Rem ) is the postshock thermal energy density
in the ejecta, which is obtained by assuming that the
shocked ejecta layers expand adiabatically after the shock
passage and until they radiate away their energy, and
|R,,(t)] gives the rate at which the emission radius drift
inward in the ejecta comoving frame. This is given by
the relativistic transformation of velocities: R._ (t) =
[Rem(t) - Bejc]/[l - BejRem(t)/C]a where Bej = B(Rem) t)~
Figure 7 shows the bolometric light curves (top panel)
for the two reference cases analyzed in Fig. 3. The
blue curves show the emission from the cocoon break-
out for the ejecta model where the ejecta is derived from
DD2_M135-135 and the engine is a magnetar, whereas
the red curves correspond to the case where the ejecta is
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Figure 7. Bolometric light curve for radiation emitted at

the cocoon shock breakout for the four evolution scenarios
shown in Fig. 3. These correspond to engines (magnetar for
DD2_M135-135 and BH for SFHo_M135-135) with parameters
B =5x%x10'% G, tge = 15, and 03,0 = 8°. Solid (dashed) lines
correspond to the case where the ejecta profile has a sharp
cutoff (extended tail) at its outermost boundary.

derived from SFHo_M135-135 and the engine is an accret-
ing BH. For both scenarios, the engine has a dipolar mag-
netic field B = 5 x 10'® G, and the jet is launched with a
time delay t4c1 = 1 s and an opening angle 6; o = 8°. The
shock breakout emission of ejecta profiles with a sharp
cutoff (solid lines) shows larger luminosities, up to an
order of magnitude above those corresponding to the ex-
tended tail scenarios.

C. Spectrum

The spectral shape of relativistic shock breakout emis-
sion is largely unknown. Although the spectrum can
have a thermal component, at high energies it may re-
semble an approximate power law [109]; see also Refs.
[108, 111]. Particle acceleration is not expected to be ef-
ficient in radiation-mediated shocks, but a power-law en-
ergy component can still arise by other mechanisms, such
as, e.g., Comptonization of the radiation by the less dense
outermost layers, light-travel-time effects which lead to
photons from different radii and different angles arriving
together at the observer, subshocks, or more complex
effects such as the so-called photon acceleration [120].
In addition, the temperature of the deeper ejecta layers
that radiate after the breakout layer may have a rest-
frame temperature lower than 50 keV, which could shift
the peak to lower energies and modify the spectral shape
above the peak [16, 23].

In this work, we do not aim to explore in detail the
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Figure 8. Thermal spectrum at ¢ = 1.1¢p0,0bs for the same
scenarios described in Fig. 7.

spectral shape of the emitted radiation. We conserva-
tively show what the spectrum looks like if we assume
that the energy radiated has a pure Wien (thermal) spec-
trum and the layers involved in the first few seconds af-
ter shock breakout have a temperature of 50 keV in their
rest frame. The total observed spectrum at a given time
is then the superposition of several Wien spectra with
different effective temperatures Tog(0) ~ D(6) x50 keV
corresponding to rings in the range (6, 6+df). The lumi-

nosity emitted from each ring is o %.

Figure 8 shows spectra for the same four scenarios de-
scribed in Sec. IV B The peak energies are at Epx ~
2.7 x (50 keV) due to the assumption of a purely
thermal spectrum. The resultant spectra are similar to
a single Wien spectrum, though with a small excess at
energies below the peak due to the contribution of the
larger angle of view regions that are less beamed toward
the observer. As we mentioned above, if the temperature
in the deeper layers is lower than 50 keV in its rest frame,
the peak could be shifted to lower energies, and the spec-
trum would differ even more from a Wien spectrum.

V. APPLICATION TO GW170817

GW170817 is the only event to date that has been
detected with multi-messenger emission comprising both
GWs and EM radiation. The GRB signal arrived with
a time delay of tgrp = (1.73 £ 0.05) s with respect
to the GWs, and the main pulse had a peak energy of
Eox.cre = (185 £ 65) keV and an isotropic equivalent
energy of Egrp = (5.141) x 10%6 erg. In our model, the
detected emission results from the cocoon shock break-
out, and so the observed delay between the GWs and
the GRB corresponds to the observed cocoon breakout
time [Eq. (25)]. This includes both the potential delay
at the engine for the launching of the jet and the propa-
gation time for the jet and the cocoon within the ejecta.
Similarly, if the comoving temperature of the emitting
plasma is ~50 keV, then the peak energy should be ap-
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proximately given by ELx arB ~ Tbo X 50 keV, and thus
the observed peak energy provides information about the
Lorentz factor of the emitting plasma.

