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ABSTRACT
The merger of two neutron stars produces an outflow of radioactive heavy nuclei. Within a
second of merger, the central remnant is expected to also launch a relativistic jet, which shock-
heats and disrupts a portion of the radioactive ejecta. Within a few hours, emission from the
radioactive material gives rise to an ultraviolet, optical, and infrared transient (a kilonova). We
use the endstates of a suite of 2D relativistic hydrodynamic simulations of jet-ejecta interaction
as initial conditions for multi-dimensional Monte Carlo radiation transport simulations of the
resulting viewing angle-dependent light curves and spectra starting at 1.5 h after merger. We
find that on this timescale, jet shock heating does not affect the kilonova emission for the jet
parameters we survey. However, the jet disruption to the density structure of the ejecta does
change the light curves. The jet carves a channel into the otherwise spheroidal ejecta, revealing
the hot, inner regions. As seen from near (. 30◦) the jet axis, the kilonova is brighter by a
factor of a few and bluer. The strength of this effect depends on the jet parameters, since the
light curves of more heavily disrupted ejecta are more strongly affected. The light curves and
spectra are also more heavily modified in the ultraviolet than in the optical.

Key words: neutron star mergers – radiative transfer

1 INTRODUCTION

The first gravitational wave detection of a binary neutron star merger
(GW170817; Abbott et al. (2017a)) was followed by counterparts
across the electromagnetic spectrum. Notably, the UV/optical/IR
(hereafter UVOIR) counterpart, AT2017gfo, showed the ejection
of > 0.01M� of material with an opacity of 1 − 3 cm2g−1 and a
kinetic energy of∼ 1051 erg (Kasliwal et al. 2017; Drout et al. 2017;
Villar et al. 2017; Coulter et al. 2017; Cowperthwaite et al. 2017).
This is consistent with theoretical predictions for a kilonova, a red,
rapidly-evolving, transient predicted to be the UVOIR counterpart
of a neutron star merger (Metzger et al. 2010; Metzger & Berger
2012; Barnes & Kasen 2013).

The material ejected from the binary neutron star system dur-
ing and immediately following merger has a low electron fraction
Ye. During its rapid expansion from nuclear densities, the mate-
rial is a prime site for rapid (r-) process nucleosynthesis (Lattimer
et al. 1977; Eichler et al. 1989; Metzger et al. 2010). The r-process
produces a wide range of heavy, unstable, neutron-rich isotopes.
As these nuclei decay back to stability, they heat the surrounding
material, powering the transient (Li & Paczyński 1998).

The light curve of AT2017gfo can be modeled by two com-
ponents associated with ejecta of different opacity (Cowperthwaite

? E-mail: hklion@berkeley.edu

et al. 2017; Villar et al. 2017). Both components are consistent with
being heated by r-process decays. At early times, emission is largely
due to a “blue” component associated with material rich in elements
near the first r-process peak (A ∼ 80). Within a few days, there is
a transition to the “red" emission, from material enriched by high-
opacity Lanthanides around the second r-process peak (A ∼ 140).

GW170817 was accompanied by a low-energy short gamma
ray burst ∼ 1.7 s after the gravitational wave detection (Abbott
et al. 2017b). While the exact gamma ray emission mechanism
remains uncertain, subsequent radio observations have found that
the afterglow appears to move superluminally across the sky and
is consistent with viewing a collimated jet at 20◦ off axis (Mooley
et al. 2018).

A successful collimated jet, by definition, has tunneled through
the surrounding ejecta. The jet propagation will undoubtedly affect
the structure of the slower radioactive ejecta (v ∼ 0.1c), potentially
leaving an imprint on the kilonova itself.

Most studies of jet effects on kilonova light curves have fo-
cused on the effect of shock heating on the distribution of thermal
energy. Numerical simulations show that the shock-heated cocoon
surrounding a jet may dominate the light curve in the first ∼ hour
after merger (Kasliwal et al. 2017; Gottlieb et al. 2018). Piro &
Kollmeier (2018) argue that the blue component of the kilonova
emission could be entirely due to jet shock heating, as opposed to
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2 H. Klion et al.

the radioactive decay of r-process elements. As discussed later in
this paper, we find this unlikely.

Advanced LIGO is expected to detect around 0.1 to 3 neutron
star mergers per year, some of which will have detectable elec-
tromagnetic counterparts (Abbott et al. 2019). Our viewing angle
relative to the binary plane for each of these events will be different.
Accurate interpretation of these events will rely on understanding
how identical events would appear to different observers. This is in
addition to the expected diversity in the observations due to intrin-
sic differences in the amount, composition, and distribution of the
ejecta (Gompertz et al. 2018). Further, even if all neutron star merg-
ers launch jets, engine energy, duration, and opening angle may all
vary as well. It is expected that some components of neutron star
merger ejecta are non-spherical, and may show latitudinal variation
in density and opacity. Recent work has studied how ejecta compo-
nents with different geometry and opacity can affect kilonova light
curves (Wollaeger et al. 2018; Kawaguchi et al. 2020; Darbha &
Kasen 2020; Korobkin et al. 2020; Nativi et al. 2021). In this study,
we focus on another aspect of the asymmetry: the consequences of
a jet evacuating a narrow cavity within the bulk of the ejecta. We
also assess whether jet shock heating contributes to kilonova light
curves on timescales longer than an hour.

