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ABSTRACT

We explore the electromagnetic counterparts that will associate with binary neutron star mergers

for the case that remnant massive neutron stars survive for & 0.5 s after the merger. For this study,

we employ the outflow profiles obtained by long-term general-relativistic neutrino-radiation magneto-

hydrodynamics simulations with a mean field dynamo effect. We show that a synchrotron afterglow

with high luminosity can be associated with the merger event if the magnetic fields of the remnant

neutron stars are significantly amplified by the dynamo effect. We also perform a radiative transfer

calculation for kilonovae and find that for the highly amplified magnetic field cases, the kilonovae can

be bright in the early epoch (t ≤ 0.5 d), while it shows rapid declining (. 1 d) emission and long-lasting

(∼ 10 d) emission in the optical and near-infrared wavelength, respectively. All these features have

not been found in GW170817, indicating that the merger remnant neutron star formed in GW170817

might have collapsed to a black hole within several hundreds ms or magnetic-field amplification might

be a minor effect.

1. INTRODUCTION

The merger of neutron stars (NSs) is currently one

of the most interesting phenomena in high-energy astro-

physics, in which physical processes in extreme (strongly

self-gravitating, high-density, and high-temperature) en-

vironments are realized. During the inspiral motion

just before the merger, gravitational waves reflecting

the mass, spin, and internal structure of the NSs are

emitted. At the onset of the merger, the NS mat-

ter is ejected by tidal disruption and collisional shock

waves (e.g., Rosswog et al. 1999; Ruffert et al. 2001;

Hotokezaka et al. 2013). After the binary merger, a

massive neutron star (MNS) or a black hole (BH) sur-

rounded by a strongly magnetized hot and dense accre-

tion torus is formed (Price & Rosswog 2006; Kiuchi et al.

2018). The accretion torus is considered to launch a rel-

ativistic jet and outflows by magnetic pressure and ten-

sion, viscous heating due to magneto-hydrodynamical

turbulence, and neutrino irradiation. In addition, the r-

process nucleosynthesis of heavy elements is expected to

proceed in the neutron-rich ejecta (Lattimer & Schramm

1974; Eichler et al. 1989; Freiburghaus et al. 1999;

Cowan et al. 2021). In such a situation, weak interac-

tion processes play an important role in determining the

thermodynamic properties of the merger remnants, the

post-merger environment, and the abundance of the ele-

ments synthesized in the ejecta (e.g., Metzger et al. 2010;

Goriely et al. 2010; Wanajo et al. 2014; Just et al. 2015;

Sekiguchi et al. 2015, 2016; Radice et al. 2016; Miller

et al. 2019; Fujibayashi et al. 2018, 2020a,b,c; Foucart

et al. 2020; Just et al. 2021a).

The observations of gravitational waves from an NS-

NS merger (GW170817; Abbott et al. 2017a) and its

multi-wavelength electromagnetic (EM) counterparts

(Abbott et al. 2017b) have demonstrated that such ob-

servations provide an invaluable opportunity to study

fundamental physics under extreme conditions. For ex-

ample, gravitational waves detected enable us to in-

fer the degree of the NS tidal deformation in close or-

bits, leading to constraining the NS equation of state

(EOS) (Abbott et al. 2017a; De et al. 2018). Observa-

tions in the optical and near-infrared (NIR) wavelengths

(Andreoni et al. 2017; Arcavi et al. 2017; Coulter et al.

2017; Cowperthwaite et al. 2017; Dı́az et al. 2017; Drout

et al. 2017; Evans et al. 2017; Hu et al. 2017; Valenti

et al. 2017; Kasliwal et al. 2017; Lipunov et al. 2017;

Pian et al. 2017; Pozanenko et al. 2018; Smartt et al.

2017; Tanvir et al. 2017; Troja et al. 2017; Utsumi et al.

2017) are consistent with the theoretical predictions for

a kilonova; the emission powered by the radioactive de-
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cay heating of r-process elements (Li & Paczynski 1998;

Kulkarni 2005; Metzger et al. 2010; Kasen et al. 2013;

Tanaka & Hotokezaka 2013). The color evolution and

spectra strongly suggest that indeed r-process elements

have been synthesized in the ejecta (e.g., Cowperthwaite

et al. 2017; Kasen et al. 2017; Kasliwal et al. 2017;

Perego et al. 2017; Tanaka et al. 2017; Villar et al. 2017;

Rosswog et al. 2018; Kawaguchi et al. 2018).

A synchrotron afterglow was discovered in the radio,

optical, and X-ray bands (Hallinan et al. 2017; Haggard

et al. 2017; Margutti et al. 2017; Troja et al. 2017; Ly-

man et al. 2018). A superluminal motion of the radio

source reveals that a narrowly collimated relativistic jet

is produced in GW170817 (Mooley et al. 2018). In addi-

tion to the jet afterglow, a long-term synchrotron flare is

expected to arise from the merger ejecta on time scales

of ∼ 1–104 years (Nakar & Piran 2011; Hotokezaka &

Piran 2015; Hotokezaka et al. 2018; Margalit & Piran

2020). Interestingly, the X-ray flux observed around 3.5

years after GW170817 exceeds the expected flux of the

jet afterglow, suggesting that the ejecta afterglow starts

to dominate over the jet component (Hajela et al. 2021;

Troja et al. 2022). However, the origin of the X-ray ex-

cess is sill under debate because the radio flux is still

consistent with the prediction of the jet afterglow (Bal-

asubramanian et al. 2021).

There are a variety of open questions associated with

GW170817. One of the most important questions is

whether, and if so, when the remnant NS has gravi-

tationally collapsed into a BH. This question is con-

nected to the determination of the maximum mass of

the NS, which places an important constraint on the

NS EOS (e.g., Margalit & Metzger 2017; Rezzolla et al.

2018; Shibata et al. 2019). The amount of the ejecta

mass and its ejection mechanism are also suggestive for

understanding the underlying physics (e.g., Bauswein

et al. 2017; Coughlin et al. 2018; Radice & Dai 2019;

Kiuchi et al. 2019), while they are also still in debate.

To address these questions for GW170817 and also for

the observations of the future events, quantitative un-

derstanding of the relation between the mass ejection

mechanism and the EM counterparts is important. In

this article, among the various types of EM counter-

parts for the NS mergers, we focus particularly on the

EM counterparts that are launched by the consequence

of sub- and mildly- relativistic mass ejection associated

with the presence of a long-lived MNS.

Various studies in terms of the numerical simulations

have been performed for NS mergers, revealing the de-

tailed property of the ejecta and the resulting element

abundances of the nucleosynthesis together with the de-

pendence on the mass ejection mechanism and the bi-

nary parameters, such as the NS mass and NS EOS (Ho-

tokezaka et al. 2013; Bauswein et al. 2013; Wanajo et al.

2014; Sekiguchi et al. 2015; Foucart et al. 2016; Sekiguchi

et al. 2016; Radice et al. 2016; Dietrich et al. 2017; Bo-

vard et al. 2017; Kiuchi et al. 2018; Dessart et al. 2009;

Metzger & Fernández 2014; Perego et al. 2014; Just et al.

2015; Wu et al. 2016; Siegel & Metzger 2017; Shibata

et al. 2017; Lippuner et al. 2017; Fujibayashi et al. 2018;

Siegel & Metzger 2018; Ruiz et al. 2018; Fernández et al.

2019; Christie et al. 2019; Perego et al. 2019; Miller et al.

2019; Fujibayashi et al. 2020a,b,c; Bernuzzi et al. 2020;

Ciolfi & Kalinani 2020; Nedora et al. 2021; Foucart et al.

2020; Fernández et al. 2020; Mösta et al. 2020; Shibata

et al. 2021a,b; see Shibata & Hotokezaka 2019 for a re-

view). Based on or motivated by the knowledge of the

ejecta profile and the element abundances obtained by

those simulations, radiative transfer simulations with

the realistic heating rate and/or the detailed opacity

calculations have been performed to predict the kilo-

nova light curves in the last decade (e.g., Kasen et al.

2013, 2015; Barnes et al. 2016; Wollaeger et al. 2018;

Tanaka et al. 2018; Wu et al. 2019; Kawaguchi et al.

2018; Hotokezaka & Nakar 2019; Kawaguchi et al. 2019;

Korobkin et al. 2020; Bulla et al. 2021; Zhu et al. 2021;

Barnes et al. 2021; Nativi et al. 2020; Kawaguchi et al.

2021; Wu et al. 2021; Just et al. 2021b).

Here it is to be emphasized that for accurately deriv-

ing the light curve and spectrum of kilonovae, long-term

hydrodynamics evolution with the time scale of� 10 s is

crucial. At the time of the ejecta formation (. 10 s), the

ejected matter still has non-negligible amount of internal

energy compared to its kinetic energy, and thus, the sub-

sequent ejecta trajectory can be modified by the thermal

pressure (Kastaun & Galeazzi 2015). This hydrodynam-

ical effect in the subsequent evolution could be reflected

in the light curve of the EM counterparts. Currently,

there are only a limited number of studies that consider

the long-term hydrodynamics evolution of ejecta to pre-

dict the property of the EM counterparts (Rosswog et al.