In what follows, we apply two different approaches to
compare the predictions of our model with the data from
GRB 170817A.

A. Null test for the ejecta profiles

Assuming that the breakout radius is approximately
given by the outermost ejecta boundary, Ryo. ~ Ro +
Be,maxClbo,c ~ Bo,maxClbo,c, the cocoon breakout occurs
in the engine (lab) frame at a time [see Eq. (25)]

lGrRB
1-— Be,max

tbo,obs ~
1- ﬁe,max

(30)

tbo,c ~

Then, for a given ejecta model (we have Se max), We use
the known values for tqrp and Epk grB to determine the
cocoon breakout time ¢, . and the Lorentz factor of the
cocoon at breakout yp,,c. With these values, we can then
calculate the breakout energy radiated using Eq. (24) and
compare it with the measured isotropic energy.

To account for the uncertainties in the measurements,
we consider a sample of values for ¢, obs and Ep assum-
ing that they are normally distributed around tgrp and
Epx,gre with standard deviations oy, and og
respectively:

pk,GRB

tho.obs ~ N (tGRB: Otans) (31)

and
Epic ~ N(Epk,GRB, 0By i) (32)
Then, for each pair of (tho,obs, Epk) values sampled,

we calculate the radiated breakout emission, Ey,, =
Ehvo(tbo,obs, Epk), and define a likelihood function as

( E — En, )2
\/EUEGRB
where opgn, = 10%0 erg. We finally calculate the evi-
dence for each ejecta model as

p(E|tbo,0bSa Epk) X €xXp ) (33)

p(E) = /p(E|tbo,ob57 Epk)
Xp(Epk)p(tbo,obs)dEpkdtbo,obs- (34)

In the top panel of Fig. 9, we show the logarithm of
the evidence evaluated from Eq. (34) for the parameters
of GRB 170817A. The blue (red) curve with squares (cir-
cles) corresponds to the ejecta profiles with an extended
tail (sharp cutoff). It can be seen that the profiles with an
extended tail are highly favored for all the simulations,
presenting small differences among them. On the con-
trary, the profiles with a sharp cutoff present much larger
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Figure 9. Log likelihood for all five ejecta profiles. The top
panel corresponds to the analysis discussed in Sec. V A, where
the isotropic energy radiated is calculated as a function of the
observed breakout time and the Lorentz factor of the emit-
ting plasma, which are derived from GRB 170817A. The bot-
tom panel corresponds to the analysis discussed in Sec. V B,
where the three observables (tbo,obs, Fho, Epk) are calculated
from the jet and cocoon propagation simulations considering
uniformly distributed engine parameters and then compared
to those derived from GRB 170817A. In both cases, the blue
(red) curve with squares (circles) shows the case of ejecta pro-
files with an extended tail (sharp cutoff).

differences across the different NR simulations. This hap-
pens because they largely overestimate the radiated en-
ergy by 1-2 orders of magnitude due to the large mass in
the outermost ejecta layers. In Appendix C, we show the
Bayes factors BFap = pa(y)/pe(y) across the different
simulations we have considered in this study.

B. Jet engine parameter estimation

In this subsection, we estimate the likelihood of each
ejecta profile following a different approach which also
takes into account our propagation model. Instead of
deriving tyo . and v, from the GRB 170817A observ-
ables, we take the values resulting from our jet propa-
gation simulations described in Sec. I1I, and then derive
independently the three observables (tboobs; Ebos Epk)
from them. With these observables, we apply a Bayesian
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analysis equivalent to the one performed in the previous
section, but now to also estimate the most likely engine
parameters (B, tqel)-

For the given set of observables vy =
(ters, EarB, Epk,grB), We estimate the posterior
distribution for the model parameters B and tq. to be

P(B, taelly) < p(y| B, tae)p(B)p(tae), (35)

where we assume uniformly distributed priors:
B~ Z/{(Bmina Bmax)> tdel ~ u(tmina tmax)a (36)

where Bpin = 5 X 10 G, Bpax = 106 G, tpin = 0.1 s,
tmax = 2 s, and the likelihood is

~ (y - Yza(tdehB))z (37)

Otere

P(yIB. tae) o [ [ exp
(e}

Here, Yo(tdae, B) = {tbo,obss Ebos Epk}, where a =
{1,2,3} are the predicted observables.

