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A B S T R A C T 

Pulsar wind nebulae are a possible final stage of the circumstellar evolution of massive stars, where a fast-rotating, magnetized 

neutron star produces a powerful wind that interacts with the supernova ejecta. The shape of these so-called plerionic supernova 
remnants is influenced by the distribution of circumstellar matter at the time of the explosion, itself impacted by the magnetic 
field of the ambient medium, responsible for the expansion of the circumstellar bubble of the progenitor star. To understand 

the effects of magnetization on the circumstellar medium and resulting pulsar nebulae, we conduct 2D magnetohydrodynamic 
simulations. Our models explore the impact of the interstellar medium’s (ISM) magnetic field on the morphology of a supernova 
remnant and pulsar wind nebula that develop in the circumstellar medium of massive star progenitor in the warm phase of the 
Milky Way’s ISM. Our simulations reveal that the jet-like structures formed on both sides perpendicularly to the equatorial plane 
of the pulsar, creating complex radio synthetic synchrotron emissions. This morphology is characterized by a rectangular-like 
remnant, which is typical of the circumstellar medium of massive stars in a magnetized medium, along with the appearance of 
a spinning top structure within the projected rectangle. We suggest that this mechanism may be partially responsible for the 
complex morphologies observed in pulsar wind nebulae that do not conform to the typical torus/jet or bow shock/tail shapes 
observed in most cases. 

Key words: MHD – stars: evolution – stars: massive – pulsars: general – ISM: supernova remnants. 
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 I N T RO D U C T I O N  

ulsar wind nebulae (PWNe) are intriguing astrophysical phenomena
owered by pulsars, rotating neutron stars with high magnetic field.
ulsars represent the final evolutionary phase of massive stars that do
ot directly collapse into black holes. Understanding the physics of
 pulsar and its interaction with the surrounding medium requires
no wledge of v arious physical processes, including high-energy
henomena, fluid dynamics, general relativity, and nuclear physics
see e.g. Weber 1999 ; Steiner et al. 2005 ; Lasky 2015 ; Pnigouras &
okkotas 2015 , 2016 ; Pnigouras 2019 ). 
Pulsars hav e v ery powerful magnetospheres with strong magnetic

elds of the order of kilogauss (kG), which play a crucial role in the
volution (see e.g. Mestel et al. 1985 ). The rotating magnetospheres
xtract energy from the pulsar and generate a powerful wind
see e.g. P ́etri 2022 ). The interaction of the pulsar wind with the
mbient medium produces the so-called pulsar nebulae, which can
e located inside or outside the supernova remnant of the progenitor
tar, depending on whether the pulsar had been kicked off by the
uperno va e xplosion (Barko v et al. 2019b ; Igoshev 2020 ; de Vries
t al. 2021 ). 
 E-mail: dmameyer.astro@gmail.com 
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A particular class of supernova remnants that contain a pulsar
xhibits a succession of structured shocks powered by the pulsar’s
agnetic wind, which in turn produces multiwavelength polarized

on-thermal emission. Notable examples of such plerions include
he Crab Nebula (Kennel & Coroniti 1984 ; Gallant & Arons 1994 ;
haronian et al. 2006 ) and the Geminga pulsar in the Vela supernova

emnant (Bock, Turtle & Green 1998 ; Popov et al. 2019 ). 
The modelling of PWN has been a long-standing challenge for

everal reasons. First, the physics involved in PWN is inherently
omplex, involving the interaction between the pulsar’s relativistic
ind and the surrounding medium. This requires a multidisciplinary

pproach. Secondly, the environment in which the pulsar wind is
aunched is often structured, as it depends on the properties of
he supernova remnant, the circumstellar medium of the progenitor
tar, or the interstellar medium (ISM) in which the pulsar resides.
he properties of the surrounding medium can significantly affect

he dynamics and emission of the PWN. These factors together
ake the modelling of PWN a complex and multifaceted problem,

equiring sophisticated theoretical models and numerical simulations
o understand the physics at play in full. 

