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Abstract

The merger of two neutron stars may lead to the formation of a rapidly rotating magnetar. The interaction between
the Poynting-flux-dominated jet and the surrounding ejecta gives rise to a pulsar wind nebula, which produces
multi-band electromagnetic emission. Unlike previous models that assume constant jet properties, we incorporate
the radial evolution of the jet magnetization parameter (σ) and Lorentz factor, where σ decreases and the Lorentz
factor increases with radius due to magnetic dissipation. We solve the coupled dynamics of the forward shock
(FS), reverse shock (RS), and contact discontinuity (CD), and find that a large ejecta mass (Mej > 3 × 10−4 M⊙)
leads to the rapid inward propagation and eventual disappearance of the RS. For smaller ejecta masses, distinct
dynamical phases are identified: an initially backward-propagating RS, a prolonged lag of the RS behind the FS
and CD during ejecta traversal, and a final convergence after the FS emerges into the interstellar medium. The
emission evolves correspondingly, appearing as blackbody radiation from the optically thick ejecta at early times,
and later transitioning to synchrotron and external inverse Compton emission from the RS once the system
becomes optically thin.
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1. Introduction

The merger of binary neutron stars (BNS) represents a
major astrophysical event that provides valuable insights into
high-energy astrophysics, gravitational wave astronomy, and
the formation of heavy elements. In a BNS merger, two
neutron stars orbit each other and gradually lose energy due to
gravitational radiation, spiraling closer together until they
finally collide and merge. The observation of gravitational
waves from such mergers was first achieved in 2017 with the
detection of GW170817, a landmark event observed by LIGO
and Virgo (Harry & LIGO Scientific Collaboration 2010;
Somiya 2012; Bartos et al. 2013; Acernese et al. 2015; Abbott
et al. 2017a, 2017b). This event confirmed that neutron star
mergers are sources of gravitational waves and provided
compelling evidence linking them to short gamma-ray bursts
(sGRBs) and kilonova emissions associated with the produc-
tion of heavy elements via rapid neutron capture (r-process)
(Li & Paczyński 1998). The remnant formed after the merger
depends on factors such as the masses and spins of the initial
neutron stars (Paczynski 1986; Eichler et al. 1989; Barthelmy
et al. 2005; Fox et al. 2005; Rezzolla et al. 2011; Li et al.
2024). It may collapse promptly into a black hole or form a
hypermassive or even a stable neutron star. In the latter case,
the remnant can be a rapidly rotating, highly magnetized object

known as a millisecond magnetar (Dai et al. 2006;
Zhang 2013).

The formation of a magnetar can power relativistic outflows
that contribute to the prompt gamma-ray burst emission and
influence the subsequent multi-wavelength afterglow observed
in X-ray, optical, and radio bands (Dai et al. 2006; Rowlinson
et al. 2010, 2013; Dai & Liu 2012; Wang & Dai 2013;
Gompertz et al. 2014; Gao et al. 2015). Recent studies have
systematically investigated the electromagnetic signatures
powered by post-merger magnetars to identify their formation
in BNS or neutron star-black hole (NS-BH) mergers (Gao
et al. 2013; Wang & Dai 2013; Yu et al. 2013, 2015;
Zhang 2013; Gompertz et al. 2014; Wu et al. 2014; Wang
et al. 2015; Siegel & Ciolfi 2016a, 2016b; Li & Yu 2016; Li
et al. 2025). In particular, these works focus on scenarios
involving continuous energy injection into the surrounding
ejecta (Dai & Lu 1998a, 1998b; Zhang & Mészáros 2001;
Dai 2004), which can produce extended afterglows and flares
in sGRB. Corresponding observations provide key constraints
on the physical properties of magnetar-powered pulsar wind
nebulae (PWN) and help unravel the complex dynamics of
these high-energy transients.