We first generate histograms of these three observ-
ables for each of our five ejecta simulations and the
two modeling approaches for the outermost ejecta lay-
ers, as depicted in Fig. 10. The blue (red) bars cor-
respond to ejecta profiles with an extended tail (sharp
cutoff), the vertical dashed line shows the observables
for GRB 170817A and the gray-filled area shows their
respective uncertainties. In the left panel, we can see
that breakouts of ejecta profiles with a sharp cutoff sys-
tematically radiate more energy than those of extended
tails. This is because, as we anticipated, the breakout
occurs at Rpoc & Tmax(tho,c) in these scenarios, where
the ejecta density is still very high. In contrast, ejecta
profiles with an extended tail have Rpoc > Tmax(tbo,c),
and the densities involved are much lower. Moreover, the
isotropic energy output during breakout from an ejecta
outer boundary with a sharp cutoff is larger despite the
Lorentz factor of the emitting material being systemat-
ically lower than that for a breakout with an extended
ejecta tail, as can be noticed in the middle panels of Fig.
10.

When comparing the different ejecta simulations (from
top to bottom), we can notice that the breakout signal
from DD2_M180-108 shows the highest observed temper-
ature for both models of the ejecta outer layers, due to
the high Lorentz factors of the cocoon at the breakout
(see also Fig. 6). The main reason is that the ejecta
derived from this simulation is the most massive one and
this slows down the cocoon expansion. As a result, the
cocoon is more compact and exerts a larger pressure on
the jet, which is then easily collimated. The larger mass
in this case also delays the breakout giving the shock
more time to accelerate. However, this delay is not re-
flected in the observed breakout time since the breakout
radius is also larger [see Eq. (25)]. The larger breakout
radii, ejecta mass, and Lorentz factors imply that this
simulation also shows the largest isotropic energy radi-
ated. On the contrary, DD2_M135-135 has the least mas-
sive ejecta, which explains the lower overall temperatures
observed at breakout.



Finally, the observed breakout time tp,obs coOvers a
wide range for all simulations, though it tends to be
smaller for the two cases with a short-lived remnant and a
BH engine. This is due to two reasons that can make the
jet propagate faster: a lower ejecta mass at smaller radii,
or a larger jet power for a given magnetic field strength
at the engine.

We show the posterior distributions for each simula-
tion and for both models of the ejecta profile in Fig. 11.
The strongest constraint is imposed by the time delay
of the GRB arrival relative to GW emission, as it has
the lowest relative standard deviation among the three
observables. This imposes strong restrictions on the al-
lowed values for tqe], although these are mediated by the
magnetic field of the engine B and the ejecta profile. As
a general rule, ejecta profiles with a lower total mass al-
low longer time delays since in these environments the
jet propagates faster. Larger time delays are also favored
for BH engines compared to NS engines, since the jet is
more powerful in the first case for the same magnetic field
value.

Ejecta profiles with an extended tail are largely favored
in our analysis; ejecta profiles with a sharp cutoff tend
to produce breakout signals that are significantly more
energetic than GRB 170817A. This is especially notice-
able with DD2_M180-108, which in addition involves sig-
nificantly larger breakout speeds and, therefore, largely
overestimates the peak energy for the breakout emission.

To quantify the likelihood of each model, we calculate
the evidence for each NR simulation as

p(y) = / dtaadBp(tae)p(B)p(y| B, taa: S) ~

1
P YU p(y|B7tdel;8)7 (38)
2NtdelNB 0; 7%;73

where N;,, and Np are the number of data points sam-
pled for the jet launching delay and the dipolar magnetic
field at the engine, respectively, and the factor of 2 arises
from the fact that we sum the likelihood for the two open-
ing angles considered in our analysis.

Finally, in the lower panel of Fig. 9, we show the log-
arithmic likelihood for the five NR simulations and the
two modeling approaches for the outermost boundaries
of the ejecta. The blue (red) curve with squares (cir-
cles) corresponds to an ejecta profile with an extended
tail (sharp cutoff). As in the analysis from the previ-
ous section, ejecta profiles with an extended tail are fa-
vored for all the simulations over profiles with a sharp
cutoff. In both cases, DD2_M180-108 ranks the worst
due to its overestimation of the isotropic energy radiated
(for profiles with a sharp cutoff) or the temperature (for
profiles with an extended tail). The highest likelihood
is reached by the simulations with a BH engine (pro-
vided that the profile has an extended tail). The Bayes
factors BFap = pa(y)/pe(y) across the different sim-
ulations and ejecta profiles with this approach are also
shown in the Appendix C.