We previously performed a suite of 2D relativistic hydrody-
namic simulations of a jet interacting with a homologously ex-
panding outflow (Duffell et al. 2018). In these models, we varied
jet energy and opening angle, but did not account for the possible
delay between the launch of the wind and the start of the jet. As de-
tailed in section 2, we select a representative sample of these models
and calculate viewing-angle dependent kilonova light curves using
Sedona, a Monte Carlo radiation transport code. We present and
discuss our results in section 3. We find that by 1 hour after merger,
the thermal energy deposited by the jet is negligible relative to the
energy generated by r-process decays. The jet, however, substan-
tially alters the density distribution of the ejecta near the pole. The
channel carved by the jet can lead to brighter and bluer emission
along the axis of the jet. We conclude and discuss observational
implications in section 4.

2 RADIATION TRANSPORT SIMULATIONS

2.1 Initial Models

In Duffell et al. (2018) we studied the dynamics of a jet interact-
ing with a homologously expanding outflow, varying jet energy
and opening angle. Our calculations were in the limit where the
delay between the launch of the outflow and the start of the jet
engine is very small (10−4 s). This is much shorter than both the
engine duration (0.1 s) and the time taken for the jet to break out
of the ejecta (3 × 10−3 s in the fastest case). We performed 2D
axisymmetric relativistic hydrodynamic simulations using JET, a
moving mesh hydrodynamics code (Duffell & MacFadyen 2011,
2013). We identified the conditions under which jets can break out
of the surrounding ejecta, as well as scaling relations for the time
of breakout and amount of energy thermalized. The initial structure
of the ejecta follows numerical results of dynamical ejecta from
neutron star merger simulations (Hotokezaka et al. 2013; Nagakura
et al. 2014) and is given in equations 15 through 19 of Duffell et al.
(2018). This component is expected to make up a small portion
(∼ 10−3M�) of the total ejecta. However, for the sake of simplicity
we assume that all of the ejected mass (> 10−2M�) follows this
structure. This is a crude approximation of NS merger ejecta, but
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Figure 1. Starting conditions for our simulations, at 900 seconds (15 min-
utes) after homologous expansion and jet launching begin. The left and right
panels show the logarithms of the mass density ρ and temperatureT , respec-
tively. Each set of panels corresponds to a different type of outcome from
the jet-ejecta interaction, as identified in Duffell et al. (2018) and described
in Table 1.

our focus here is on the qualitative viewing-angle effects of a jet
interacting with a radioactive outflow.

Depending on the opening angle and jet energy relative to
ejecta mass, we identify four qualitatively different outcomes that
can arise from a jet interacting with a homologously expanding
outflow:

• early jet breakout (hereafter “early”): jet breaks out before the
central engine turns off.
• late jet breakout (“late”): jet stays collimated but breaks out

after the central engine turns off.
• failed jet, successful breakout (“wide”): energetic jet that fails

MNRAS 000, 1–11 (2020)
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Table 1. Jet injection energies (Ej) and half-opening angles (θj) for the
Duffell et al. (2018) models that we study in this paper. The short names
will be used to refer to these models throughout the paper. The models are
scaled so the total mass is 4 × 10−2M� , and the jet is active for 0.1 s. The
jet energy is given both in ergs and as a fraction of the ejecta kinetic energy
Eej = 5.7 × 1050.

Model Short Name Ej Ej/Eej θj
[erg] [rad]

early jet breakout early 3 × 1049 5 × 10−2 0.1
late jet breakout late 5 × 1047 8 × 10−4 0.1
failed jet, breakout wide 1 × 1050 3 × 10−1 0.4
failed jet, no breakout failed 1 × 1047 2 × 10−4 0.1

due to its wide opening angle. The large amount of deposited energy
still leads to a shock breakout, though not of a jet.
• failed jet, no breakout (“failed”): jet completely fails and there

is no breakout.

In this paper, we investigate the effect of the central engine on
the kilonova light curves in each of these four cases. We choose one
model from each category of outcome.Model parameters are shown
in Table 1. We scale the hydrodynamic calculations such that the jet
duration is 0.1 s and the ejecta mass is 0.04M� . This corresponds
to an ejecta kinetic energy Eej = 5.7 × 1050 erg.