A PWN is formed by the interaction between the pulsar
wind and the surrounding ejecta, and typically consists of the
following structures (Kotera et al. 2013): a forward shock (FS)
at the interface between the shocked and unshocked ejecta, and
a reverse shock (RS) at the interface between the shocked and
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unshocked pulsar wind (commonly referred to as the
“termination shock”). The region between these two
shocks, composed of shocked material, constitutes the PWN
(Chevalier & Fransson 1992; Gaensler & Slane 2006; Kotera
et al. 2013). However, the evolution of the leptonic-matter-
dominated jet is often simplified in previous studies. Previous
models usually assume that the physical properties of the jet
remain uniform throughout. In reality, both the jet magnetiza-
tion parameter (σ) and the Lorentz factor evolve with the
radius. Specifically, as the radius increases, the magnetization
parameter decreases while the Lorentz factor increases,
deviating from the conventional assumption of constant σ
and Lorentz factor. In addition, thermal photons from the
ejecta may return to the PWN and serve as seed photons for
external inverse Compton (EIC) scattering. In this study, we
incorporate the evolution of the jet’s magnetization parameter
and Lorentz factor, and explore the role of thermal-photon IC
scattering within the PWN. By accounting for these previously
overlooked interactions, our work aims to provide a more
complete understanding of the radiative processes occurring in
post-merger magnetar PWNe, offering improved diagnostics
of their multi-wavelength emission and potential insights into
the late-time evolution of the ejecta.

This paper is organized as follows. In Section 2, we present
our model for various radiation processes within the PWN,
including synchrotron radiation and EIC. Section 3 describes
the numerical results. Finally, conclusions and a discussion are
provided in Section 4.

2. Model

If a BNS merger results in the formation of a highly
magnetized, rapidly rotating NS (i.e., a magnetar) rather than a
BH, it can launch a relativistic magnetar wind. This wind is
initially dominated by Poynting flux, which is subsequently
converted into a particle-dominated outflow composed pri-
marily of electron-positron pairs at larger radii (Coroniti 1990;
Michel 1994; Dai 2004; Yu & Dai 2007). As the relativistic
wind interacts with the slower-moving ejecta, it is decelerated,
leading to the formation of an RS and an FS. In Section 2.1, we
present the spin-down luminosity of the magnetar and describe
the dynamical evolution of the PWN. Section 2.2 provides
calculations of the synchrotron radiation from the shocked
region and the EIC process involving thermal photons
originating from the ejecta and returning to the shocked region.

2.1. Ejecta Dynamics and the Reverse Shock

We assume that the merger of a BNS leads to the formation
of a magnetar. The physical scenario adopted in this paper is
illustrated in Figure 1 of Gao et al. (2013) and Figure 1 of
Wang et al. (2015). The interaction between the magnetar
wind and both the ejecta and the ambient medium gives rise to

a relativistic wind bubble (Dai 2004; Yu & Dai 2007; Mao
et al. 2010; Wang & Dai 2013; Wang et al. 2015; Liu et al.
2016). Two shocks form in this scenario: an RS that
propagates into the unshocked magnetar wind, and an FS that
propagates into the ambient medium. Consequently, the
relativistic wind bubble consists of four regions, separated
by two shocks and a contact discontinuity (CD):

1. Region 1: the unshocked ambient medium;
2. Region 2: the forward-shocked ambient medium;
3. Region 3: the reverse-shocked magnetar wind;
4. Region 4: the unshocked magnetar wind.

Regions 2 and 3 are separated by a CD.
The spin-down luminosity of the magnetar formed after the

BNS merger is given by (Duncan & Thompson 1992;
Giacomazzo & Perna 2013):

( ) ( )=
+

<
L

L t

t

1 , 0,

0, 0,
1

t

tsd
sd ,0 inj

inj

inj

sd

1

where = ×L B R P1 10 erg ssd,0
52 1

p,15
2

s,6
6

0, 3
4 is the initial spin-

down luminosity, with Bp,15 = Bp/1015 G the surface dipole
magnetic field in units of 1015 G, Rs,6 = Rs/106 cm the NS radius
in units of 106 cm, and P0,−3 = P0/10−3 s the initial spin period in
units of 1 ms. The injection time in the source frame is defined as
tinj = (cβjett + Racc − Rrs)/(cβjet), where Racc = 1 × 107 cm is the
jet acceleration radius, and Rrs is the radius of the reverse shock.
The power-law index is α1 = 5/3, and the characteristic spin-
down timescale is = ×t I B R P1 10 ssd

6
s,45 p,15

2
s,6

6
0, 3
2 , where

Is,45 = Is/1045 g cm2 is the moment of inertia of the magnetar in
units of 1045 g cm2. For a typical millisecond magnetar, the
dimensionless parameters Is,45, Rs,6, and P0,−3 are all of order
unity. Throughout this paper, we adopt the conventional notation
Q = 10nQn.