16
VI. DISCUSSION

We have developed a model to calculate the electro-
magnetic signal from relativistic breakouts of expanding
ejecta in the context of NS mergers, using realistic ejecta
profiles derived from NR simulations. The model involves
three main physical components: the ejecta, the engine,
and the jet4+cocoon; and the evolution was divided into
three phases: the propagation of the jet and the cocoon
through the ejecta, the cocoon propagation after the jet
head has broken out, and the evolution of the cocoon
after it breaks out.

We first derived the rest-mass density and velocity
profiles of the ejecta from five long-term NS merger
simulations, which comprise three different mass ratios
and four different nuclear EOS. To derive these profiles,
we followed two different approaches when accounting
for the outermost layers of the ejecta: we either con-
sidered that the ejecta has a sharp cutoff at a radius
Tmax(t) = Bejmaxct or fast-moving tail extending for
7 > rmax(t). Such an extended tail may be produced
by small perturbations in the velocity of the outflow, due
for example to thermal motion, or by the interaction be-
tween different ejecta layers through pressure gradients.

The second component of our model is the engine that
powers the jet and the cocoon. The NR simulations we
derived the ejecta profiles from did not include magnetic
fields, which are a key ingredient for jet launching. In-
stead, we have analytically modeled the jet power for the
two possible types of central engine, a BH or a magnetar,
and collected the uncertainties into three free parameters:
the dipolar magnetic field threading the engine (the NS
itself in the magnetar case and the event horizon in the
BH case) B, the time delay between the merger and the
jet launch tg4e), and the initial opening angle of the jet
6i,0. In reality, the jet may be launched at ¢ < tqe1 but
we assume that only becomes powerful and fast enough
for ¢ z tdel-

The final component of our model is the jet+cocoon
system. We have solved a system of equations for the
evolution of this system by separating the propagation
in three different phases. First, for tqe1 < t < tpon, the
jet is launched by the engine and propagates through the
ejecta. During this phase, the jet head energizes the hot
cocoon. For thon <t < tpoc, the jet head has already
broken out of the ejecta and detaches from the cocoon;
the latter, on the contrary, is still within the ejecta and
propagates out as a hot adiabatic fireball. In reality, the
cocoon and the jet head will form a continuous angle-
dependent structure, and the breakout will occur at dif-
ferent times for different angles. Given that the cocoon
is expected to be only mildly relativistic, we have av-
eraged its properties for different polar angles to model
it as a single structure that behaves as (a portion of)
a spherical blast wave. Finally, after the forward shock
driven by the cocoon breaks out (¢ 2 tboc), the ener-
gized (shocked) ejecta layers expand adiabatically until
they become transparent to radiate out their internal en-
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Figure 10. The histograms of the three main observables derived from the cocoon breakout emission are shown. Left column:
isotropic energy radiated at breakout. Middle-column panels: observed temperature at breakout. Right column: observed
breakout time. Each row corresponds to a given simulation considered to model the ejecta profile. In each panel, the bars in
blue account for simulations where the ejecta profile has an extended tail, while those in red account for simulations where the
ejecta profile has an abrupt cutoff at r = rmax(t). The vertical dashed line corresponds to the data from GRB 170817A and

the gray-filled area denotes their respective uncertainty.

ergy.

Most previous numerical and analytical works on jet
propagation in NS merger environments assumed ana-
lytical ejecta profiles with a sharp cutoff at the time-
dependent outermost radius Tmax(t) =~ Umaxt [23, 32, 33,
110, 121-123]. Although this does not significantly affect
the time and radius of breakout, it does have a large in-
fluence on the emitted shock breakout signal [16]. The
primary effect is that the energy radiated is smaller when
the ejecta profile has an extended tail similar to the sce-
nario explored by Ref. [25], where they proposed that
NS mergers eject an ultrarelativistic low-mass envelope
such that the breakout occurs before the shock reaches
the outermost layers of the ejecta (as in our extended tail
scenario).

Our shock breakout emission model builds upon the

scenario investigated in Ref. [23] (see also Ref. [110]),
which studied jet propagation and cocoon breakout
through numerical simulations. This work assumed an
analytically prescribed ejecta profile with a power-law
density distribution featuring a sharp cutoff. Since the
jet evolution is treated numerically, the merger ejecta
may naturally develop an extended outer tail, similar to
the profiles we consider. As we have demonstrated, this
extended tail plays a crucial role in shaping the shock
breakout emission.