2014; Grossman et al. 2014; Fernández et al. 2015, 2017;

Foucart et al. 2021; Kawaguchi et al. 2021; Wu et al.

2021).

Recently, Shibata et al. (2021b) performed a long-

term simulation for binary-neutron-star (BNS) merger

remnants using a general relativistic radiation magneto-

hydrodynamics (GRRMHD) simulation code with a

mean field dynamo term (Shibata et al. 2021a). They

paid attention to the models in which the remnant

MNS survives for a long period after the merger with

& 3 s. For these systems, it is indicated that intrin-

sic magneto-hydrodynamics (MHD) effects such as the

magneto-centrifugal effect (Blandford & Payne 1982)
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and magnetic-tower effect may play an important role

for the mass ejection if the magnetic-field strength in

the merger remnant is amplified and the high field

strength is preserved for a time scale longer than the

mass ejection time scale. For example, the magnetic

field lines anchored at the remnant MNS induce the

magneto-centrifugal effect (Blandford & Payne 1982) to

the surrounding matter, which receives angular momen-

tum from the MNS and a part of which becomes a fast

outflow. In this paper, we employ the numerical results

of Shibata et al. (2021b) to predict a variety of the hypo-

thetical EM counterparts. We find that, in the presence

of the significant MHD effects, a synchrotron afterglow

with high luminosity can be associated with the merger

event. We also perform a radiative transfer simulation

for kilonovae and find that they can also be bright in the

early epoch (t ≤ 0.5 d), while it shows rapid declining

(. 1 d) emission and long-lasting (∼ 10 d) emission in

the optical and NIR wavelength, respectively.

This paper is organized as follows: In Section 2, we

describe the method employed in this study. In Sec-

tion 3, we describe the BNS models we study in this

work. The results of the nucleosynthesis calculation are

also presented in this section. In Section 4, we present

the property of the ejecta obtained by the long-term hy-

drodynamics evolution and the numerical results for the

light curves of the EM counterparts. Finally, we discuss

the implication of this paper in Section 5. Throughout

this paper, c denotes the speed of light.

2. METHOD

To obtain the ejecta profile in the homologously ex-

panding phase, we evolve the ejecta for ≈ 0.1 d by solv-

ing the axisymmetric hydrodynamics equations employ-

ing the outflow data obtained by numerical-relativity

(NR) simulations as the boundary condition (Shibata

et al. 2021b). In the following, to avoid the confusion,

we refer to the present hydrodynamics simulations as

the HD simulations.

We basically use the same method as that described

in Kawaguchi et al. (2021) for the HD simulations except

for an update on the treatment of the radioactive heat-

ing effect. In this method, relativistic hydrodynamics

equations in the spherical coordinates are solved taking

into account the effect of fixed-background gravity of a

non-rotating BH metric in the isotropic coordinates. In

the previous work, the radioactive heating effect is incor-

porated by adding a source term in the energy and mo-

mentum equations. However, as noted in Appendix A

of Kawaguchi et al. (2021), this naive treatment violates

the energy and momentum conservation of the system:

Because the radioactive heating is the consequence of

the release of the binding energy of nuclei, the total en-

ergy and momentum of the system do not change by this

process. Although the error due to the naive treatment

is small for our setup, we have corrected our HD sim-

ulation code to self-consistently solve the system. The

detail of the modification is summarized in Appendix A.

For the HD simulations, the uniform grid spacing with

Nθ grid points is prepared for the polar angle θ, while

for the radial direction, the following non-uniform grid

structure is employed; the j-th radial grid point is given

by

ln rj = ln

(
rout
rin

)
j − 1

Nr
+ ln rin, j = 1 · · ·Nr + 1, (1)

where rin and rout denote the inner and outer radii of

the computational domain, respectively, and Nr denotes

the total number of the radial grid points. We set the

same time origin for the HD simulations as in the NR

simulations for the post-merger evolution.

The time-sequential hydrodynamics property of the

outflow is extracted from the NR simulations of Shi-

bata et al. (2021b) at a certain radius, and is imposed

at r = rin of the HD simulations as the inner bound-

ary condition. Accordingly, rin is initially set to agree

with the radius at which the outflow profile of the NR

simulations is extracted. After the NR simulation data

are run out at t ∼ 5 s, the HD simulation is contin-

ued by setting the floor-value to the density of the inner

boundary. When the high velocity edge of the outflow

reaches the outer boundary of our HD simulation, the

radial grid points are added to the outside of the original

outer boundary. At the same time, the innermost radial

grid points are removed to keep the total number of the

radial grid points. By this prescription, the value of rin
is increased in the late phase of the HD simulations, and

rout is always set to be 103rin.

For calculating the kilonova light curves and the syn-

chrotron emission that arises from the ejecta fast tail,

the ejecta profile at 0.1 d after the onset of the merger

is employed. We perform the HD simulations with a

larger grid resolution than the previous study, that is,

(Nr, Nθ) = (3192, 196) to resolve the fast tail of the

ejecta with relatively low density and with mildly rel-

ativistic velocity. To predict the velocity distribution,

which is employed to calculate the non-thermal emis-

sion, we switch off the radioactive heating effect in this

HD simulation to reduce the computational time. This

is justified by the fact that the energy deposition due to

radioactive heating is negligible compared to the kinetic

energy for the fast tail. Indeed, we confirmed that the

light curves of the non-thermal emission shown below

are not affected by the presence of the heating terms
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in the HD simulations (see Appendix B). On the other

hand, for calculating kilonova light curves, the HD sim-

ulations taking the radioactive heating into account are

performed, because the internal energy deposited by the

radioactive heating during the ejecta expansion partially

contributes to the kilonova light curves (Kawaguchi

et al. 2021). We note that a relatively small grid reso-

lution of (Nr, Nθ) = (1024, 128) is employed for the vis-

cous model (see the next subsection), because we find

that it is sufficient to resolve the ejecta with a small

amount of the fast tail components (v > 0.6 c with v

being the radial velocity).

3. MODEL

3.1. Numerical relativity simulation

As the input for the HD simulations, we employ the

outflow profiles obtained by NR simulations for a post-

merger evolution of a BNS in Fujibayashi et al. (2020c);

Shibata et al. (2021b). The key quantities of each model

are summarized in Table 1. The first five models listed

in Table 1 are obtained by long-term resistive MHD sim-

ulations with a mean-field dynamo term (Shibata et al.

2021b), employing the axisymmetrized merger remnant

profile of an equal-mass BNS merger simulation with

the DD2 EOS (Banik et al. 2014) and with each NS

mass of 1.35M�: see Table 1 for the employed conduc-

tivity σc and mean-field dynamo parameters αd. We

note that for the larger values of σc the dissipation

time scale of the magnetic fields is longer and for the

larger values of αd the amplification time scale of the

magnetic-field strength associated with the dynamo ac-

tion is shorter. The last model listed in Table 1 with

the label of “α = 0.04” denotes the result for the

same BNS model but of a viscous-hydrodynamics sim-

ulation with the dimensionless alpha viscous parameter

of α = 0.04 (Fujibayashi et al. 2020c).

Table 1 summarizes the ejecta mass, M0
eje, and ejecta

energy, E0
eje, calculated from the time sequence of the in-

put outflow data of the NR simulations by the following

equations:

M0
eje :=

∫
r=rin

ρ∗v
rdtdS, (2)

E0
eje :=

∫
r=rin

ρ∗c
2(hw − 1)vrdtdS. (3)

Here, ρ∗ := ρut
√−g with ρ the rest-mass density, ut

the time component of the four velocity uµ, and g the

determinant of the spacetime metric. vr := ur/ut,

w := αgu
t with αg the lapse function, and h is the spe-

cific enthalpy1. We note that E0
eje contains the contri-

bution from both kinetic and free-energy energy flows.

The contribution from the dynamical ejecta to the to-

tal ejecta mass and ejecta energy, which are determined

only by the merger phase, are ≈ 1.5 × 10−3M� and

≈ 5 × 1049 erg, respectively (Fujibayashi et al. 2020c).

Thus, the post-merger ejecta contributes primarily to

these quantities.