After the formation of the relativistic stellar wind bubble,
the total energy of the bubble in the progenitor frame is

( )= + + +E M c mc E E . 2tot 3 0,3
2

3
2

eff int,2 eff int,3

Energy conservation requires

( )= + + +dE dmc dE dE dE . 3tot
2

eff loss,rad,2 eff loss,rad,3 sd

Here, ( )= + +dE dmc dE dE1int,2 3
2

ad,2 loss,rad,2 and =dEint,3

( ) + +f dM c dE dE134 a 0,3
2

ad,3 loss,rad,3, where the first term
represents the random kinetic energy produced at the shock via
inelastic collisions, the second term corresponds to the energy
lost due to adiabatic expansion, and the third term denotes the
radiative losses, given by dEloss,rad,2 and dEloss,rad,3 for Region
2 and Region 3, respectively.

The dynamical evolution can then be described as (Nava
et al. 2013):
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Here, Γ3 denotes the Lorentz factor of Region 3, which is
equal to that of Region 2, i.e., Γ3 = Γ2. The initial value is set
to Γ3,0 = 1.1. The effective Lorentz factor is defined as

( ˆ ˆ )/= + 1eff 3
2

3, where ˆ ( )/= +4 33
1 is the

adiabatic index in the relativistic regime. The relative Lorentz
factor between the unshocked magnetar wind (Region 4) and
the blast wave is given by Γ34 = Γ4Γ3(1 − β4β3), where Γ4 is

the Lorentz factor of Region 4, and /= 1 14 4
2 and

/= 1 13 3
2 are the corresponding velocities in units of

speed of light c. The evolution of the swept-up mass from the
unshocked ambient medium by the FS as a function of radius
is given by dm/dR = 4πR2ρ. Suppose that the unshocked
ejecta has a wind-like density profile and that the FS
eventually propagates into the outer interstellar medium
(ISM), i.e.,

( ) ( )=
<

>
R

A R R R R

n m R R

, , 0 ,

, ,
50

2
ejecta fin

ISM p fin

where the initial radius of the ejecta is Rejecta,0 = 5 × 1010 cm
and the outer radius is taken as Rfin = 100 Rejecta,0. Here, nISM

is the number density of the ISM, assumed to have a fiducial
value of 0.1 cm−3, and A0 is the normalization constant
determined by mass conservation,

( ) ( )=R R dR M4 . 6
R

R

,0

2
ejecta

ejecta

fin

Additionally, the energy injected into Region 3 by the spin-
down of the magnetar can be expressed as

( )=
dE

dt
L . 7sd

sd
4 rs

4

The evolution of the mass in the RS magnetar wind region
(Region 3) is given by

( )
( )=

+
dM

dR

L

c 1
, 80,3 sd

3
4

4 rs

3 4

where σ is the magnetization parameter of the wind. As the
radius increases, magnetic energy in the jet is gradually
dissipated and converted into kinetic energy, leading to a
decrease in σ and an increase in Γ4. The evolution of σ can be
modeled as ( )/ /= 4,max 4

2 3 (Drenkhahn & Spruit 2002),
where /=4,max 0

3 2 is the maximum achievable Lorentz factor
of Region 4, and σ0 = 100 is the initial magnetization
parameter. Following Beniamini & Giannios (2017), the radial

evolution of Γ4 is given by
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where Rfs is the radius of the FS, and Rsatu is the saturation
radius of the magnetar wind, given by =R Rsatu acc 4,max

3

(Drenkhahn & Spruit 2002).
The internal energy and adiabatic loss in Region 2 can be

expressed as (Nava et al. 2013)
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respectively. Due to adiabatic expansion, the Lorentz factors of
post-shock protons and electrons decrease over time. Their
values at the current radius R are given by

= +p 1ad,p,2 ad,p,2
2 and = +p 1ad,e,2 ad,e,2

2 , where pad,p,2

and pad,e,2 are the comoving momenta at R.
For a particle injected at shock radius r with initial

momentum p(r), the comoving momentum at radius R is
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The mean Lorentz factors of freshly shocked protons and
electrons at injection radius r are given by
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( ) ( )[ ( ) )] ( )
µ