Other recent studies have also explored jet propaga-
tion, cocoon breakout, and its associated emission [124,
125]. However, these works primarily focused on the cool-
ing emission which occurs over longer timescales and at
lower energies rather than the prompt breakout signal
itself. Additionally, early analytical treatments of shock
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breakout in relativistic outflows [109], provided general
scaling relations but only in a static ambient medium,
such as the case of a jet propagating through a star en-
velope.

Our model presents several key improvements: (i) Un-
like previous approaches, which often treated jet+cocoon
propagation and breakout emission separately, we
have developed a semianalytical framework that self-
consistently tracks these various stages. This provides
a more comprehensive understanding of the full process
connecting the original binary NS properties with the
shock breakout signal. (ii) We have used realistic ejecta
profiles extracted from NR simulations of binary neutron
star mergers. In addition, we have explored in detail
the impact of the outermost ejecta layers on the shock
breakout signal by considering scenarios where the ejecta
profile has a sharp cutoff or an extended tail. We demon-
strated that an extended low-density tail is essential
to reproduce the observed energetics of GRB 170817A,
while models with a sharp cutoff significantly overesti-
mate the breakout luminosity. (iii) By incorporating a
Bayesian analysis, we systematically compare our model
predictions with GRB 170817A data, exploring different
ejecta structures, binary configurations, and NS proper-
ties. This enables us to infer constraints on the central
engine and merger parameters, providing a direct link
between vy-ray observations and the merger dynamics. In
particular, we find that the NR simulation DD2_M180-
108, which corresponds to a high mass ratio (¢ ~ 1.7), is
strongly disfavored, whereas models with softer equations
of state and prompt BH formation are slightly preferred.

These results align well with previous constraints on
the NS EOS derived from GW170817 and AT2017gfo
[126]. Future detections of similar events will further
refine these constraints and provide new insights into the
physics of relativistic outflows and electromagnetic coun-
terparts to compact object mergers.

VII. CONCLUSIONS

We have investigated the propagation of relativistic
jets with their associated cocoons through the ejecta from
neutron star mergers; the ejecta profiles were derived
from general-relativistic radiation hydrodynamic simu-
lations. We have calculated the resulting cocoon shock
breakout emission by modeling the shape of the outer
layers of the ejecta along with the central engine param-
eters to compare our predictions with those of the sGRB
associated with GW170817.

We found that the properties of the outermost ejecta
layers significantly impact the shock breakout emission.
The transition from NS merger ejecta to the interstellar
medium can feature either a sharp density cutoff or a
smooth, extended fast-moving tail. Jets moving through
ejecta with a smooth extended tail break out at later
times and larger radii, where the mass density of the
ejecta is significantly lower. This allows higher Lorentz
factors for the jet head and the cocoon compared to the
case where the ejecta profile has a sharp cutoff. Because
of the lower densities involved, ejecta profiles with an ex-
tended tail result in less energetic cocoon breakout emis-



sion, which aligns well with the observed properties of
GRB 170817A. In contrast, ejecta profiles with a sharp
cutoff tend to overestimate the energy radiated at break-
out.

We performed a Bayesian analysis to estimate the en-
gine parameters that can better explain the observed
data from GRB 170817A. We found that scenarios that
lead to an early BH formation are slightly favored over
the scenarios explored that have a long-lived magnetar
engine. In particular, we found the simulation with DD2
NS EOS and a large binary mass ratio (¢ = 1.67) to
be the least consistent with the observed data, since it
tends to overestimate both the total energy radiated at
the breakout and the peak energy of the spectrum.

Our model has some limitations. The exact shape
of the extended ejecta tail is somewhat uncertain, as it
was modeled based only on the velocity dispersion of the
outermost ejecta layers due to thermal motion; namely,
we did not take into account other effects such as pres-
sure gradients that may spread the outermost layers even
more. Additionally, our analysis assumes a uniform co-
coon breakout, while a more realistic scenario would in-
volve a stratified breakout with the jet head breaking out
of the outer layers of the ejecta first, followed by other
portions of the expanding cocoon material. Finally, some
of our conclusions are based on a single observed event,
limiting the strength of our Bayesian analysis.

In future work, we will refine our model using de-
tailed general-relativistic magnetohydrodynamics simu-
lations to better understand the properties of the rela-
tivistic jet at its launch time. We will also further explore
the impact of angle-dependent breakout for the cocoon
on the resulting light curves. We will also extend our
study to a larger set of NS equations of state and binary
mass ratios.