As found from Table 1, the ejecta become massive and

more energetic as the value of αd or σc increases (i.e., as

the post-merger MHD activity is enhanced). In particu-

lar, the increase in the ejecta energy is significant as the

value of αd increases, while difference in the ejecta mass

is within a factor of 3 among the models. Since the

rotational kinetic energy of the MNS (∼ 1052−53 erg)

is the main source to accelerate the ejecta through the

magneto-centrifugal effect (Blandford & Payne 1982) in

the MHD simulations, these results indicate that the ef-

ficiency of converting the rotational kinetic energy of the

MNS to the kinetic energy of the ejecta depends strongly

on the magnetic-field evolution. Specifically, the dissi-

pation time scale of the magnetic fields controlled by

the conductivity determines the efficiency. On the other

hand, the ejecta mass converges within 20–50% of the

disk mass irrespective of the dynamo parameters (Shi-

bata et al. 2021b). The ejecta mass for the viscous model

(with α = 0.04) is as large as for model MNS70b and

larger than for model MNS70a. However the ejecta en-

ergy for the viscous model has only a half of that for

MNS70a, for which the MHD activity is weakest among

the present models. This also shows that the kinetic

energy of the ejecta is enhanced by an intrinsic MHD

effect.

Figure 1 shows the profiles of the rest-mass density

and electron fraction of the ejecta at t = 0 of the HD

simulations (note that the HD and NR simulations for

the post-merger evolution share the same time origin).

In this initial time slice, only the dynamical ejecta com-

ponent is present in the computational domain. The

rest-mass density profile of the dynamical ejecta ex-

hibits weakly spheroidal morphology, although the elec-

tron fraction is distributed in an anisotropic manner.

The ejecta in the polar region of θ . 45◦–60◦ are domi-

nated by the matter with Ye ≥ 0.3, while those around

the equatorial region (θ & 60◦) are dominated with

Ye ≤ 0.2. The difference in the ejecta electron fraction

reflects the difference in the mass ejection mechanisms:

the polar component is driven by the collisional shock

1 More precisely, ρ∗ and h correspond to ρ̂∗ and ĥ in Appendix A,
respectively. In the following, we omit the hat symbol “ˆ” for
those variables for the readability.
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Figure 1. Profiles of ejecta rest-mass density (the left panel) and electron fraction (the right panel) for model DD2-135 (Fu-
jibayashi et al. 2020c) of r ≥ 1500 km at t = 0.

Table 1. Key model parameters. The columns describe the model name, the phenomenological dynamo parameters of the NR
simulations (see Shibata et al. 2021b), ejecta mass, ejecta energy, lanthanide+actinide mass fraction, and Y+Zr mass fraction,
respectively. The values for the ejecta mass and energy shown outside and inside the parenthesis denote the values calculated
from the input outflow data of the NR simulations and the results of the HD simulations at t = 0.1 d, respectively. The values
listed here are obtained by the results for the HD simulations without taking the radioactive heating into account.

Model (σc [s−1], αd) M0
eje(M

0.1
eje ) [10−2M�] Eeje(E

0.1 d
K,eje) [1051M�c

2] Xlan+act XY+Zr

MNS70a (1 × 107, 1 × 10−4) 4.6(3.7) 1.0(0.84) 6.9 × 10−3 7.6 × 10−2

MNS70b (1 × 107, 2 × 10−4) 7.8(6.1) 2.1(1.7) 3.3 × 10−3 9.3 × 10−2

MNS75a (3 × 107, 1 × 10−4) 9.4(8.4) 14(13) 4.2 × 10−3 1.2 × 10−1

MNS75b (3 × 107, 2 × 10−4) 12(12) 16(15) 1.2 × 10−2 1.2 × 10−1

MNS80 (1 × 108, 1 × 10−4) 13(13) 41(42) 9.0 × 10−3 1.3 × 10−1

viscous (α = 0.04) — 7.6(6.5) 0.57(0.52) 3.1 × 10−3 5.0 × 10−2

heating during the merger of two NSs, while the other

component is driven by the tidal torque induced by the

non-axisymmetric matter distribution at the onset of the

merger (Wanajo et al. 2014; Sekiguchi et al. 2015, 2016;

Radice et al. 2016).

3.2. Nucleosynthesis

We performed a nucleosynthesis calculation in each

ejecta particle for a given model. The method of the

nucleosynthesis calculation as well as the post-process

particle tracing is the same as those described in our

latest paper (Fujibayashi et al. 2020c). In this work, we

set the radius for the extraction of the ejecta informa-

tion at 1500 km that is the initial value of rin for the

HD simulations. The tracer particles are distributed at

this radius (r = 1500 km) uniformly in the polar an-

gle, which are traced back in time. The bulk of the

dynamical ejecta has already passed the extraction ra-

dius at the beginning of the NR (MHD) simulations (see

Fig. 1). We adopt, therefore, the result of the nucle-

osynthesis calculation in the NR (viscous) model of Fu-

jibayashi et al. (2020c) for the matter with initial radius

1500 km < r < 8000 km.

Figure 2 shows the results of the nucleosynthesis cal-

culation for all the models listed in Table 1. The left

and right panels present the mass fractions as func-

tions of atomic mass number A (after decay) and of

atomic number Z (at 1 d), respectively, the latter being

used for the radiative transfer simulations in this study.

The heavy r-process elements are under-produced than

the solar abundance pattern (r-process residuals to the

solar abundance taken from Prantzos et al. 2020) not
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Figure 2. Mass fractions as a function of atomic mass number A (left; after decay) and of atomic number Z (right; at 1 d) for
all the models. The solar r-residuals (denoted by black circles) are vertically shifted to match that for the case of α = 0.04 at
A = 82 and Z = 34 in the left and right panels, respectively.

only for the viscous-hydrodynamics model but also for

the MHD models irrespective of the dynamo parame-

ters. This is because the mass of the post-merger ejecta

is by more than one order of magnitude larger than

that of the dynamical ejecta and the post-merger ejecta

predominantly synthesizes relatively light r-process ele-

ments with the atomic mass number smaller than 130.

On the other hand, significant amounts of Y (Z = 39)

and Zr (Z = 40), which have large contributions to the

opacity in the optical wavelength (Tanaka et al. 2020;

Kawaguchi et al. 2021; Ristic et al. 2021), are synthe-

sized (see also Table 1 for the lanthanide+actinide and

Y+Zr mass fraction of the ejecta). Note that the MHD

models lead to slightly larger amounts of r-process ele-

ment (including lanthanides+actinides and Y+Zr) than

that in the viscous model (α = 0.04) owing to the higher

entropies in the ejecta (and in part higher outgoing ve-
locities) for the formers (Shibata et al. 2021b).

As we discussed in Fujibayashi et al. (2020c), the

abundance pattern shown in Figure 2 is universally

found in the presence of long-lived MNSs as a merger

remnant. This abundance pattern does not agree with

the solar abundance pattern because of the overproduc-

tion of the relatively light elements withA . 130 (under-

production of the heavy elements). Therefore, suppose

that the solar abundance pattern is universal in the uni-

verse and the main site for the r-process nucleosynthesis

is BNS mergers, the channel in which a long-lived MNS

is formed should be the minority of the BNS mergers

(but see, Refs. Wu & Tamborra 2017; Wu et al. 2017; Li

& Siegel 2021, for the case that the neutrino oscillation

plays an important role in determining the ejecta Ye).

In other words, if the future observation suggests that

the formation of the long-lived remnant MNSs is the

majority of the BNS mergers, it will indicate that BNS

mergers might not be the main production sites of the

r-process elements. Besides the event rates, however,

this merger channel synthesizes rich r-process elements,

and thus, is the promising source of bright kilonovae,

which may be observed even if they appear at a large

distance. We show the light-curve models of kilonovae

in Section 4.3.

4. RESULTS

4.1. Ejecta profiles

This subsection focuses on the results of the ejecta

profile in the HD simulation. As we found in the previ-

ous study, a fraction of matter which passed through the

extraction radius in the NR simulations fails to become

gravitationally unbound during the subsequent hydro-

dynamics evolution even if the often-used Bernoulli cri-

teria (≡ hut ≤ −hmin, see Kastaun & Galeazzi 2015;

Vincent et al. 2020; Fujibayashi et al. 2020c; Foucart

et al. 2021) was satisfied at the time of passing through.

The reason for this is that the pressure of the precedingly

outgoing matter can decelerate the matter that catches

up. Hence, the total rest mass and energy of the ejecta
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Figure 3. Profiles of ejecta rest-mass density (the left panel) and electron fraction (the right panel) at t = 0.1 d for the viscous
model (α = 0.04).

at the homologously expanding phase can be slightly

different from those measured in the NR simulations.2

To quantify the rest mass and kinetic energy of the

ejecta at the homologously expanding phase, we evalu-

ate the following quantities at t = 0.1 d:

M0.1 d
eje :=

∫
ρ∗dV

∣∣∣∣
t=0.1 d

(4)

E0.1 d
K,eje :=

∫
ρ∗c

2(w − 1)dV

∣∣∣∣
t=0.1 d

. (5)

Here, we simply measure the mass and the energy in the

computational domain of the HD simulation, because,

at t = 0.1 d, approximately all the fluid elements satisfy

the geodesic criteria of unbound matter (≡ ut ≤ −1).