The models from Duffell et al. (2018) have been evolved in
JET for tJ ≡ 100 s, until they are approximately homologous (i.e.
v ∝ r). After the JET calculation, we transform the models onto an
axisymmetric velocity grid, and exclude all material with v > 0.6.
There is a negligible amount of mass at these high velocities, so it
will not affect the light curves on timescales of an hour or more.
The sole source of thermal energy in the JET models is the jet
shocking and heating the surrounding ejecta. We denote the total
of this thermal energy Esh, and the corresponding energy density
εsh. At tJ, the optical depth of the material is very high, so starting
the Monte Carlo radiation transport calculation at that time would
be computationally infeasible. Fortunately, doing so is unnecessary.
Assuming homology and adiabatic expansion, we can calculate the
mass density (ρ) and temperature (T) structure of the ejecta when
the Sedona calculation starts at tS ≡ 900 s. We can relate ρ and εsh
at tJ and tS by

ρ(tS, vr, θ) = ρ(tJ, vr, θ)
(

tJ
tS

)3
(1)

and

εsh(tS, vr, θ) = εsh(tJ, vr, θ)
(

tJ
tS

)4
, (2)

respectively, where vr is the radial velocity coordinate, and θ is the
latitude. Equation 2 accounts for the t−1 decline in total thermal
energy due to adiabatic expansion.

The total thermal energy density at a point at tS is the sumof the
components from shock heating (equation 2) and from radioactive
heating. The JET calculations do not account for the radioactive
heating, so we add it in when constructing the Sedona models. For
a radioactive heating rate per unit mass η(t), a fluid element of mass
m will have a thermal energy due to radioactive heating, erad that
evolves according to

derad
dt
=
−erad

t
+ η(t)m. (3)

Therefore, the energy density due to r-process heating at a given
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Figure 2.Estimated thermal energy of ejecta due to r-process heating (black,
computed according to equation 4), and due to jet shock heating. Different
colors correspond to our different models (orange: early, green: wide, blue:
late). The dashed grey lines delimit the two phases of the calculation: the hy-
drodynamic simulations in JET (before 100 s ≈ 10−3 days), and the Sedona
calculations that begin at 900 s ≈ 10−2 days. The solid colored lines show
the thermal energy in the JET simulations. The dotted lines show how the
thermal energy would evolve while the ejecta are expanding adiabatically.
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Figure 3. Distribution of ejecta mass dM/dβ, as a function of velocity
β ≡ v/c for our ejecta models, denoted by different colors (orange: early;
green: wide; blue: late; purple: failed). The dotted line only shows matter
that lies within 30◦ of the pole. The solid lines show distributions for ejecta
at all angles. In an angle-averaged sense, the primary differences between
models is in the amount of high-velocity material. Near the pole, though,
the jet can dramatically reduce the amount of low-velocity mass.

point in space will be

εrad(tS, vr, θ) =
ρ(tS, vr, θ)

t

∫ tS

t0
η(t)t dt. (4)

The total thermal energy density at a given point at tS is the sum of
the shock and r-process contributions:

ε(tS, vr, θ) ≡ εsh(tS, vr, θ) + εrad(tS, vr, θ). (5)

We use equations 1 and 5 to evolve the hydrodynamics models
from 100 s to 900 s, when we begin the radiation transport calcula-
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tion in Sedona. During this phase, we adopt the r-process radioac-
tive heating rate from figure 3 of Metzger et al. (2010), assuming
Ye = 0.1. Figure 1 shows the mass density ρ and temperature T of
our starting models at 15 minutes. Note that for a given model, the
density and temperature structures track each other closely. High
mass density leads to a high radioactive heating rate. The total ther-
mal energy from radioactivity greatly exceeds the thermal energy
of shock heating by the jet, so the density structure dictates the
temperature structure.

We quantitatively compare the thermal energy from jet shock
heating and radioactivity in figure 2. We show the total thermal
energy as a function of time during the JET simulations. Due to
the short duration of the jet-ejecta interaction, the jet heating is
completely over by ∼ 10−5 days ≈ 1 s. Subsequently, the thermal
energy decreases as ∝ t−1. Throughout, the energy from r-process
heating exceeds that of the hottest jet-ejecta interaction model by
nearly two orders of magnitude.

Figure 3 shows the distribution of mass with radial velocity
for the four models. Since we assume homologous expansion, the
velocity distribution also corresponds to the spatial distribution of
mass. The jet does not interact with the majority of the mass of
the ejecta. The angle-averaged mass distribution (solid lines) of
low-velocity (β . 0.35) material is very similar across all models.
More energetic jets and those with wider opening angles impart
more kinetic energy to the ejecta, leading to more high-velocity
material.