Note added. While this manuscript was under review,
Rosswog et al. [127] presented a similar but complemen-
tary analysis of the effects of the fast ejecta on electro-
magnetic observables by using Lagrangian simulations.
Our results on the shock breakout emission broadly agree
with each other.
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Appendix A: Ejecta modeling

The outflow rest-mass density at a time ¢ and radius
r is composed of matter that has crossed the sphere of
radius Ry ~ 442 km at a previous time tg with an asymp-
totic velocity veo(to) = (r — Rg)/(t — tp). Since several
portions of the ejecta may satisfy the above condition,
we weigh the relevance of each of them at (r,t) using a
function F[Awv], where Av := vy (tg) — (r — Ro)/(t — to),
such that it has a maximum at Av = 0, and decays
smoothly in both directions. We choose a normal distri-
bution F(Av) = (27702)*1/26*(&’)2/2"2 based on the fact
that the particles in the outflow are expected to follow
a Maxwell-Boltzmann distribution with standard devia-
tion 0 ~ /kgT/mp = 0.025¢ for a typical ejecta tem-
perature T ~ 5 x 10° K.

If time t exceeds the duration of the simulation, we
extrapolate the data assuming that the ejecta mass-loss
rate and velocity distribution follow a power law with the
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same slope as the one measured at late times. Finally,
taking into account the rate of mass crossing the radius
7, M(r) = 47r*Tveiply(r,t), we calculate the rest-mass
density profile by integrating over time as

L[ dit .
(7, t) ~ M (to)F(Av). Al
plr )= oz | e s M) F (). (A1)
Similarly, to determine a unique velocity profile
Vej(7, t), we integrate in time the asymptotic velocity
measured at Ry weighted by the mass-loss rate,

1 b vso(to)dto -
A7 pe (1, t) /0 Lo (t — to) MGO)}TA%&Q)

Vej(1, 1) =

Appendix B: Jet and Cocoon propagation

Here, we derive the equations governing the evolution
of the jet and cocoon through the expanding ejecta de-
rived from our numerical relativity simulations.

1. Jet head evolution

While the bulk of the jet moves with a relativistic
Lorentz factor I'; > 1, at the head, it must decelerate
to match the mildly relativistic ejecta speed. This will
likely occur through the formation of a forward/reverse
shock structure; however, in the case of a magnetically
dominated jet, the reverse shock may be weak or absent
such that the deceleration occurs more smoothly. The
unshocked jet can be described by an energy-momentum
tensor given by

T = (wy + b} ul'ul + (py + b7 /2)n"" — b0y,

(B1)
where wj is the specific enthalpy, pj is the thermal pres-
sure, uJ“ ~T¢(1,0,0, §) is the jet 4-velocity expressed in
cylindrical coordinates, bjf‘ is the magnetic field 4-vector
in the jet frame, and n*” is the inverse spacetime met-
ric. Since at large distances from the engine, the toroidal
component of the magnetic field B? in the lab frame
is much larger than the poloidal component B, we can
neglect the latter and express bjf‘ = (0,0,b;,0), where
by = Bj¢/(\/47r1“j) is the proper magnetic field. The jet
luminosity is obtained by integrating the “0z” compo-
nent of the energy-momentum tensor on a cross section
of the jet,

L= /O CTO9mrdr ~ ST fie(w; +02),  (B2)

where ¥; := mr? is the jet cross section and rj is the
cylindrical radius of the jet.

Momentum balance across the forward and reverse
shock regions gives

(w; + bf) j2hrj2h +pj+ bj2/2 = wejﬁﬁ,ejrﬁ,ej + pej,  (B3)
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where Ty, = I'iTw (1 — Bifn) is the relative Lorentz fac-
tor between the jet and the head and fj, = (8 —
Bn)/ (1 — BiBn) is its relative velocity; a similar definition
applies for the ejecta quantities on the right-hand side of
Eq. (B3). We assume that the ejecta is sufficiently cold
and take pej &~ 0 and wej & pejc?. Equation (B3) then
reduces to

ITE(B = Bu)> + D =T (B — Bej)*, (B4)

where

~ L; N pj+ 62/2
l=——"1— andp:=——1-—
2B o peic?

are the ratio of the energy density between the jet and
the ambient matter and the ratio between the jet pres-
sure and the energy density of the ambient matter, re-
spectively. The solution for the jet head velocity from
Eq. (B4) is

1B — Bej — | (1B — Be)? — (12 +p— B2)(I—p— 1)

P = =
l—-p—1
(B6)
For a classical cold hydrodynamic jet, p can be neglected
and Eq. (B6) reduces to the simpler expression [32, 33]
ﬂj - ﬂej
= B + L B7
ﬂh 5 i+ 1+ -1/2 ( )
It is worth noting that even for a large magnetization
where bj2 > wj, from Eqgs. (B2) and the definitions of
Eq. (B5), we get p ~ [/(21"]2) < [, and the expression
for the head velocity also simplifies to Eq. (B7). Since
B ~ 1, the head velocity depends primarily on the ratio
of the jet energy density to the ejecta rest-mass energy
density as well as on the ejecta speed 8. in that position.