The Crab Nebula is one of the most well-known examples of a ple-
ion. Extensi ve theoretical (K ennel & Coroniti 1984 ; Coroniti 1990 ;
egelman & Li 1992 ; Begelman 1998 ) and numerical studies have
een conducted on the Crab Nebula in both 2.5D (e.g. Komissarov &
© 2023 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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yubarsk y 2003 , 2004 ; Komissaro v 2006 ; Komissaro v & Lyutiko v
011 ) and 3D simulations (e.g. Porth, Komissarov & Keppens 2014 ;
lmi & Bucciantini 2019 ). Furthermore, the Crab Nebula provides 

mportant insights into the physics of pulsars and their interaction 
ith supernova remnants. 
The dynamics and morphology of PWNe undergo significant 

hanges when they expand inside a supernova remnant. This in- 
uence can be even more pronounced when the pulsar receives 
 kick during a superno va e xplosion, as observ ed in the case of
WN CTB 87 (Matheson, Safi-Harb & Kothes 2013 ). Extensive 
tudies have been conducted on the interaction between PWN and 
upernova remnants, focusing on no-moving pulsars in 1D and 2D 

cenarios (van der Swaluw et al. 2001 ; Blondin & Che v alier 2017 ),
ncluding a mock complex surrounding the neutron star (Blondin, 
he v alier & Frierson 2001 ; van der Swaluw 2003 ). These studies
ave also been extended to moving neutron stars inside the supernova 
jecta, re vealing the de velopment of strong shocks between the pulsar 
ind and supernova remnant (van der Swaluw et al. 2003 ; van der
waluw, Downes & Keegan 2004 ; Kolb et al. 2017 ; Temim et al.
017 , 2022 ). 
In some cases, the strong interaction between the PWN and the 

everse shock of the supernova remnant can result in a compression. 
his interaction phase is referred to as reverberation, during and 
fter which the morphology, spectrum, and dynamics of PWN could 
ndergo significant changes [see the recent studies by Torres & Lin
 2018 ) and Bandiera et al. ( 2020 , 2023 )]. 

For later phases, when the pulsar leaves the supernova remnant and 
tarts interacting with the ISM, a bow shock nebula forms around the
unaway pulsar. This phenomenon has been extensively studied using 
D simulations (Bucciantini & Bandiera 2001 ; Bucciantini 2002a , b ,
018 ; Bucciantini et al. 2004 ; Bark ov, Lyutik ov & Khangulyan
019a , 2020 ) and further detailed models have been tailored to the
rab Nebula (Mignone et al. 2013 ). Despite the high complexity of

hese simulations and the numerous questions the y leav e unanswered 
Olmi & Bucciantini 2023 ), all of these studies still neglect the
ffects of the circumstellar medium of the defunct star in which the
upernova remnant and the PWN expand during the initial phases. 

The circumstellar medium of a defunct star is formed through 
he interaction between the star’s wind and luminosity with the sur-
ounding ISM. The shape and properties of the circumstellar medium 

epend on various factors, including the evolution of the star, such 
s its mass, age, and stage of evolution, as well as the characteristics
f the surrounding ISM, such as density, temperature, and magnetic 
eld (van Marle, Meliani & Marcowith 2015a ; Meyer et al. 2022a ).
n the context of massive stars, the circumstellar medium undergoes 
uccessive structural changes. During its early life, it forms an 
ccretion disc (Liu et al. 2020 ; Meyer et al. 2022b ; Burns et al. 2023 ;
lbakyan et al. 2023 ). In its main-sequence phase, it expands into a
ind b ubble (Wea ver et al. 1977 ; Gull & Sofia 1979 ; Wilkin 1996 ).
ater on, it evolves into expanding shells (Stock & Barlow 2010 ; Cox
t al. 2012 ; Decin 2012 ; Decin et al. 2012 ). If a supernova explosion
ccurs, it leaves behind an expanding remnant shell (Aschenbach & 