This high velocity material is confined to the polar regions.
The dotted line shows the distribution of mass within 30◦ of the
pole for the wide model. At β & 0.35, the mass distributions for
the full ejecta and polar region only are very similar. At those same
latitudes, the amount of low-velocity material is reduced by orders
of magnitude. The vast majority of the contribution to low-velocity
material comes from equatorial latitudes. Our assumption of ho-
mologous expansion at fixed velocity (equation 1) neglects the fact
that r-process heating per particle of 3 MeV can accelerate the gas
up to ∼ 0.1c. We may therefore somewhat underestimate the veloc-
ity of the low-speed part of the ejecta. By assuming homology, we
also implicitly assume that hot ejecta will not expand into the cavity
opened by the jet. In nature, magnetic fields may keep the channel
evacuated. The fate of the jet cavity remains an open question. As-
sessing it would require long-term (> 10 s) magnetohydrodynamic
simulations of neutron star merger ejecta.

2.2 Sedona

We use Sedona, a time-dependent, multi-wavelength, multi-
dimensional Monte Carlo radiation transport code (Kasen et al.
2006; Roth & Kasen 2015), to determine the emission from the
above models. The code tracks the emission of packets of radiant
energy (“photons”) with a givenwavelength. Sedona calculates their
propagation through the ejecta, accounting for random absorption
and scattering events in the moving background. All photon emis-
sion and scattering is done in the fluid frame. This accounts for
relativistic effects such as Doppler shifting and beaming. It also en-
sures that the total energy of emitted photons is correct in the fluid
frame. the photons escape from the ejecta, they are tallied according
to their escape time, wavelength, and propagation direction, giving
time- and viewing-angle-dependent spectra and light curves. The
ejecta are taken to expand homologously, such that the mass density
in each cell falls off as t−3. At each time step, the temperature of the
cells is determined by equating the rate of thermal emission to the

rate of radioactive heating plus photon absorption. Adiabatic losses
emerge naturally from the scattering process.

The heating due to radioactive r-process products is not domi-
nated by a single nuclide. Instead, there is an ensemble of relevant
nuclides with a wide distribution of half lives (Metzger et al. 2010).
We do not track the decay and heating of all of these nuclides. We
adopt the parametrized, time-dependent r-process heating rates of
Lippuner & Roberts (2015), assuming an initial Ye = 0.13, expan-
sion timescale τ = 0.84 ms, and entropy s = 32 kB. We use the
same parametrization throughout since the heating rate is largely
independent of the microphysical parameters. Given the small im-
pact of the jet on the thermal structure of the ejecta even on ∼
second timescales (Figure 2), it is unlikely that the jet changes the
composition of the bulk of the ejecta.

The r-process heating rate, η, is calculated using the time in the
lab frame. In doing so, we neglect time dilation in the fluid frame.
Our heating rate approximates the power law, η(t) ≈ At−1.3, so we
underestimate the heating rate (energy deposited) by a factor of γ1.3

(γ0.3), where γ is the fluid Lorentz factor. Our fastest material has
γ = 1.25, so the r-process luminosity we calculate is incorrect by
at most 30%. The effect on total energy deposited is even smaller,
reaching only 5%. The omission of time dilation in η will therefore
have a small effect on our results.

2.3 Opacity

Unless otherwise stated, we assume all material has a grey opac-
ity of 1 cm2g−1. This value is chosen to be roughly comparable
to Planck mean line expansion opacities of first peak r-process ele-
ments (roughly, the second row of the d-block of the periodic table).
Tanaka et al. (2020) find that at one day after ejection, these ele-
ments have mean opacities in the range of κ ∼ 10−2 − 10 cm2g−1.
By contrast, Lanthanide-rich ejecta are expected to havemean opac-
ities an order of magnitude greater (Kasen et al. 2013; Tanaka et al.
2020). In this study, we focus on the relative effect of different jet
parameters on the light curves at varying viewing angles. As such,
the exact choice of grey opacity does not affect our primary results.

To assess the possible impact of a more realistic, non-grey
opacity, we re-run one of our models with temperature, density
and frequency-dependent opacity. We include bound-bound, free-
free, and electron scattering opacities. We use the line expansion
formalism of Karp et al. (1977) to tabulate bound-bound opacities
on our discrete frequency grid.

For this calculation, we use an isotropic composition of half
calcium-90 and half iron-90. Ideally, we would instead use a mix-
ture of first- or second-peak r-process products. However, this is
not possible due to our early start time and therefore high initial
temperature. At the start of our calculations, the hottest portions
of the ejecta are at a temperature of 5 × 106 K and a density of
3 × 10−5 g cm−3. Using the Saha equation and ionization energies
from Kramida et al. (2019) we can calculate the expected ioniza-
tion state of a given element at that temperature and density. At
that point in ρ − T space, we find that ruthenium (representative
first-peak r-process product) is, on average, 41.7 times ionized, and
that neodymium (representative second-peak/Lanthanide product)
is 50.0 times ionized. Therefore, in order to calculate the opacity
for a realistic composition, we would need atomic levels and lines
for over 40 ions of each element included. These are not currently
available. Opacities have been calculated out to temperatures of only
∼ 104 K for the Lanthanides (Kasen et al. 2017; Fontes et al. 2020;
Tanaka et al. 2020) and ∼ 105 K for d-block elements (Banerjee
et al. 2020).