In Fig. 12, we show an example of how (), depends on !
for Bj = 0.99 and ﬁej = 0.5.

2. Cocoon evolution

The cocoon is formed by the heated matter that enters
the jet head through the forward shock and is pushed
sideways. The energy per unit of time deposited in the
cocoon by the jet is

dE,
dt

= 1Lj(teng) (5 — Pl (B8)

where teng :=1t — (2n — 20)/c is the retarded time at the
engine, and 7 accounts for the fraction of the jet head
that is in causal contact with the cocoon and can be
parametrized as [32]

.

[ro

_ 1

> 1,
: (BY)

==

l"Z’
;o p<1,



1.0

0.8
=}
Q.
0.6

0.4 '
I: =L/ (ZiBT%peic®)

Figure 12. Jet head velocity By as a function of the ratio of

the energy density between the jet and the ejecta, [, for the
values of jet velocity f; = 0.99 and ejecta velocity Be; = 0.5.

where p = \/gfhﬂhﬂj.

We assume that the cocoon energy density is dom-
inated by radiation and that it is distributed uniformly
throughout its volume. We consider that the cocoon pres-
sure takes a time At. ~ (zn, — 20)/2¢s to build up, where
Cy N c/\/g is the sound speed. Then, the cocoon pressure
at time ¢ can be calculated as

E.(t — At.)
=—— B10
Pe A (B10)
where V, = 2% (2, — zo)ri | is the volume of an ellipsoid
of radius r, and height z,, — zg.
The cocoon expands laterally at a speed

+ ﬂej,J_,

) (B11)

5C,J_ ~ (]- + ,Eejcz/pc
where p.; is the rest-mass density of the ejecta averaged
over the cocoon volume. The first term in Eq. (B11)
accounts for the balance between the cocoon pressure
and the ram pressure of the ejecta whereas the second
term accounts for the lateral expansion of the ejecta itself,
which can be calculated as

ﬁej,L ~ Bej(d*) <T;l> ) (B12)

where d, = \/7“37l + [L(2n + 20)]” is the distance to the
contact discontinuity between the cocoon and the ejecta
at half the height of the cocoon.

3. Jet collimation

The pressure exerted by the cocoon can collimate the
jet provided it is higher than the jet thermal pressure
pi(z) ~ szg/(4ﬂﬁioz4c) [29, 32]. If this is the case, a
reconfinement shock forms [30]. The shock surface is de-
termined by the balance between the cocoon pressure and
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the jet ram pressure normal to the shock. In the comov-
ing frame of the ejecta, the pressure balance equation
reads [32]

T drs\ 2 b?
N2 22 -2 s 5 i
(ws + b1 e By i Lo <Z . dz) TPty = P
(B13)
where rg is the cylindrical radius of the reconfinement

shock. This can be rewritten as

drg 2 [ -
- tor =P
J

R@—%F(’E (B14

z—zy dz

Since I'; > 1, we can neglect the second term on the
left-hand-side; then, Eq. (B13) has the solution [31]

1s(2) = 0,0(1 + Az.)z — 05,0 AZ%, (B15)

where A = \/mcBipe/L;i(Bi — Bej)?, and z, ~ zg is the
height at which the jet internal pressure equals the co-
coon pressure. The reconfinement shock converges to the
jet axis, 7y = 0, at a height 2 = A~1 4 z,. We will assume
that the jet is conical up to the point where collimation
due to the cocoon becomes significant, which is approx-
imately where the reconfinement shock is parallel to the
jet axis. Since the shock surface given by Eq. (B15) has
a parabolic shape, we can assume that the jet is colli-
mated for z > zeon ~ (24 + 2)/2. Above that region, we
set the jet cylindrical radius to tan(6;0)zcon. It is worth
mentioning that Z varies with time and thus the height
at which the jet is collimated and attains a cylindrical
radius at the jet head position can vary too.