The numerical results are listed in Table 1, which are

2 Because the specific enthalpy contains the contribution of nuclear
binding energy, it is assumed that the released rest-mass energy
by nuclear burning is totally used to accelerate matter in the
Bernoulli criteria. We note that, assuming that the asymptotic
specific enthalpy is the minimum of the EOS table adopted, the
Bernoulli criteria gives possibly too loose condition for unbound
matter. The global minimum value of the specific enthalpy is
found at the point where the main composition of the matter is
iron, which has the largest nuclear binding energy (smallest rest-
mass per baryon). On the other hand, the r-process product has
smaller nuclear binding energy, and thus, the matter has larger
asymptotic specific enthalpy than hmin. Furthermore, only a part
of the released rest-mass energy by the nuclear burning can be
used to accelerate the matter because a fraction of the energy
is carried away by neutrinos. For the r-process neutrinos carry
away ∼ 40% of the energy (Hotokezaka et al. 2016b; Foucart
et al. 2021). For the above two reasons in addition to what is
discussed in the main text, a fraction of the matter can still be
asymptotically bound even if the Bernoulli criteria is satisfied.

obtained without taking the radioactive heating into ac-

count in the HD simulations. We note that the ejecta

mass increases by 10–15% if we take the radioactive

heating into account, although it has only a negligible

contribution to the EM light curves.

The differences between M0
eje and M0.1 d

eje and between

E0
eje and E0.1 d

K,eje denote the rest mass and energy of the

fall-back matter. These quantities decrease as the val-

ues of αd and σc increase, i.e., the kinetic energy (and

velocity) of the ejecta becomes higher. The fact that

E0.1 d
K,eje/E

0
eje is smaller than M0.1 d

eje /M0
eje implies that the

specific energy of the fall-back matter is smaller than

the bulk specific energy of the ejecta.

We note that in the HD simulations, after the out-

flow data of the NR simulations run out, the rest-mass

density on the inner boundary is switched to that for

an atmosphere value (= a sufficiently small floor value).

We should note that this treatment could artificially in-

crease the mass of the fall-back matter due to the sudden

vanishing of the pressure support on the inner boundary.

Nevertheless, as found in our previous paper Kawaguchi

et al. (2021), the contribution of such marginally un-

bound matter to either the synchrotron afterglow or

kilonova emission is minor because it has only low ve-

locity.

4.1.1. 2D ejecta profile

Figures 3 and 4 show the profiles of the rest-mass den-

sity and electron fraction of the ejecta at t = 0.1 d for

the viscous model (α = 0.04) and for models MNS70a,

MNS75a, and MNS80, respectively. We note that the
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Figure 4. The same as Figure 4 but for the MHD models. The top, middle, and bottom panels denote the results for models
MNS70a, MNS75a, and MNS80, respectively.
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ejecta profiles shown in Figures 3 and 4 are obtained

in the HD simulations that do not take the radioactive

heating into account.

As Shibata et al. (2021b) pointed out, the outflow

property similar to that for the viscous model is found

for the MHD models with a small value of the conduc-

tivity, σc = 1×107 s−1. Thus, we first discuss the results

for the viscous model as the reference, and then, we com-

pare the results for the MHD models with those for the

viscous model to clarify the specific features of the MHD

effects.

The rest-mass density and electron fraction profiles

for the viscous model (α = 0.04) show approximately

the same features as those found for the viscous model

in the previous study (a low-mass model, DD2-125; Fu-

jibayashi et al. 2020c; Kawaguchi et al. 2021). The

density profile of the ejecta with r/ct . 0.1 exhibits a

weakly spheroidal shape. This component is driven by

the viscous effect as the post-merger mass ejecta from

the torus surrounding the central MNS. On the other

hand, the density profile of the ejecta with r/ct & 0.1

exhibits mildly prolate morphology: For example, the

rest-mass density larger than 10−13 g/cm3 at t = 0.1 d

is distributed for the velocity space up to r/ct ≈ 0.5

and ≈ 0.4 toward the polar and equatorial directions,

respectively. For Ye distribution, primarily two distinct

components are seen: One has a torus-like shape lo-

cated around x/ct ≈ 0.2–0.4 and θ & 45◦ with Ye .
0.25, and the other has a prolate shape located around

x/ct . 0.2 and θ . 45◦ with Ye & 0.3. The former

corresponds to the dynamical ejecta component driven

by tidal torque induced by the non-axisymmetric mat-

ter distribution at the onset of the merger. The lat-

ter component is composed of a part of the dynami-

cal ejecta driven by the collisional shock heating and a

neutrino-irradiation-enhanced component (Fujibayashi

et al. 2020c; Kawaguchi et al. 2021).

In contrast to the viscous model, a significant amount

of the ejecta matter with high velocity (& 0.5 c) is

present in the MHD models, in particular for σc ≥
3 × 107 s−1. It can be seen in Figure 4 that the high-

velocity post-merger ejecta push the dynamical ejecta.

The pushed ejecta component is highly appreciable for

σc ≥ 3 × 107 s−1, for which the dissipation time of the

magnetic field in the MNS is longer than or as long as

the time scale of the post-merger mass ejection of several

hundreds ms, and the highest velocity of the ejecta with

the density larger than 10−13 g/cm3 at t = 0.1 d reaches

& 0.9 c in the polar direction. The velocity of the post-

merger ejecta can reach ∼ 0.7c even in the equatorial

direction. As the consequence, the low-Ye dynamical

ejecta is accelerated and confined toward the equatorial
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Figure 5. Upper panel: The velocity distribution of the
ejecta at t = 0.1 d for all the models employed in this paper.
Lower panel: The same as the upper panel but for three
different polar directions for model MNS75a.

plane, and also, the ejecta rest-mass density profile set-

tles into a more isotropic shape than that for the viscous

model. By contrast, besides the presence of the high ve-

locity (& 0.5 c) matter in the polar region, the MHD

model with a relatively small value of σc = 1 × 107 s−1

(MNS70a) shows similar ejecta profiles to those for the

viscous model. This is due to the fact that for such

a small value of σc the dissipation time scale of the

magnetic fields in the MNS is shorter than the post-

merger mass ejection time scale and the acceleration of

the post-merger ejecta by the magneto-centrifugal effect

plays only a minor role.

4.1.2. Kinetic energy distribution of ejecta
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Figure 5 shows the kinetic energy distributions of

ejecta at t = 0.1 d as a function of the radial four-

velocity defined by

EK(> ur) =

∫
>ur

ρ∗c
2(w − 1)dV. (6)

As we already found in Table 1, the ejecta become more

energetic as the values of αd and/or σc increase. The

kinetic energy distributions for the MHD models are

composed broadly of two components. One is a trans-

relativistic component with the Lorentz factor of . 2,

and the other is a mildly relativistic component with

the Lorentz factor of ≈ 2–5. The former component

dominates the total kinetic energy of the ejecta with

∼ 1051 erg for σc = 1× 107 s−1 (MNS70a and MNS70b)

and & 1052 erg for σc ≥ 3× 107 s−1 (MNS75a, MNS75b,

and MNS80), respectively. The latter component has

∼ 1048–1049 erg, which is by more than ∼ 2 orders of

magnitudes smaller than the former components.

The bottom panel of Figure 5 presents the angular

dependence of the kinetic energy. This shows that the

kinetic energy of the ejecta is dominated by the matter

in a polar region (θ ≤ 60◦). In particular, the mildly

relativistic component with ur/c & 3 are only present in

the polar region with θ ≤ 30◦. This result is obtained by

the following mechanism: The magneto-centrifugal ef-

fect initially induces the acceleration of the post-merger

ejecta primarily toward the equatorial direction. How-

ever, the straightforward acceleration is blocked by the

torus surrounding the MNS. By the interaction with the

torus, shocks are formed around the torus surface, and

thus, the motion of the post-merger ejecta is changed to

the polar direction.

In the viscous model, the kinetic energy distribution

of ejecta for ur/c > 0.05 is similar to that only with the
dynamical ejecta particularly for ur/c > 1 (Hotokezaka

et al. 2018). This is due to the fact that the post-merger

ejecta have only a minor contribution to the fast tail of

the ejecta for the viscous model. This is consistent with

the fact that the average velocity of the post-merger

ejecta is lower than that for the MHD models.

4.2. Synchrotron afterglow

The enhancement of the rest mass and total kinetic

energy of the fast velocity component in the MHD mod-

els has a significant impact on the flux of the ejecta

afterglow since the light curve depends strongly on the

Lorentz factor and kinetic energy of the ejecta (see, e.g.,

Nakar & Piran 2018). It has been suggested that the

afterglow of a BNS merger is expected to be extremely

bright if a fraction of the remnant NS’s rotational en-

ergy ∼ 1052 erg is converted to the ejecta kinetic energy

(Metzger & Bower 2014; Horesh et al. 2016; Beniamini

& Lu 2021). Here we present the synchrotron afterglow

light curve arising from the merger ejecta using the ki-

netic energy distribution shown in Figure 5.