MNRAS 000, 1–11 (2020)
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We use calcium and iron because they have similar atomic
structure to first peak r-process elements, and therefore similar
opacity patterns, at least for atoms that are up to ten times ionized
(Banerjee et al. 2020).We also have atomic level and line data for all
ionization states of these elements. To make as complete a line list
as possible, we combine the atomic data of the Chianti (Dere et al.
2019) and CMFGEN (Hillier & Lanz 2001) atomic databases. We
use a mean molecular weight of 90, which is typical of first peak
r-process products. When lines dominate the opacity, this choice
more accurately reflects the actual number density of atoms in the
ejecta. At the highest temperatures, though, this underestimates the
opacity from electron scattering. The reason is that electron den-
sity from ionizing calcium and iron is artificially capped because
they have fewer electrons than their counterparts one row below on
the periodic table. The artificially lowered Thomson opacity will
only affect the innermost parts of the ejecta at the earliest times.
The photosphere is always at a low enough temperature (at the
start, 2 × 105 K at a density of 1 × 10−9 g cm−3) that the degree of
ionization of first and second row d-block elements are comparable.

3 RESULTS

3.1 Radioactive heating dominates over jet shock heating

We simulate the viewing angle-dependent bolometric and broad-
band light curves for each of our four models. The bolometric light
curves are shown in Figure 4. Each panel shows a different viewing
angle, and the colors indicate the different models (orange: early;
green: wide; blue: late; purple: failed). To guide the eye, the ob-
served bolometric luminosity of AT2017gfo constructed in Drout
et al. (2017) is overplotted in grey. We do not seek to exactly match
the light curve of AT2017gfo, but do confirm that the time and
energy scales in our models roughly match those of the event.

We find that the thermal energy imparted by the jet on the ejecta
is negligible in comparison to the heating due to r-process decays.
However, the kinetic energy of the jet is sufficient to change the
density structure of the ejecta, leading to a viewing-angle variation
in the radioactive transient.

The dashed lines in Figure 4 show light curves calculated
considering the thermal energy from both jet shock heating and
r-process heating. The solid lines show curves from models that are
identical to their dashed counterparts, other than that they include
only r-process heating. The light curves with and without jet shock
heating are very similar, even 1 hr after merger. Since the jet shock
heating in our models happens within the first several seconds of
evolution, by 1 hr the contributions have largely adiabatically de-
graded. Moreover, the thermal energy from shock heating is orders
of magnitude less than that from r-process decays (Fig. 2).

This is true even in the “wide” case, which has the largest jet
energy by a factor of three and the largest solid opening angle by
a factor of 16. It also has the highest peak shock thermal energy,
reaching ∼ 2 × 10−2Eej. By contrast, the other models have peak
thermal energies < 10−3Eej (Duffell et al. 2018). Even the large
amount of thermal energy in the wide case is not sufficient to affect
the light curve; radioactive heating dominates.

This demonstrates the difficulty of thermalizing sufficient en-
ergy for jet-ejecta shock heating to directly impact the kilonova light
curve. We find that without a delay in jet onset, any effects of the
jet on the light curve after one to two hours will be due to changes
to the density profile of the ejecta. If the jet were delayed relative to
the outflow, we would see more thermal energy from shock heating.

Whether or not this would be sufficient to affect the light curve
at one to two hours will depend on the length of the delay and is
currently uncertain.

3.2 Jet can strongly affect density structure

The jet has a minimal effect on the density or energy structure
of the failed model. We use the failed model to study the light
curves from our ejecta model in the absence of a jet, allowing us to
isolate the effects of the jet-induced asymmetry from the inherent
viewing angle dependence of the light curves from the ejecta. This is
particularly important since the initial ejecta distribution is slightly
oblate (axis ratio 1.3, (Duffell et al. 2018)). The polar light curves in
the failed case are ∼ 50 per cent brighter than those on the equator
due to the slightly larger surface area seen by an observer at 0◦
(Darbha & Kasen 2020).

The three other cases, however, show larger changes to the
bolometric luminosity. The early and late cases show polar light
curves that are brighter by factors of ∼ 3 − 4 and ∼ 2 respectively
in the first ∼ 12 h. After this, the light curves lose most of their
viewing angle dependence. In these models, the jet has carved out a
low-density tunnel along its axis. This cavity can be clearly seen in
the density distributions plotted in Figure 1. These low density re-
gions have very little radioactive heating relative to the unperturbed
regions of the ejecta that remain much more dense. The channel
carved by the jet exposes the hot material that would otherwise re-
main optically thick until a few days after merger. The polar light
curves are therefore brighter due to the hotter photosphere along
the jet axis. While the jet cavity does slightly increase the projected
surface area on the pole relative to the failed case, the effect is
slight due to the small solid angle subtended by the jet. Instead,
the primary cause of the increase in brightness is due to the higher
photospheric temperature within the jet cavity.

