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Abstract

We present a work that combines analytical modeling, numerical simulations, and numerical relativity
simulations, in order to solve jet and cocoon propagation in Binary Neutron Star (BNS) merger ejecta.
Our analytic solution for jet propagation show a good agreement with numerical simulations. We apply
our model to GW170817 and successfully constrain two key parameters of the central engine: the isotropic
luminosity Liso,0 as ∼ 3 × 1049 − 2.5 × 1052 erg s−1, and the merger to jet launch delay time t0 − tm as
< 1.3 s. Furthermore, as for GW170817, we show that in the first a few hours after the merger and after
the breakout, the cocoon expands with a bulk velocity of ∼ 0.3c − 0.4c, which is comparable to the first
measurements of expansion velocity ∼ 10 hours after GW170817. We evaluate the cocoon produced in the
prompt emission phase, as well as in typical late time engine activities, i.e. extended emission and plateau
emission. Our findings show that the cocoon, in particular in late engine activities, can be very bright in
the first few hours, brighter than the r-process powered macronova. We predict that such a component can
be detected within the first a few hours after the merger, if localization of the BNS site and observations
are archived early on.
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1. Introduction

Gravitational wave (GW) observation of binary neutron
star (BNS) merger event, GW170817, and its association
with the short gamma-ray burst sGRB 170817A (Abbott
et al. 2017a; Abbott et al. 2017b) was a historical turning
point. The scenario that the merger produces a central
engine surrounded by an accretion disk and ejecta of
∼ 10−2−10−3M� (Shibata 1999) was finally confirmed.
As illustrated in figure 1, eventually, the relativistic jet
and its cocoon are expected to emerge through the ejecta.

Jet propagation in the ejecta of a BNS merger is dif-
ferent than in a stellar envelope; in particular due to the
outward expansion of the merger ejecta at substantial
velocities of ∼ 0.2c (Hotokezaka et al. 2013; Bauswein et
al. 2013; Just et al. 2015). Here we present a work that
combines hydrodynamical simulations of jet propagation
in the ejecta of BNS merger using a 2D numerical code
(Hamidani et al. 2017), numerical relativity simulations
of BNS mergers by Kiuchi et al. (2017), combined with
the analytic modeling for the jet propagation in Hami-
dani et al. (2020).

2. The analytic model

Detailed analytic modeling can be found in Hamidani et
al. (2020) (Appendix C). In summary, we find that the
jet opening angle has a very weak dependence on time
(θj(t) ∝ t1/4) in consistency with numerical simulations.
Hence, the jet opening angle is approximated as constant
over time. This approximation allows for the analytic
equations to be solved analytically and the breakout time
to be derived for the two different jet cases: collapsar
case and BNS merger case.

For the case of BNS merger; with Mej being the to-
tal mass of the ejecta, rm,0 being the outer radius of the
ejecta at the jet launch time t0, Liso,0 = 4Lj/θ

2
0 being the

engine isotropic equivalent luminosity (where Lj is the
jet power and θ0 is the jet initial opening angle), n being
the power-law index for the density profile of the ejecta,
Ns being the correction coefficient for the analytical re-
sults relative to the simulation results, and fj = θ0/θj
being the collimation factor; the breakout time can be
written for the typical parameters of GW170817’s (see



Fig. 1. Schematic description of the main phases in a BNS merger

event. (A) A BNS system before the merger. (B) The merger tak-

ing place at t = tm. (C) Just after the merger, the by-product of

the merger is surrounded by expanding ejecta of Mej ∼ 0.01M�.

(D) The expansion reduces the ejecta’s density, and at t = t0,

the engine is activated and polar jets are launched. (E) The jet

breaks out at t = tb, as the jet head catches up with the ejecta’s

outer radius: rh(t = tb) = rm(t = tb). After the breakout the

cocoon expands sideways and covers the ejecta for the first a few

hours until it diffuses and becomes optically thin.

figure 2) as follows:
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Comparison of this expression of the breakout time with
that of the breakout time in the collapsar case (static
medium), shows that the first term here (independent
of vej) is identical to the breakout time expression in
the collapsar case, while the second term here (∝ vej) is
new. In other words, this is a generalized expression of
the breakout time which can be applied to both cases.