The light curves for the synchrotron afterglow are

calculated using the same analysis as that in Ho-

tokezaka et al. (2018) with the equipartition parameters

at shocks, εe (the fraction of the energy which acceler-

ated electrons have) and εB (the fraction of the energy

which the magnetic field has), are set to be 0.1 and 0.01,

respectively. The energy distribution of the accelerated

electrons is assumed to be a power-law distribution of

the electron Lorentz factor with the power of p = 2.2.

Note that Margalit & Quataert (2021) show that ther-

mal electrons are expected to contribute significantly to

the radio flux for mildly relativistic outflows.

Figure 6 shows the light curves of the kilonova ra-

dio afterglow at 3 GHz. The top, middle, and bottom

panels denote the results for the cases of the different

interstellar medium (ISM) densities, n = 10−1, 10−3,

and 10−5 cm−3, respectively. Broadly speaking, there

are two components in the radio light curves: one is the

main component which peaks at t ≥ 0.1 yr and the other

is the faint early-rising component present for t ≤ 0.1 yr.

The emission around the peak luminosity arises from

the trans-relativistic ejecta component with the Lorentz

factor of . 2. The mildly relativistic component with

the Lorentz factor of ≈ 3–5 contributes to the early ra-

dio light curves for t ≤ 0.1 yr. The contribution of the

latter component to the total radio luminosity is minor

compared to the former component, and hence, we focus

mainly on the former one in the following, although the

latter could be important for the follow-up observation

in the early phase.

For either of the cases, the radio emission around the

peak time in the MHD models is much brighter than
that predicted by the model only with the dynami-

cal ejecta (Hotokezaka et al. 2018) and by the viscous

model. The peak luminosity varies by more than two

orders of magnitude for a fixed ISM density, and the

larger luminosities are achieved for the larger values of

σc and/or αd. Notably, the peak flux of the models

with σc = 1 × 108 s−1 exceeds ∼ 0.1 mJy even for the

distance to the source of 200 Mpc and a very low density

n . 10−5 cm−3. This peak flux is as bright as the radio

afterglow peak observed in GW170817. On the other

hand, n ≥ 10−3 cm−3 is required for the radio emis-

sion to be brighter than ∼ 0.1 mJy for the models with

σc = 1× 107 s−1. This suggests that the radio afterglow

will carry important information for the magnetic-field

enhancement in the merger remnants with a long-lived

MNS.
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Figure 6. The light curves of the kilonova radio afterglow
at 3 GHz for the MHD models at the distance to the source
of 200 Mpc. The top, middle, and bottom panels denote
the results for the cases that the ISM density, n, is 10−1,
10−3, and 10−5 cm−3, respectively. Here the parameters of
εe = 0.1, εB = 0.01, and p = 2.2 are used for modeling the
shock. We note that the luminosity for the viscous model
(“vis×102”) is scaled-up by a factor of 100. The data points
denote the observation of GW170817 taken from Makhathini
et al. (2021).
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Figure 7. The same as Figure 6 but for that in an X-
ray band (1 keV). The results for the ISM density, n =
10−3 cm−3 is shown. The data points denote the obser-
vation for GW170817 obtained by extrapolation from the
radio-band observation in Makhathini et al. (2021) assuming
a power-law frequency dependence with the power of −0.584
for the emission.

The time of the peak luminosity also depends on the

ISM density and the dynamo parameters. In particular,

the peak time is delayed for the models with large val-

ues of σc. This reflects the fact that larger total kinetic

energy of the ejecta is achieved for larger values of σc be-

cause of the longer dissipation time scale of the magnetic

fields (see Table 1). Interestingly, the rising part of the

radio light curves for the models with σc ≥ 3 × 107 s−1

have a shape similar to each other because of the sim-

ilarity in the kinetic energy distribution at ur/c & 2.

Measuring the slope of the early radio light curves may

have an important implication to the magnetic field am-

plification.

Figure 7 shows the same as Figure 6 but for that in

an X-ray band (1 keV). Here, the case of n = 10−3 cm−3

is shown. In Figure 7, we also plot the data points for

GW170817 obtained by extrapolation from the data at

3 GHz assuming a single power law spectrum with the

best fit index of −0.584 (Makhathini et al. 2021). As is

the same in the radio band, the X-ray emission for the

models with σc ≥ 3 × 107 s−1 is significantly brighter

than that observed in GW170817 for n = 10−3 cm−3.

The X-ray light curves become fainter than the flux

extrapolated from the radio light curve with ν−(p−1)/2

once the cooling frequency crosses 1 keV. This occurs

around the peak time for σc ≥ 3 × 107 s−1 and around

t = 10 yrs for σc = 1×107 s−1. This time scale is shorter

for higher ISM densities, e.g., a week for σc ≥ 3×107 s−1

at n = 10−1 cm−3. By contrast, the X-ray luminosity

from the ejecta is not as high as that of GW170817 for
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σc = 1×107 s−1 (i.e., for the short dissipation time scale)

and the viscous model.

4.3. Kilonovae

The light curves of kilonovae are calculated for mod-

els MNS75a, MNS70a, and viscous model using the

same method as in our previous paper (Kawaguchi

et al. 2021), i.e., using a wavelength-dependent radia-

tive transfer simulation code (Tanaka & Hotokezaka

2013; Tanaka et al. 2017, 2018; Kawaguchi et al. 2019,

2021). In this code, the photon transfer is simulated by a

Monte Carlo method for given ejecta profiles composed

of the density, velocity, and element abundance. The

time-dependent thermalization efficiency is taken into

account following an analytic formula derived by Barnes

et al. (2016). The ionization and excitation states are

determined under the assumption of the local thermo-

dynamic equilibrium (LTE) by using the Saha ionization

and Boltzmann excitation equations. We note, however,

that the assumption of the LTE is not always valid in

the low density region of the ejecta for the later epoch.

We discuss the possible non-LTE effects to the kilonova

light curves in Section 4.4.

For photon-matter interaction, bound-bound, bound-

free, and free-free transitions and electron scattering are

taken into account for the transfer of optical and infrared

photons (Tanaka & Hotokezaka 2013; Tanaka et al. 2017,

2018). The formalism of the expansion opacity (Friend

& Castor 1983; Eastman & Pinto 1993; Kasen et al.

2006) and the updated line list derived in Tanaka et al.

(2020) are employed for the bound-bound transitions.

The new line list is constructed by an atomic structure

calculation for the elements from Z = 26 to Z = 92 (see

Tanaka et al. (2020) for details), and supplemented by

the Kurucz’s line list for Z < 26 (Kurucz & Bell 1995).

The radiative transfer simulations are performed from

t = 0.1 d to 30 d. As the background hydrodynami-

cal state, the density profiles of the HD simulations at

t = 0.1 d are used with the assumption of the homol-

ogous expansion. The initial internal energy and tem-

perature for the radiative transfer simulations are de-

termined from those obtained by the HD simulations.

The spatial distributions of the heating rate and ele-

ment abundances are determined by the table obtained

by the nucleosynthesis calculations referring to the in-

jected time and angle of the fluid elements. As men-

tioned above, we focus on models MNS75a, MNS70a,

and viscous model for concise discussion, while they are

expected to be good representatives for studying the

MHD effect on kilonova light curves (for example, see

Figure 5). Note that the element abundances at t = 1 d

(the right panel in Fig. 2) are used during the entire

time evolution in the radiative transfer simulations to

reduce the computational cost, because this simplified

prescription (i.e., neglecting the effects that come from

the late-time nucleosynthesis) gives an only minor sys-

tematic error on the numerical results.

Figure 8 shows the bolometric luminosity as a func-

tion of time for models MNS75a, MNS70a, and the vis-

cous model (α = 0.04). The bolometric luminosity for

MNS75a is always larger than those for MNS70a and

the viscous model. This is primarily due to the larger

ejecta mass of MNS75a than those of MNS70a and the

viscous model, but the higher total specific heating rate

and thermalization efficiency are also relevant for the

difference. The release of the internal energy stored in

the matter until the initial period also contributes to the

total bolometric luminosity for t ≤ 0.5 d.

For a given model, the bolometric luminosity becomes

larger for smaller viewing angles (except for that of

model MNS70a observed from 0◦ ≤ θ ≤ 20◦ as we dis-

cuss later). This is primarily due to the presence of the

lanthanide-rich dynamical ejecta in the equatorial re-

gion, of which a high opacity plays an important role to

block the optical photons coming from the inner dense

region (known as the lanthanide curtain effect; Kasen

et al. 2015; Kawaguchi et al. 2019; Bulla 2019; Zhu et al.

2020; Darbha & Kasen 2020; Korobkin et al. 2020). The

viewing angle dependence is weaker for model MNS75a

than those for model MNS70a and the viscous model.

This is due to the fact that the lanthanide-rich dynam-

ical ejecta component is confined more prominently in

the equatorial region for model MNS75a than for the

other models (cf. Figure 4).