This effect is most easily seen in temperature snapshots from
the radiation transport simulations. Slices of the radiation temper-
ature at 3.3, 12.5, and 39.6 hours are shown Figure 5. The white
contour shows where the radial optical depth τ = c/v. Temperatures
at a given τ are higher at the poles than on the equator, and the ratio
between polar and equatorial photospheric temperatures is greater
at earlier times, dropping from 5 at 3.3 hours to 3 at a day and a half.
Throughout, there is a drop in temperature at around 15 degrees,
corresponding to the angle where the jet-induced asymmetry ends.
Temperatures are also higher slightly away from the jet cavity (at
say ∼ 20◦) than on the equator.

The hotter photosphere on the poles leads to emission that
is both brighter and bluer. This is apparent in the viewing angle-
dependent spectra shown in Figure 6. For the first day of evolu-
tion, the spectral energy distribution peaks brighter and at shorter
wavelengths on the pole than on the equator. At 3.4 h, the polar
SED peaks at ∼ 100 nm as compared to ∼ 300 nm on the equa-
tor. Peak νLν is at around 1 × 1042 erg/s on the pole, as compared
to 2 × 1041 erg/s on the equator. The polar spectra are wider than
expected for a single-temperature black-body, indicating that the ob-
server sees both the hotter polar region and cooler off-axis material.
This highlights the need for multi-dimensional radiation transport
simulations when predicting the light curves of non-spherical tran-
sients. At later times, the differences between polar and equatorial
spectra become less pronounced, corresponding to the reduced tem-
perature contrast between the two angles. Since the ejecta are also
cooling, the spectra at all angles shift to redder wavelengths and are
dimmer at later times.

Bluer spectra at earlier times near the poles correspond to

MNRAS 000, 1–11 (2020)
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Figure 4. Isotropic equivalent bolometric luminosity at different viewing angles for different models. The bolometric luminosity of AT2017gfo (Drout et al.
2017) is overplotted in grey to guide the eye and demonstrate that our light curves are of approximately the correct luminosity and time scales. Each panel
corresponds to a different viewing angle, arranged from polar to equatorial. Colors correspond to different jet-ejecta interaction cases, as described in Section
2.1 and as shown in Figure 1 (orange: early; green: wide; blue: late; purple: failed). The light curves in solid lines consider only r-process heating, while the
dashed lines also include jet shock heating. We find that the inclusion of jet shock heating does not appreciably affect the light curves. However, when the jet
substantially alters the density structure of the ejecta, the polar light curves can be much brighter than on the equator. This is most pronounced in the early
breakout case, where there is an energetic, collimated jet. By contrast, the model with a lower-energy jet and the same opening angle (late breakout) has a much
less pronounced brightening on the pole.

brighter ultraviolet light curves at those times. Figure 7 shows Swift
UVOTW2-band (central ν = 193 nm) and Cousins R-band (central
ν = 635 nm) light curves for our four models and compares them
to observations (Kasliwal et al. 2017). The UV light curves show
a similar trend to the bolometric luminosities. The early breakout
model is brightest on the pole, and remains slightly brighter than
the late and failed cases until about 45◦ from the pole, where all
models other than wide become indistinguishable. Since the wide
case has the largest impact on the density structure, it also has
the greatest effect on the light curves. At all viewing angles other

than the pole, the wide breakout case is brighter than the other
models in the UV. By contrast, the effect of the jet cavity on the
R-band light curves is much smaller. The higher temperatures on
the pole enhance emission across the UV and optical spectrum, but
the enhancement is much less on the Rayleigh-Jeans tail of the black
body distribution, where flux is proportional to temperature, rather
than near the peak where the scaling is stronger.
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3.3 Comparison with afterglow

Once the jet escapes the ejecta, it interacts with the surrounding
interstellar medium, giving rise to synchrotron emission across the
electromagnetic spectrum. Afterglows are brightest when viewed
on-axis, and for energetic jets interacting with dense circumburst
media (Sari et al. 1998; van Eerten et al. 2010; Granot et al. 2018).
We expect the optical afterglow to outshine the kilonova if the
system is observed pole-on.Wu&MacFadyen (2019) fit the physical
properties of the observed off-axis afterglow of GRB 170817A
and use these parameters to predict what the event would have
looked like on-axis. We convert their X-ray light curve to optical
bands using the fitted spectral slope of the GRB 170817A afterglow,
Lν ∝ ν−0.6 (Margutti et al. 2018). This predicts a UV luminosity
of −15 mag at one day, which is brighter than any of our on-axis
kilonova models. This is consistent with predictions that, in general,
an on-axis kilonova will be hidden from view by the GRB afterglow
(Metzger & Berger 2012). In the redder bands, the kilonova will
stay brighter for longer; it is possible that the kilonova will exceed
the afterglow several days after the burst, at which point the early-
time effects of the jet-induced asymmetry on the kilonova will have
dissipated.