= +r r1 1 1. 15rad,e,2 rad
e

e

Here, εrad denotes the fraction of the energy carried by
electrons that is lost to radiation, while εp and εe represent the
fractions of the total dissipated energy transferred to protons
and electrons, respectively. The parameter μp = ρp/ρ denotes
the mass density fraction of shocked protons relative to the
total shocked mass density, and is typically approximated as
μp ≃ 1. Similarly, μe = ρe/ρ denotes the mass density fraction
of shocked electrons and positrons (hereafter simply referred
to as “electrons”). In the absence of electron-positron pairs,
electrons and protons have the same number density and
identical radial profiles, leading to μe ≃ me/mp.

Similarly, the internal energy and adiabatic loss in Region 3
can be written as (Nava et al. 2013)
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respectively. The calculation of adiabatic quantities in Region
3 follows the same method as for Region 2. However, since the
magnetization parameter σ > 0 in Region 3, the mean post-
shock Lorentz factors for protons and electrons are modified to

( ) ( )
µ

= +f 1 1, 18acc,p,3 a 34
p

p

( )( ) ( )
µ

= +f 1 1 1, 19rad,e,3 a rad 34
e

e

where the magnetization correction factor fa is given by
(Zhang & Kobayashi 2005; Mao et al. 2010)

( )
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f
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and the downstream four-velocity u3s satisfies the quartic
equation:

( ) ( ) ( )+ + + + =u u8 1 8 10 1 0, 213s
4 2

3s
2 2

as derived in Fan et al. (2004) and Zhang & Kobayashi (2005).

The evolution of the FS, RS, and CD radii is governed by
the velocities of the respective regions:

( )= = =
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c, , . 22fs

fs
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The FS velocity is determined by the shock jump conditions
(Suzuki et al. 2017):
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where ˆ ( )/ /= +4 1 33 is the effective adiabatic index of the
shocked region. The RS velocity depends on the magnetization
parameter and is given by

( )=
1

, 24rs
3 3s

3 3s

where /= +u u1s3 3s 3s
2 .

2.2. Emission

In the pulsar wind nebula scenario, Region 3 corresponds to
the shocked pulsar wind behind the RS. It is this region where
the relativistic e± pairs are heated and accelerated, thereby
determining the injected electron distribution responsible for
the subsequent radiation. The injection rate of electrons from
Region 4 is assumed to follow a power-law distribution with
an exponential cutoff (Kimura et al. 2019), expressed as
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e

max

where the normalization constant K is determined by
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. 26e e rs
2

4
4 rs

4 rsm

max

Taking into account the relative velocity between the shock
front and the fluid, the injection rate can be rewritten as
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where p = 2.2 and εe = 0.1. The minimum and maximum
Lorentz factors of electrons are given by
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and
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3

4
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where σT is the Thomson cross section, qe denote the electron
charge, ( )/=U B 8B

2 is the magnetic energy density and Us
is the energy density of seed photons. Here, synchrotron
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radiation and inverse Compton scattering are included as the
cooling mechanisms that determine the maximum Lorentz
factor.

The total comoving magnetic field B is given by the sum of
the comoving magnetic field in Region 3, B3 , and the magnetic
field generated in the RS region, Brs, i.e.,

( )= +B B B . 303
2

rs
2

Here, ( )= +B B f4 33 4 34 b, and ( )=B f n m c4 1 ,rs B 34 a 3 e
2

where =B n m c44 4 e
2 is the comoving magnetic field in

Region 4 (the unshocked cold wind) (Liu et al. 2016), εB = 0.1
is the fraction of dissipated energy converted into magnetic
fields, and me denotes the electron mass. The correction factor
fb is given by (Zhang & Kobayashi 2005; Mao et al. 2010)

( )
/

= + +f
u

1

4
1 1

1
. 31b

3s
2

1 2

The comoving electron number density in Region 4 is given by
(Liu et al. 2016)

( )
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, 324

sd
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2

4
2

e
3

where ξ = 0.3 is the conversion efficiency of spin-down
luminosity into particle kinetic energy. Accordingly, the
comoving electron number density in Region 3 is

( )= +n f n4 33 34 b 4 (Liu et al. 2016).
Assuming that the electron distribution ( )Ne e reaches a

steady state within the dissipation region, the continuity
equation takes the form
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where the cooling Lorentz factor is
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The total cooling time in the comoving frame is defined as