Model MNS70a and the viscous model show similar

total bolometric light curves. This is also the case for

the bolometric light curves observed from several view-

ing angles (see the right panel of Figure 8), except for

the face-on observation: The bolometric luminosity ob-

served from 0◦ ≤ θ ≤ 20◦ is as small as that observed

from 86◦ ≤ θ ≤ 90◦ for model MNS70a for t . 1 d.

This is due to the dominance of the 1st r-process peak

elements (with a small number of relevant radioactive

isotopes) in the polar region. As found in Figure 4,

the matter is blown up with high velocity in the MHD

models. In addition, appreciable amounts of Y and Zr

are present in the matter blown up with high velocity

(see Table 1 for the Y+Zr mass fraction in the ejecta).

Note that Y and Zr (particularly, those neutral and the

first ionized atoms) have significant contribution to the

opacity in the optical wavelength (Tanaka et al. 2020;

Kawaguchi et al. 2021; Ristic et al. 2021). As a conse-

quence, the emission toward the polar direction is sup-

pressed for model MNS70a in comparison with the vis-
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cous model. We note that a small fraction of Sr and

lanthanide+actinide elements that are synthesized and

blown up in the polar region also contributes to sup-

pressing the optical emission. By contrast, such sup-

pression of the bolometric luminosity is not very signif-

icant for model MNS75a. Our interpretation for this is

that the release of the internal energy from the ejecta

in the high velocity region, for which the opacity is rel-

atively low, dominates the emission in the early epoch

(t ≤ 0.5 d).

Note that model MNS70a and the viscous model show

broadly similar light curves regardless of the difference

of the total ejecta mass. This is because the difference of

the total ejecta mass between the two models is due to

the difference in the ejecta density in the region where

the velocity is less than 0.05 c, and such a difference has

only a minor effect on the light curves up to two weeks,

particularly for the peak flux in the optical wavelengths.

Figure 9 shows the gzK-band light curves for mod-

els MNS75a, MNS70a, and the viscous model for a hy-

pothetical distance to the source of 40 Mpc. In the

early epoch (for t ≤ 0.5 d), the kilonova emission for

MNS75a is brighter than or as bright as that observed

in GW170817. However, the optical (gri-band) emission

fades rapidly, and becomes fainter than that observed

in GW170817 for t ≥ 0.5–1 d. On the other hand,

the NIR (JHK-band) emission is always brighter than

that observed in GW170817. Similar features have been

found in our previous study for a model in which the

post-merger ejecta is accelerated to high velocity by a

hypothetical remnant activity (see the SMNS case in

Kawaguchi et al. 2019).

The rapid fading of the optical emission for model

MNS75a is primarily due to the rapid exhaustion of

the internal energy deposited at the time of ejecta for-

mation. The ejecta optical thickness decreases stem-

ming from the rapid outgoing expansion of the ejecta for

t . 0.3 d, and the release of the internal energy stored by

the radioactive heating (and also that deposited at the

time of ejecta formation) dominates the emission. For

t . 1 d, such internal energy has already been mostly

exhausted by the adiabatic expansion, and as a conse-

quence, the optical emission fades rapidly. The large

value of opacity in the optical wavelength due to the

presence of the 1st r-process peak elements (including Y

and Zr) in the polar region also plays an important role.

In particular, the neutral and the first ionized atoms, of

which fraction increase for t ≥ 1 d, have great contribu-

tions to the opacity in the optical wavelengths.

As found in Figure 8, the viewing angle dependence

of the gzK-band emission for MNS75a is weaker than for

the other models, reflecting the approximately spherical

ejecta profile and the confinement of the lanthanide-rich

dynamical ejecta component in the equatorial region.

This feature is advantageous for the observation of the

kilonovae from the off-axis directions.

Model MNS70a and the viscous model show approxi-

mately identical light curves, except for those observed

from the polar direction (0◦ ≤ θ ≤ 20◦), reflecting the

similar ejecta profile. As we described already, the dif-
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Figure 9. gzK-band light curves for MNS75a (solid curves), MNS70a (dashed curves), and the viscous model (α = 0.04; short-
dash curves). The top left, top right, bottom left, and bottom right panels denote the light curves observed from 0◦ ≤ θ ≤ 20◦,
28◦ ≤ θ ≤ 35◦, 59◦ ≤ θ ≤ 64◦, and 86◦ ≤ θ ≤ 90◦, respectively. The data points denote the observation data of GW170817
taken from Villar et al. (2017).

ference in the polar light curves is primarily due to the

different density structure and the different fractions of

the 1st r-process peak elements in the polar region. The

similarity in the light curves for the low-σc MHD mod-

els and the viscous model implies that the results of vis-

cous hydrodynamics simulations can provide a good phe-

nomenological model for the first-principle MHD model,

in the case that the intrinsic MHD effects such as the

magneto-centrifugal effect (Blandford & Payne 1982) are

not very strong.

Kilonova light curves for model MNS70a and viscous

model are in a fair agreement with those for GW170817.

This suggests that after the merger of the BNS in

GW170817, a long-lived MNS might be formed but the

magnetic-field amplification was not significant or the

dissipation time scale of the amplified magnetic field is

shorter than the mass ejection time scale. The weak

magnetic-field effect is consistent with the non-detection

of bright radio waves associated with the fast ejecta com-

ponent. However, as we already showed in Figure 2, the

abundance patterns of the r-process elements derived for

model MNS70a and viscous model do not agree with the

solar-abundance pattern. This suggests that GW170817

might be the rare event of the BNS mergers, under the

hypothesis that the BNS mergers are the major site for

the r-process nucleosynthesis and the solar abundance
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pattern is universal in the universe (see also the next

subsection for the current uncertainty).

In the presence of a relativistic jet, ejecta matter in

the polar region within the jet opening angle would be

blown up as is the case in the MHD models. In such

a situation, the light curves observed from such a view-

ing angle could show different features from what we

observed in GW170817. This fact might indicate that,

independently of the indication obtained from the ob-

servation of the GRB afterglow, the viewing angle of

GW170817 should be larger than the opening angle of

the ejecta matter which were blown up by the jet (how-

ever, see the next section for the possible non-LTE effect

to the ionization population which could significantly

change the results).

Figure 10 compares the kilonova and kilonova after-

glow light curves in the r-band. The r-band emission

from the kilonova afterglow reaches its peak magnitude

at 0.1–1 yr. Because the kilonova emission has typically

already faded at such an epoch, the afterglow emission

can be a characteristic feature for the MHD activity.

The afterglow emission could be as bright as the kilonova

emission and that of GW170817 intrinsically in the op-

tical wavelength if σc ≥ 3× 107 s−1 and n & 10−1 cm−3.

For such a case, the emission will be observable even up

to the distance of 200 Mpc by 1-m class telescopes (Nis-

sanke et al. 2013). On the other hand, the afterglow

emission will be ≈ 21 and 25 mag in the r-band for

40 and 200 Mpc, respectively, if σc ≤ 3 × 107 s−1 or

n . 10−3 cm−3, and 4/8-m class telescopes are neces-

sary for the follow-up observation.

4.4. possible non-LTE effect

For the later phase of the kilonova emission (possibly

for t & 1 d), the condition of LTE, which we assumed

in the present radiative transfer simulations, could break

down for the low density region in which the ionization of

the atoms by the radioactive rays becomes more signif-

icant than the recombination of ions (Hotokezaka et al.

2021; Kawaguchi et al. 2021). In fact, the importance for

taking the non-LTE effect in the excitation/ionization

population into account is well known for supernovae

radiative transfer simulations (e.g., Boyle et al. 2017).

Hotokezaka et al. (2021) solved the ionization and

electron temperature evolution in the kilonova nebular

phase, where the atomic properties of the ejecta are rep-

resented by Nd ions. They found that the population of

the neutral and first ionization atoms are significantly

suppressed in the low density region because of the high

efficiency of radioactive ionization due to r-process nu-

clei. Pognan et al. (2022b) also obtained similar results

on the ionization evolution in the nebular phase. These

results indicate that the non-LTE effects may suppress

the neutral and first ionized ions in the outer part of the

ejecta even at the earlier times. In fact, Pognan et al.

(2022a) show that the non-LTE effect can significantly

modify the ejecta opacity particularly in the low density

region even at a few days after the merger. Because com-

puting the ionization/excitation population is challeng-

ing due to its computational complexity and lack of the

atomic data for the r-process elements (see Hotokezaka

et al. 2021; Pognan et al. 2022b) here we provide qual-

itative estimates for the impacts of the non-LTE effects

on the kilonova light curves by removing the neutral

or both neutral and first ionized atoms. For this pur-

pose, we perform the radiative transfer simulations with

the setup that the neutral or both neutral and the first

ionized atoms set by solving the Saha’s equations are

artificially forced to be ionized to the first or the second

ionization states, respectively.