If observed off-axis, the kilonova may be brighter than the af-
terglow in UV bands for around one day. In Figure 8 we compare
our kilonova light curves with simulated off-axis afterglow light
curves from van Eerten & MacFadyen (2011). We consider com-
binations of circumburst number density (n ∈ {1, 10−3}cm−3) and
jet energy (Ej ∈ {1048, 1050} erg). The densities are typical of short
GRBs (Berger 2014), and the jet energies overlap with our more
energetic models (early and wide). The brightest afterglow model
we consider, (1050 erg, 1 cm−3), is likely to be an upper bound on
the off-axis afterglow from one of our jet models. Even in that case,
the UV kilonova will outshine the off-axis afterglow for the first half
day of evolution.

3.4 Non-grey opacities

All of the calculations that we have discussed thus far make the
simplifying assumption that the ejecta have a constant grey opacity

of κ = 1 cm2g−1. This assumption is not realistic, since kilonova
ejecta are expected to be rich in r-process elements, whose opacity
is dominated by a dense forest of atomic lines. There is therefore
a concern that the brightening due to the jet-induced asymmetry
could be obscured by atomic lines from d- or f-block elements that
can blanket the blue and UV portions of the spectrum.

To assess the effect of non-grey opacity, we re-simulate the
“early” model but use a composition of half 90-Ca and half 90-Fe
to calculate the opacity. We refer to this model as “KFe”. This com-
position approximates the opacity of the first peak of the r-process
(Section 2.3). The isotropic equivalent bolometric luminosity is
shown in Figure 9. We compare these light curves with those of
models with grey opacity κ = {0.3, 1} cm2g−1 (K0.3 and K1.0, re-
spectively). The figure shows the light curves seen by near-polar and
equatorial observers.We do not show a pole-on kilonova light curve,
since at those angles, it would be much dimmer than the accom-
panying afterglow. The bolometric light curves of the KFe model
roughly match those from K0.3; both KFe and K0.3 are brighter
than K1.0, but have the same shape. The viewing angle-dependence
remains in all models; near-polar viewing angles are brighter than
their equatorial counterparts.

While bolometric light curves of grey (K0.3) and more re-
alistic (KFe) models are comparable, the band luminosities differ,
particularly in the UV. Figure 10 compares Swift UVOT W2 and
Cousins R band light curves for the KFe and K0.3 models. The
primary effect of a more realistic opacity is that the UV light curve
evolves more quickly, peaking earlier and brighter and dimming
more rapidly. This is most pronounced near the equator, where the
KFe model peaks at −15.4 mag, and dims by 4.8 mag within the
first day of evolution. By contrast, at the same viewing angle, K0.3
peaks slightly dimmer at −15.0 mag but only dims by 2.5 mag by
the end of the first day.

The dimming in the UV is due to the rise in bound-bound
opacity at ultraviolet wavelengths as the ejecta cool and recombine.
Consequently, this dimming is less pronounced near the pole, where
the temperature is higher. As seen from near the pole, KFe looks
very similar to K0.3 for the first ∼ 20 h, before there is a sharp
turnover in the KFe UV light curve that is not matched by K0.3.

When UV absorption increases, there is a corresponding in-
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crease in re-emission across the spectrum. Photons are effectively
scattered from high to low frequency. This leads to a slight enhance-
ment to the R-band light curve after about a day. Overall the R-band
light curve is largely unaffected by the choice between iron-like and
comparable grey opacity, reflecting the low bound-bound opacity
in the infrared and red bands.

4 DISCUSSION & CONCLUSION

A relativistic jet in binary neutron star or neutron star-black hole
mergers can affect the light curve seen from a homologously ex-
panding, radioactive outflow. These changes are due to the impact

of the jet on the density structure of the ejecta. The jet evacuates a
region around its axis, which exposes the hotter inner material that
would otherwise remain optically thick. The photosphere in those
areas is hotter, and the emission from near the pole is brighter and
bluer. The bolometric (ultraviolet) light curves can be enhanced by
factors of a few (several) at near-polar viewing angles on ∼ day
timescales (see first panels of figures 4 and 7). The effect is less
pronounced 15◦ − 30◦ from the pole, though still noticeable. Past
30◦ and in (infra)red bands, light curves are largely unchanged. It is
unlikely that an off-axis afterglow would outshine the kilonova and
hide this effect (figure 8). The degree of brightening depends on the
jet parameters. Jets with larger energies and opening angles create
larger cavities within the ejecta, so the light curves aremore strongly
affected. The effects are also not as confined to polar viewing angles
(see figures 4 and 7).