( ) ( )= +t t t , 35cool syn
1

eic
1 1

where /=tsyn e e,syn is the synchrotron cooling time, and

/=teic e e,eic is the cooling time due to EIC scattering. The
cooling rates of electrons due to synchrotron emission and EIC
emission are given by
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where h is the Planck constant, ns is the comoving number
density of seed photons, s is the frequency of seed photons,
and eic is the frequency of upscattered photons originating
from the ejecta. The scattering function F(q, g) is expressed as

( )

( ) ( )( ) ( )
( )

( )
=

+ + +
+

< <

38

F q g
q q q q
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2 ln 1 2 1
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with ( )/=g h m c4 e s e
2 and q = E/[g(1 − E)], where

( )/=E h m ceic e e
2 . The integration limits for the upscattered

photon energy are =h heic,min s and ·=h heic,max s

[ ( )]/ +g g 1 , h is the Planck constant.
The energy density of seed photons in the comoving frame

of Region 3, after the thermal photons from the ejecta
propagate back into this region, can be expressed as (Kimura
et al. 2019)

( )
[ ( ( )) ]
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h c h k T

8

exp 1
, 39s 34

s 34
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3 3
s B 34

where [( ) ( )]/ /= +T E E aVint,2 int,3
1 4 is the comoving temp-

erature of the ejecta. The evolution of the comoving volume
follows / =dV dt R c4 2 . The number density of seed
photons is then given by

( )=n
U

h
. 40s

s

s

The synchrotron emission power at a given comoving-frame
frequency ( )/= 2obs 4 is given by (Sari et al. 1998; Li
et al. 2021)

( ) ( )=f t
q B
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N F d,

3
, 41syn obs

e
3

e
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e
syn

e
e

e

where ( ) ( )/=
+

F x x K s ds
x 5 3 is the standard synchrotron

kernel involving the modified Bessel function K5/3, and the
characteristic synchrotron frequency is ( )/= q B m c3 4syn e e

2
e .

The EIC emission power at frequency ( )/= 2eic obs 4 in
the comoving frame is given by (Blumenthal & Gould 1970;
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Zhang et al. 2019)
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The optical depth of high-energy photons traveling through
the ejecta in Region 2 is given by

( )=
M

R4
, 43

2 ej

2

where Mej is the mass of the ejecta located ahead of the jet and
the total opacity κ2 is modeled as

( )=
h

1 keV
, 442 0

s
1

with κ0 = 7 × 103 cm2 g−1 describing the frequency-
dependent absorption for X-ray photons (Ren & Dai 2022).
Here, we take κ2 = 0.5 for optical photons.

The thermal luminosity from the ejecta at an observed
frequency ν can be calculated as (Yu et al. 2013)
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B

where [ ( ( ))]=D t1 1 is the Doppler factor.

Finally, the total non-thermal radiation observed flux at
frequency νobs is given by (Li et al. 2024)

( )
( )( )

( )=
+ +

F t
f f z e

d

1

4
, 46obs

4 syn eic

L
2obs

where dL = 40 Mpc is the adopted luminosity distance.
The calculation of the FS follows the same procedure as that

of the RS, except for the differences in the injected electron
population and the comoving magnetic field. The electron
injection rate in the FS region is given by
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Figure 1. Time evolution of the positions of the contact discontinuity (red
solid line), forward shock (black dashed line), and reverse shock (blue dotted
line). Results are shown for Mej = 1 × 10−4 M⊙ and Esd = 1 × 1052 erg.
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Figure 2. Time evolution of the optical depth of the ejecta for the case of
Esd = 1 × 1052 erg and Mej = 1 × 10−4 M⊙.
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Figure 3. Time evolution of the Lorentz factors in Regions 3 and 4, for
Esd = 1 × 1052 erg and Mej = 1 × 10−4 M⊙. The solid and dashed lines
correspond to Regions 3 and 4, respectively.
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and the corresponding comoving magnetic field is

( )=B n m c32 , 48fs B ISM p 3

where Rfs denotes the radius of the FS, mp is the proton mass.