Figure 11 shows the gzK-band light curves observed

from 0◦ ≤ θ ≤ 20◦ for models in which the opacity

contributions from the neutral (“w/o I”; dashed curves)

or both neutral and first ionized atoms (“w/o I and II”;

dotted curves) are turned off. The light curves with

the default setting shown in Figure 9 are also plotted

with the solid curves in Figure 11 as the references. By

suppressing the opacity contribution from the neutral or

the first ionized atoms, the brighter and fainter emission

is realized at the time of the peak magnitudes in the
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gz-bands and K-band, respectively. Furthermore, the

time of the peak magnitudes moves to later and earlier

epochs in the gz-bands and K-band, respectively. The

effect of suppressing the opacity contribution from the

neutral or the first ionized atoms is more significant for

the emission in the shorter wavelengths and the effect

on the g-band is significant even from t ≈ 0.5 d. On the

other hand, the zK-band light curves for t . 1 d is less

affected by the suppression of the opacity contribution

from the neutral or the first ionized atoms.

The extinction of the polar optical emission, which is

seen for MNS75a and MNS70a (see Figure 9), is sup-

pressed by switching off the opacity contribution from

the neutral and the first ionized atoms. The g-band

light curves for both model MNS70a and viscous model

become more consistent with the observed data points

of GW170817 if we suppose that the light curves could

vary within the ranges up to those calculated without

the opacity contribution from both neutral and the first

ionized atoms. On the other hand, Figure 11 indicates

that the K-band emission for t & 2 d can become fainter

than the observation by the non-LTE effect, though it

is still in the range of the uncertainty. This might im-

ply that a different type of BNS merger which produces

brighter NIR photons in the kilonova, such as a BNS

with unequal mass NSs or a BNS of which remnant MNS

collapses to a black hole within a short time scale (. 100

ms), can be more consistent with the observed data of

GW170817.

The light curves for model MNS75a show different

features from those observed in GW170817 even if the

opacity contribution from the neutral or the first ionized

atoms is suppressed: though the difference in the g-band

emission from the observation can be less pronounced by

the non-LTE effect, the z and K-band emission is still al-

ways brighter than the data points by more than 1 mag-

nitude for t . 10 d, respectively. These results support

our hypothesis that a long-lived MNS associated with a

strong global magnetic field is unlikely to be formed in

GW170817.

Figure 11 show that both brightness and color of the

kilonova emission can be significantly modified if the

non-LTE effect plays an important role for determining

the ionization population of the ejecta. Beside the non-

LTE effect, we note that the uncertainty in abundance

distribution (and thus radioactive heating rate) will also

be the source of the systematic error for the light curves

not only by changing the emissivity but also by modify-

ing the ejecta temperature distribution which is respon-

sible for the ionization structure (Barnes et al. 2021).

Hence, the systematic study employing different nucle-

osynthesis models will be needed for the quantitative

understanding of the light curve uncertainty.

5. CONCLUSIONS AND DISCUSSION

Our results suggest the presence of the bright syn-

chrotron flare would be an indicator for the presence

of long-lived MNSs with significant amplification of the

global magnetic field, if we can distinguish it from the

jet afterglow. Such synchrotron emission can be ob-

served even for a far distance for which gravitational

waves are not detectable. For example the radio after-

glow of the MHD models with σc ≥ 3 × 107 s−1 and

with an ISM density of > 10−3 cm−3 at a distance of

200 Mpc can be identified with untargeted surveys (see,

e.g., Hotokezaka et al. 2016a; Dobie et al. 2021). In

fact, Dobie et al. (2022) demonstrated that an untar-

geted search with ASKAP can identify radio transients

on time scales of a few days to a year with a flux level

down to ∼ 200µJy if the localization area is reasonably

small ∼ 30 deg2. They found one radio transient in the

localization area of GW190814, which is likely unrelated

to the merger event.

The ASKAP untargeted search for GW190814 pro-

vides an interesting upper limit on the surface density

of radio transients above 170µJy varying on time scales

of days to a year, < 0.013 deg−2 (Dobie et al. 2022). If

we suppose that a fraction f of BNS mergers with a rate

of 300 Gpc−1 yr−1 produces a radio transient similar to

model MNS80 with 10−3 cm−3 (see the middle panel of

figure 6) the surface density of such transient is expected

to be ∼ 0.03f deg−2(Sν/170µJy)−3/2. This observed

upper limit implies f . 0.3. Thus, BNS mergers of

which remnant MNSs survive for a long period could be

minority, if significant MHD effects are induced in the

remnant MNSs. This is consistent with our latest find-

ing (Fujibayashi et al. 2020c), which shows that in the

presence of long-lived MNSs, relatively light r-process

elements should be over-produced and the entire solar-

abundance pattern of the r-process elements, which is

believed to be the universal, cannot be reproduced.

We here emphasize that not necessarily all the BNS

mergers produce ejecta with the solar-abundance r-

process pattern. This implies that even if a metal-poor

star for which the elemental abundance pattern is dif-

ferent from the solar one, we do not always have to con-

sider that the r-process nucleosynthesis for it was pro-

ceeded in a source different from the BNS merger. We

also emphasize that a bright long-lasting radio transient

has not been found after short GRBs even though the

extensive follow-up observations have been conducted

(Metzger & Bower 2014; Horesh et al. 2016; Fong et al.

2016; Klose et al. 2019; Schroeder et al. 2020). This im-
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plies that BNS mergers which result in long-lived MNSs

with significant amplification of the global magnetic field

(i.e., magnetars) might not be the central engine of short

GRBs.

In the presence of a long-lived MNS with a strong

global magnetic-field, the kilonova emission will also

show distinct features from the cases that the magnetic-

field amplification is not significant or the MNS collapses

to a BH in a short time scale (. 100 ms); the optical

emission which is bright in the early epoch (t ≤ 0.5 d)

but becomes fainter in a short time scale (≈ 1 d) and

the NIR emission which is always brighter by more

than 1 magnitude than those observed in GW170817

for t . 10 d. While we should note that the presence of

such features, particularly in the optical wavelength, de-

pends on how strongly non-LTE effects play a role (see

Sec. 4.4), the significant amplification of the global mag-

netic field might be examined by observing such features

in the early epoch. For this purpose, the rapid kilonova

search with high cadence is important.

The bolometric luminosity for the viscous model and

MNS70a (except that observed from θ ≤ 30◦) agrees

fairly well with the observed data of GW170817. The

peak magnitudes in the grizJHK bands for these mod-

els are also in good agreement with the observation of

GW170817. The disagreements of the light curves after

the time of the peak magnitudes will be much less pro-

nounced if we consider the possible uncertainty of the

light curve prediction due to the non-LTE effects. On

the other hand, we showed that the kilonova light curves

for the MHD models with σc ≥ 3 × 107 s−1 will exhibit

different features from GW170817. This suggests that

the MHD effect might not play an important role in the

post-merger phase of GW170817. Since the significance

of the MHD effect depends strongly on the parameters

of the phenomenological dynamo model, it is not clear

whether, and if so, at which time the remnant MNS

collapsed to a BH. Thus, investigation for the realistic

value for the phenomenological dynamo parameters as

well as the quantitative evaluation of the non-LTE ef-

fects will be important tasks to interpret the systems of

GW170817 and the future events.
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Mösta, P., Radice, D., Haas, R., Schnetter, E., & Bernuzzi,

S. 2020, Astrophys. J. Lett., 901, L37

Nakar, E., & Piran, T. 2011, Nature, 478, 82

—. 2018, MNRAS, 478, 407

Nativi, L., Bulla, M., Rosswog, S., et al. 2020, Mon. Not.

Roy. Astron. Soc., 500, 1772

Nedora, V., Bernuzzi, S., Radice, D., et al. 2021, Astrophys.

J., 906, 98

Nissanke, S., Kasliwal, M., & Georgieva, A. 2013,

Astrophys. J., 767, 124

Perego, A., Bernuzzi, S., & Radice, D. 2019, Eur. Phys. J.

A, 55, 124

Perego, A., Radice, D., & Bernuzzi, S. 2017, Astrophys. J.,

850, L37

Perego, A., Rosswog, S., Cabezón, R. M., et al. 2014, Mon.

Not. Roy. Astron. Soc., 443, 3134

Pian, E., et al. 2017, Nature, 551, 67

Pognan, Q., Jerkstrand, A., & Grumer, J. 2022a,

arXiv:2202.09245

—. 2022b, MNRAS, 510, 3806

Pozanenko, A., Barkov, M. V., Minaev, P. Yu., et al. 2018,

Astrophys. J., 852, L30

Prantzos, N., Abia, C., Cristallo, S., Limongi, M., &

Chieffi, A. 2020, MNRAS, 491, 1832

Price, D., & Rosswog, S. 2006, Science, 312, 719

Radice, D., & Dai, L. 2019, Eur. Phys. J. A, 55, 50

Radice, D., Galeazzi, F., Lippuner, J., et al. 2016, Mon.