Our approximate treatments of both the homologous outflow
structure and the opacity of the ejecta introduce uncertainty into
our quantitative predictions. However, the qualitative difference be-
tween the polar and equatorial light curves of a given model and
the rough magnitude of the effect should be robust, provided that
a cavity exists. We have shown that an evacuated region within an
otherwise spheroidal outflow should lead to brighter and bluer emis-
sion from inside the cavity. This result should generalize to other
similar ejecta configurations, such as magnetically-driven outflows
from NS merger accretion disks.

The hydrodynamic simulations that underlie our work are ax-
isymmetric and ignore magnetic fields, which may result in an ar-
tificially underdense cavity. In 3D magnetohydrodynamics (MHD),
jets may develop kink instabilities, which can disrupt their propa-
gation (Bromberg et al. 2019). There may also be mixing between
the jet and the surrounding cocoon (Gottlieb et al. 2020). Both of
these effects could increase the density within the jet cavity and re-
duce the polar brightening. There is also a question of whether hot
ejecta will expand latitudinally into the jet cavity, reducing its size
or erasing it entirely. Magnetic pressure within the jet cavity may
stabilize the channel, but the circumstances under which the cavity
is stable are uncertain. Further study of the long-term (> 10 s), 3D
MHD evolution of neutron star merger ejecta is needed to better
understand the jet cavities that may form and persist in nature.

Because the impact of the jet cavity is largest in the blue and
ultraviolet (see figures 6 and 7), our results point to the importance
of early UV followup of gravitational wave signals and highlight
the value of wide-field UV surveys.

This picture is largely insensitive to our choice of opacity.
Emission is brighter and bluer near the pole than on the equator for
models that have a small grey opacity as well as for models that
have an opacity representative of first peak r-process elements (see
figures 9 and 10). The UV light curve in this model falls off more
quickly than in the grey case. As the ejecta cool and recombine,
the bound-bound opacity increases in the blue and ultraviolet. The
ejecta are hotter on the pole than on the equator, so the UV light
curve stays bright for about a day near the pole, as compared to
a few hours further off-axis. We also expect our qualitative results
to be independent of any latitudinal variation in opacity, since the
effects of a jet cavity on light curves are largely confined to near-
polar viewing angles. Material near the poles is expected to have
lower rather than higher opacity (Miller et al. 2019). Polar light
curves may generally be brighter and bluer, even without a jet due
to the lower opacity and larger projected surface area (Korobkin
et al. 2020). A jet cavity would enhance this effect.

Our results complement recent work that has studied the effect
of a jet on a layer of high-opacity material that may form in a
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neutrino-driven wind from the NS merger accretion disk (Nativi
et al. 2021). Disrupting this layer of occluding material brightens
the early kilonova as seen from near the pole. The effects of a jet
on the long-term evolution of NS merger ejecta, and therefore on
kilonova light curves, remains a rich and interesting direction for
future work.

While some of the jet energy is thermalized in the ejecta via
shocks, this contribution to the total thermal energy of the ejecta
is negligible compared to that from radioactive heating at all of
the times we study (& 1 h). These results are consistent with those
of Gottlieb et al. (2018), who find that cooling emission from jet
shock heating becomes subdominant by 1 h for opacities typical of
Lanthanide-poor material.

Our models assume a minimal delay between the ejection of
the more spherical outflow and the start of the jet engine. In our
highest jet energy per solid angle case (“early” in table 1), the jet
breaks through the ejecta at a radius of ∼ 107 cm. In other cases
we consider (“late” and “wide” in table 1) the jet/shock breaks out
at ∼ 1010 cm, after about a second of expansion. After breakout,
the deposited thermal energy falls off as the reciprocal of the radius
of the ejecta. By delaying the start of the engine and using a wide
jet opening angle, some prior work has suggested that the cooling
emission from shock-heated regions can reach luminosities in excess
of 1042 erg/s on timescales of several hours to days (Kasliwal et al.
2017; Piro & Kollmeier 2018). However, the energies supplied by
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jet heating in our calculations — which have jet opening angles and
energies typical of short GRBs (Fong et al. 2015)— are factors of
100 − 1000 less than that supplied by the r-process (figure 2). In
order for shock heating to be significant for the kilonova light curve,
the jet energywould need to be increased by a large factor∼ 100, the
“jet” would need to be relatively spherical, and/or there would need
to be shocks between the jet and ejecta at distances much greater
than the 1010 cm found here. We regard these as unlikely.
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(orange). Observations of AT2017gfo are shown in grey circles; arrows
indicate upper limits (Kasliwal et al. 2017). We show light curves as seen
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and calcium to recombine, increasing the bound-bound opacity. The R-band
light curve is largely unaffected by the choice of opacity.
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