4. System of equations

Using Egs. (B5), (B6), (B9), (B10), (B11), and (B12),
together with the ejecta functions given by Eqs. (Al)
and (A2) and the collimation criterion, we obtain the fol-
lowing system of coupled first-order ordinary differential
equations:

th o
ar =
d’I’C’J_ .
@ Dot
dE.
7 = Miteng) [B5 — Bu] (B16)

Appendix C: Bayes factors

In Table I, we show for different simulations (from left
to right), the logarithm of the Bayes factors comparing
our models as described in Sec. V A. The top rows com-
pare the ejecta profiles with an extended tail among the
five different simulations, whereas the middle panels com-
pare the ejecta profiles with a sharp cutoff. The analysis



22

DD2_M135-135|DD2_M180-108

BLh-M1146-1635|SFHo_M135-135|SLy_-M145-125

DD2_M135-135 . 1.1 0.1 1.0 0.7
DD2_M180-108 -1.1 —-1.0 —-0.0 -0.4
BLh_M1146-1635 -0.1 1.0 1.0 0.6
SFHo-M135-135 —-1.0 0.0 —-1.0 —-0.3
SLy_M145-125 —0.7 0.4 —0.6 0.3

DD2_M135-135|DD2_M180-108

BLh-M1146-1635|SFHo_M135-135|SLy_M145-125

DD2_M135-135 e 16.7 —-1.1 —0.1 19.8
DD2_M180-108 —-16.7 —-17.9 —16.8 3.1
BLh_M1146-1635 1.1 17.9 1.1 21.0
SFHo-M135-135 0.1 16.8 -1.1 19.9
SLy_M145-125 —19.8 —-3.1 —-21.0 —-19.9

DD2_M135-135 | DD2_M180-108

BLh_M1146-1635

SFHo_M135-135 |SLy_-M145-125

4.2 19.9

3.0

3.1 23.4

Table I. Logarithms of Bayes factors comparing our models as described in Sec. V A. The top shows different NR simulations
for ejecta profiles with an extended tail. The middle is the same as the top, but for ejecta profiles with a sharp cutoff. The
bottom compares the two approaches (extended tail and sharp cutoff) corresponding to the same NR simulation.

DD2_M135-135|DD2_M180-108

BLh_M1146-1635|SFHo_M135-135|SLy_M145-125

DD2_M135-135 S 27.0 —0.7 —-2.9 —2.6
DD2_M180-108 —27.0 =277 —29.9 —29.6
BLh_M1146-1635 0.7 27.7 —2.2 -1.9
SFHo_M135-135 2.9 29.9 2.2 0.3
SLy_M145-125 2.6 29.6 1.9 —-0.3

DD2_M135-135|DD2_M180-108

BLh_M1146-1635|SFHo_M135-135|SLy_M145-125

DD2_M135-135 e 322.4 15.5 45.0 166.2
DD2_M180-108 —322.4 —306.9 —277.4 —156.2
BLh_M1146-1635 —15.5 306.9 29.5 150.7
SFHo_M135-135 —45.0 277.4 —29.5 121.2
SLy_M145-125 —166.2 156.2 —150.7 —121.2

DD2_M135-135|DD2_M180-108

BLh_M1146-1635

SFHo_M135-135 |SLy_-M145-125

5.9 301.2

22.1

53.7 174.6

Table II. Same as in Table I but following the approach described in Sec. V B.

for the extended ejecta tail scenario only marginally fa-
vors DD2_M135-135 over the other simulations we consid-
ered. On the contrary, ejecta profiles with a sharp cutoff
present much larger differences. Finally, in the bottom
row, we show the logarithm of the Bayes factors compar-
ing the two approaches to model the ejecta profile (with
an extended tail and with a sharp cutoff) for a given NR
simulation. This demonstrates the larger likelihood of
the extended tail scenarios by a significant margin.

In Table II, we show the same Bayes factors but fol-
lowing the approach described in Sec. V B. In this case,
the strong constraint that the observed time delay for the
arrival of v rays imposes on the time delay for jet launch-

ing time largely modifies the inference. The two scenar-
ios with a BH engine are favored, showing Bayes factors
greater than one when compared with the cases with a
magnetar engine. While the two simulations with a BH
engine are comparable with each other, SFHo_M135-135
turns out to be marginally better. In case of a sharp
cutoff for the ejecta profile, DD2_-M135-135 is the most
favored whereas DD2_M180-108 is the worst by a sig-
nificant margin, as can also be inferred from the results
presented in Fig. 11. The comparison between these two
modeling approaches for each simulation shows a clear
preference toward the extended tail scenarios by a large
margin.
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