Not. Roy. Astron. Soc., 460, 3255

Rezzolla, L., Most, E. R., & Weih, L. R. 2018, Astrophys.

J. Lett., 852, L25

Ristic, M., Champion, E., O’Shaughnessy, R., et al. 2021,

arXiv:2105.07013

Rosswog, S., Korobkin, O., Arcones, A., Thielemann, F., &

Piran, T. 2014, Mon. Not. Roy. Astron. Soc., 439, 744

Rosswog, S., Liebendoerfer, M., Thielemann, F. K., et al.

1999, Astron. Astrophys., 341, 499

Rosswog, S., Sollerman, J., Feindt, U., et al. 2018, Astron.

Astrophys., 615, A132

Ruffert, M., Ruffert, H. T., & Janka, H. T. 2001, Astron.

Astrophys., 380, 544

Ruiz, M., Shapiro, S. L., & Tsokaros, A. 2018, Phys. Rev.,

D98, 123017

Schroeder, G., Margalit, B., Fong, W.-f., et al. 2020, ApJ,

902, 82

Sekiguchi, Y., Kiuchi, K., Kyutoku, K., & Shibata, M.

2015, Phys. Rev., D91, 064059

Sekiguchi, Y., Kiuchi, K., Kyutoku, K., Shibata, M., &

Taniguchi, K. 2016, Phys. Rev., D93, 124046

Shibata, M., Fujibayashi, S., Hotokezaka, K., et al. 2017,

Phys. Rev., D96, 123012

Shibata, M., Fujibayashi, S., & Sekiguchi, Y. 2021a, Phys.

Rev. D, 103, 043022

—. 2021b, Phys. Rev. D, 104, 063026

Shibata, M., & Hotokezaka, K. 2019, Ann. Rev. Nucl. Part.

Sci., 69, 41

Shibata, M., Zhou, E., Kiuchi, K., & Fujibayashi, S. 2019,

Phys. Rev. D, 100, 023015

Siegel, D. M., & Metzger, B. D. 2017, Phys. Rev. Lett.,

119, 231102

—. 2018, Astrophys. J., 858, 52

Smartt, S. J., et al. 2017, Nature, 551, 75

Takahashi, K., Yoshida, T., Umeda, H., Sumiyoshi, K., &

Yamada, S. 2016, MNRAS, 456, 1320

Tanaka, M., & Hotokezaka, K. 2013, Astrophys. J., 775, 113

Tanaka, M., Kato, D., Gaigalas, G., & Kawaguchi, K. 2020,

Mon. Not. Roy. Astron. Soc., 496, 1369

Tanaka, M., et al. 2017, Publ. Astron. Soc. Jap., 69,

Publications of the Astronomical Society of Japan,

Volume 69, Issue 6, 1 December 2017, 102,

https://doi.org/10.1093/pasj/psx121

—. 2018, Astrophys. J., 852, 109

Tanvir, N. R., et al. 2017, Astrophys. J., 848, L27

Troja, E., et al. 2017, Nature, 551, 71

Troja, E., Piro, L., van Eerten, H., et al. 2017, Nature, 551,

71

Troja, E., O’Connor, B., Ryan, G., et al. 2022, MNRAS,

510, 1902



21

Uchida, H., Shibata, M., Yoshida, T., Sekiguchi, Y., &

Umeda, H. 2017, Phys. Rev. D, 96, 083016, [Erratum:

Phys.Rev.D 98, 129901 (2018)]

Utsumi, Y., et al. 2017, Publ. Astron. Soc. Jap., 69, 101

Valenti, S., Sand, D. J., Yang, S., et al. 2017, Astrophys. J.,

848, L24

Villar, V. A., et al. 2017, Astrophys. J., 851, L21

Vincent, T., Foucart, F., Duez, M. D., et al. 2020, Phys.

Rev. D, 101, 044053

Wanajo, S., Sekiguchi, Y., Nishimura, N., et al. 2014,

Astrophys. J., 789, L39

Waxman, E., Ofek, E. O., Kushnir, D., & Gal-Yam, A.

2018, Mon. Not. Roy. Astron. Soc., 481, 3423

Wollaeger, R. T., Korobkin, O., Fontes, C. J., et al. 2018,

Mon. Not. Roy. Astron. Soc., 478, 3298

Wu, M.-R., Barnes, J., Martinez-Pinedo, G., & Metzger,

B. D. 2019, Phys. Rev. Lett., 122, 062701

Wu, M.-R., Fernández, R., Mart́ınez-Pinedo, G., & Metzger,

B. D. 2016, Mon. Not. Roy. Astron. Soc., 463, 2323

Wu, M.-R., & Tamborra, I. 2017, Phys. Rev. D, 95, 103007

Wu, M.-R., Tamborra, I., Just, O., & Janka, H.-T. 2017,

Phys. Rev. D, 96, 123015

Wu, Z., Ricigliano, G., Kashyap, R., Perego, A., & Radice,

D. 2021, arXiv:2111.06870

Zhu, J.-P., Yang, Y.-P., Liu, L.-D., et al. 2020, Astrophys.

J., 897, 20

Zhu, Y. L., Lund, K., Barnes, J., et al. 2021, Astrophys. J.,

906, 94



22

APPENDIX

A. TREATMENT OF RADIOACTIVE HEATING

In this paper we update the treatment of radioactive heating in the HD simulation from the previous study, based

on the formulation of Takahashi et al. (2016); Uchida et al. (2017). In the previous study (Kawaguchi et al. 2021),

the rest-mass density, ρ∗, was evolved as a conserved quantity in solving the continuity equation. However, strictly

speaking, using ρ∗ as the conserved quantity is incorrect in the presence of the radioactive reaction because the rest-

mass of baryons can be changed due to the change of the nuclear binding energy. Thus, in this work, we define

ρ̂ = munB where mu is the atomic mass unit and nB is the baryon number density, and define ρ̂∗ = ρ̂ut
√
g as a

conserved quantity which follows the continuity equation without a source term; that is,

∂tρ̂∗ + ∂i
(
ρ̂∗v

i
)

= 0, (A1)

where vi := ui/ut.

The release of the nuclear binding energy by the radioactive decay is described by the change in the mass per baryon,

mb: We define the mass excess of the baryon by

δexc :=
mb −mu

mu
. (A2)

Using δexc, the rest-mass density is given by ρ = (1 + δexc)ρ̂. The enthalpy per baryon particle (weighted by 1/mu), ĥ

is then written as

ĥ = (1 + δexc) c
2 + ε̂+

P

ρ̂
, (A3)

with ε̂ being the internal energy per baryon particle (weighted by 1/mu). Note that ĥ is related to the specific enthalpy

(enthalpy per rest mass), h, defined in the previous paper with ρh = ρ̂ĥ. Then, the energy-momentum tensor is written

as

Tµν = ρ̂ĥuµuν + Pgµν . (A4)

Considering that a fraction of the energy release by the radioactive decay is carried and lost from ejecta by the

neutrino emission, the energy-momentum conservation is written as

∇µTµα = −ρ̂q̇(ν)uα(τ), (A5)

where q̇(ν) denotes the neutrino energy deposition rate per baryon particle (weighted by 1/mu) due to the radioactive

decay and τ denotes the proper time (affine parameter) in the fluid rest frame. The time evolution of the mass excess

in the fluid rest frame is connected to the radioactive-heating rate per baryon particle (weighted by 1/mu), q̇tot, with

dδexc
dτ

= − 1

c2
q̇tot(τ). (A6)

We can rewrite this equation into a form which is similar to the conservation form of the hydrodynamics;

∇µ (ρ̂δexcu
µ) = − 1

c2
ρ̂q̇tot(τ). (A7)

To evaluate q̇(ν) and q̇tot at each time step, the proper time in the fluid rest frame is needed. For this purpose, we also

determine the proper time of each fluid element by solving

∇µ (ρ̂τuµ) = ρ̂, (A8)

which is equivalent to solving dτ/dτ = uµ∇µτ = 1.
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Figure 12. Convergence study of the kinetic energy distribution for MNS75a. Nr and Nθ denote the numbers of the grid points
in r and θ directions, respectively. The curves with the label “w/ heating” denotes the result in which radioactive heating is
taken into account.

B. NUMERICAL CONVERGENCE OF THE EJECTA KINETIC ENERGY DISTRIBUTION

Figure 12 compares the kinetic energy distribution for MNS75a obtained by the HD simulations with various grid

resolutions. We found that the model with Nr = 3072 and Nθ = 192 is fairly sufficient to resolve the ejecta fast tail

with ur/c . 5, where Nr and Nθ denote the numbers of the grid points in r and θ directions, respectively.

We also confirmed that the light curves of the kinetic energy distribution is not affected by the presence of the

radioactive heating terms in the HD simulations (see the curves with “w/ heating” in Figure 12). This can be

understood by the fact that the energy deposition due to radioactive heating is negligible compared to the kinetic

energy for the fast tail.
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