3. Application to GW170817

The observed ∼ 1.7 s delay time can be as written as:
tdelay = (tb − tm)−Rb cos θv/c+ x, where tb − tm is the
time between the merger and the jet breakout, Rb is the
breakout radius, θv is the viewing angle, and x is the
timescale required for prompt emission’s photons to be
released from the jet after the breakout. This expression
combined with our analytic breakout time allows for the
solid blue line in figure 2 to be drawn. Combined with
afterglow observations, the following constraints can be
made for GW170817: i) Liso,0 ∼ 3 × 1049 − 2.5 × 1052

erg s−1 and t0 − tm < 1.3 s.

4. EM counterpart of the cocoon

The analytic breakout time can be used to estimate the
cocoon properties (Hamidani et al. 2020). The internal
energy deposited into the cocoon can be estimated as:
Ein = Lj(tb − t0 − Rb/c). Using some approximations,
in particular taking pressure in the cocoon as radiation
dominant, allows for cocoon properties to be determined.

Our simulations show that only the outer part of the
cocoon breaks out of the ejecta. By deriving the mass,
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Fig. 2. The allowed parameter space for GW170817’s central engine

in terms of its isotropic equivalent engine luminosity (Liso,0) and

the delay between the merger and its activation time (t0 − tm).

The blue solid line is an analytic constraint based on the 1.7s

delay time between the gravitational wave and the electromagnetic

signal. Other blue lines (dotted, dashed, and dotted dashed) show

analytic breakout times [using equation (1)]. Grey lines show

analytic breakout velocities of the jet head. In green constraints

on t0 − tm from previous studies are shown (Shibata et al 2017;

Fujibayashi et al. 2018; Metzger et al. 2018). The line in orange is

based on late time radio observations (Mooley et al. 2018; Troja

et al. 2019; Ghirlanda et al. 2019). For more details see (Hamidani

et al. 2020).

energy, and average velocity of the cocoon, the diffusion
time (once τ ≈ c/v) and the cooling emission from the
cocoon can be estimated as in Nakar & Piran (2017).
Results show that the cocoon breaks out and expands
with a bulk velocity of ∼ 0.3c − 0.4c, and its mass is in
the order of 10−4M� (depending on θ0). This gives a
diffusion time of a few hours (∼ 2− 4 hours).

The cooling emission from the prompt emission’s co-
coon is expected to give very faint bolometric luminos-
ity (∼ 1039 erg s−1), fainter than the macronova emis-
sion, due to the fact that most of the internal energy
get lost in the adiabatic expansion up to the diffusion
time. However, the cooling emission of the cocoon re-
sulting from later engine activities (extended emission
or plateau emission) is expected to give much brighter
bolometric luminosities (∼ 1041 − 1044 erg s−1), which
is expected to shine over the macronova emission, espe-
cially in the case of the plateau emission. This is because
later injection of internal energy into the cocoon at larger
radii suffers less from the adiabatic expansion.

5. Summary and conclusion

We present analytic modeling for jet propagation in an
expanding medium, as it is the case for jet propagation
in BNS merger ejecta. We show for the first time that,

based on the observation of 1.7 s of delay time between
the GW signal and the EM signal in GW170817, the
following constraints can be found: Liso,0 ∼ 3 × 1049 −
2.5× 1052 erg s−1 and t0 − tm < 1.3 s.

Also, analytic modeling of the cocoon shows that the
outer cocoon breaks out of the ejecta and expands with
a bulk velocity of ∼ 0.3c−0.4c. Such cocoon component
could be observed until it becomes optically thin, which
is estimated to happen ∼ 2 − 4 hours after the merger.
Note that 0.3c−0.4c is very comparable to the measured
expansion velocity at about 10 hours after GW170817
(Kasliwal et al. 2017).

Finally, the cooling emission from the prompt emis-
sion’s cocoon was found to be very dim, dimmer than the
macronova emission, and hence difficult to detect. How-
ever, for later engine activities (such as extended emis-
sion and plateau emission) the corresponding cocoon is
expected to be very bright, in the order of ∼ 1041− 1044

erg s−1, which can be brighter that the r-process pow-
ered macronova. Since the diffusion time of such a co-
coon component is of the order of a few hours, we pre-
dict that such a cocoon counterpart could be detected in
the future if early localization and observation of BNS
merger sites are archived.
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