3. Results

The merger of a BNS system can result in the formation of a
rapidly rotating and highly magnetized neutron star, accom-
panied by significant mass ejection. The newborn magnetar
releases magnetic dipole energy, driving a Poynting-flux-
dominated jet that interacts with the ejecta, leading to the
formation of forward and reverse shocks. We compute the
positions of the CD, FS, and RS using Equation (18), and
present the results in Figure 1. The calculation is performed for
an ejecta mass of Mej = 1 × 10−4 M⊙ and a spin-down energy
of Esd = 1 × 1052 erg. As shown in Figure 1, when the
Poynting flux first collides with the ejecta, the RS propagates
slightly backward relative to the flow direction. Subsequently,
the RS lags far behind both the CD and the FS until the FS
crosses the ejecta and enters the ISM. At this stage, the RS
gradually catches up with the CD and the FS, and eventually
the three nearly coincide in the ISM. It should be noted that
when the ejecta mass is sufficiently large (Mej > 3 ×
10−4 M⊙), the RS propagates inward rapidly and eventually
vanishes. For a typical BNS merger, however, the ejecta mass
along the jet direction is about 10−4 M⊙ (Ren et al. 2020).
Therefore, in the following radiation calculations, we only
consider the case where the RS persists.

Next, we compute the time evolution of the optical depth
using Equation (39). Figure 2 shows that the optical depth
drops below unity at around t ∼ 60 s. This implies that before
this time, the radiation from the RS is trapped within the ejecta
and cannot escape. Consequently, the early-time emission is
dominated by thermal (blackbody) radiation from the ejecta.
Using Equations (4) and (9), we also calculate the time
evolution of the Lorentz factors in Regions 3 and 4 in Figure 3.

Figure 3 illustrates that the Lorentz factor of Region 4
increases until it reaches a saturation stage. During the energy
injection phase, the ejecta is gradually accelerated by the
injected jet energy and subsequently decelerated by the
interaction with the external medium once the spin-down
energy injection becomes ineffective.

Finally, in Figure 4 we present the model light curves in the
1 eV and 1 keV energy bands for Esd = 1 × 1052 erg and
Mej = 1 × 10−4 M⊙. Note that the calculation of blackbody
radiation is terminated once the ejecta becomes optically thin.
In the 1 eV band, the early emission is dominated by
blackbody radiation from the ejecta. After the ejecta becomes
optically thin, synchrotron emission from the RS dominates,
followed at later times by EIC emission from the RS.
Eventually, synchrotron emission from the FS becomes the
primary contribution. In the 1 keV band, the early emission is
likewise dominated by blackbody radiation from the ejecta.
However, once the ejecta becomes optically thin, the EIC
emission from the RS provides the main contribution to the
observed flux.

4. Summary and Conclusion

This study investigates the dynamical evolution and
radiation mechanisms of a PWN powered by a magnetar
central engine. In particular, we consider the time-dependent
evolution of the magnetization parameter, as well as the EIC
process in which seed photons from the ejecta are upscattered
by electrons in the RS. The main conclusions are summarized
as follows:

First, when the Poynting flux initially collides with the
ejecta, if the ejecta mass is sufficiently large
(Mej > 3 × 10−4 M⊙), the RS rapidly propagates inward and
eventually disappears. For smaller ejecta masses, the RS
propagates slightly backward relative to the flow direction.
Subsequently, the RS falls far behind both the CD and the FS
until the FS traverses the ejecta and enters the ISM. At this
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Figure 4. Light curves in different energy bands. In both panels, the solid lines represent emission from the reverse shock, while the dashed lines represent emission
from the forward shock. Different radiation mechanisms are shown in different colors. The left panel shows the light curve in the 1 eV energy band, and the right
panel shows that in the 1 keV band. The light curves are computed with Esd = 1 × 1052 erg and Mej = 1 × 10−4 M⊙.
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stage, the RS gradually catches up with the CD and the FS, and
the three nearly coincide in the ISM at late times. Second,
during the energy injection phase, the ejecta is gradually
accelerated by the injected jet energy and later decelerated by
interaction with the external medium once the spin-down
energy input ceases to be effective. Finally, during the early
optically thick stage, the emission is dominated by blackbody
radiation from the ejecta. After the system becomes optically
thin, EIC emission from the RS dominates the 1 keV band. In
contrast, in the 1 eV band, synchrotron emission from the RS
dominates shortly after transparency, while EIC emission
becomes the leading component at later times.
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