eahy 1999 ; Yusef-Zadeh et al. 2003 ; Katsuda et al. 2018 ; Arias et al.
019 ; Chiotellis et al. 2019 ; Derlopa et al. 2020 ). Once the pulsar
mits a relativistic and powerful wind, it initially interacts with the 
urrounding supernova ejecta (Cox et al. 1999 ; Sun, Wang & Chen
999 ; Crawford et al. 2001 ; Olmi & Bucciantini 2023 ). As the PWN
asses through the supernova ejecta, it subsequently interacts with 
he circumstellar medium of the defunct star. The distribution of 
jecta, stellar wind, and ISM gas acts as a matrix that channels the
xpansion of the pulsar wind (Kolb et al. 2017 ; Temim et al. 2022 ).
his is particularly important when the supernova progenitor is a 
unaway star, as the bow shock created by its surrounding stellar
ind can influence the subsequent evolution and emission of the 

upernova ejecta and the PWN (Meyer & Meliani 2022 ). 
This study aims to investigate how the dynamics, morphologies, 

nd emission properties of PWNe with static massive star progenitors 
re influenced by a magnetized ambient medium. The multidimen- 
ional magnetohydrodynamic (MHD) simulations conducted by van 
arle, Meliani & Marcowith ( 2015b ) hav e rev ealed that the circum-

tellar medium of high-mass stars is significantly influenced by the 
rganized magnetic field of its ambient medium. This finding has 
rofound implications on the understanding of stellar wind bubbles 
round massive stars, as previously studied by Freyer, Hensler & 

orke ( 2003 , 2006 ) and Dwarkadas ( 2005 , 2007 ). The presence of a
agnetic field can cause expanding stellar wind bubbles to become 

longated and adopt an oblong morphology along the direction of 
he magnetic field lines. Our previous work (Meyer et al. 2022a )
as shown that such asymmetric pre-supernova environments can 
esult in a peculiar reflection of the supernova shock wave, leading
o the formation of rectangular-shaped remnants like Puppis A. In 
his study, we further investigate the effects of the reflection of the
upernova blast wave in asymmetric, magnetized wind bubbles that 
re generated by a static, rotating star in the warm phase of the
alactic plane and how it may impact the evolution of plerionic
WNe. 
The paper is structured as follows: In Section 2 , we present the
odelling methods used in this study. This includes the description of 

he numerical simulations of PWNe, which are detailed in Section 3 .
e then discuss the outcomes of our study in Section 4 , and present

ur conclusions in Section 5 . 

 M E T H O D  

n this section, we will provide a comprehensive re vie w of the
umerical set-up used in this study to generate models of PWNe
rom static massive stars. We will summarize the initial conditions, 
ncluding both the initial and boundary conditions, in the following 
aragraphs. Additionally, we will describe the numerical methods 
mployed in the simulations. 

.1 Initial conditions and boundaries conditions 

his paper presents models that simulate the interaction between a 
tar’s wind and ejecta at all phases of its evolution with the warm
SM in the Milky Way galaxy. The total number density of the ISM
s taken to be n ISM 

= 0 . 79 cm 

−3 , while the magnetic field of the
SM is uniform and structured, with a strength of B ISM 

= 7 μG . In
hese models, we assume that the ionized gas has a temperature of
000 K (Table 1 ). The ambient medium is in equilibrium between
he photoheating provided by the reionizing gas around the star, as
escribed in Osterbrock & Bochkarev ( 1989 ) and Hummer ( 1994 ),
nd the radiative losses from optically thin cooling processes, as 
utlined in Wolfire et al. ( 2003 ). 
The cooling law used in this study is based on the work of Wiersma,

chaye & Smith ( 2009 ), which is suitable for a solar metallicity
nvironment (Asplund et al. 2009 ). The cooling law accounts for
ydrogen and helium as the primary coolants at temperatures T <
0 6 K, and various metals’ emission lines at temperatures T ≥ 10 6 K.
he cooling curve is further enhanced with [O III ] λ 5007 collisionally
xcited forbidden lines, as described in Asplund et al. ( 2009 ) and
enney et al. ( 2009 ). 
In this paper, we present a model that captures the evolution of

he circumstellar medium surrounding a static massive star with an 
MNRAS 527, 5514–5524 (2024) 
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M

Table 1. List of models in this study. All simulations assume a rotating static massive star of mass M � at solar metallicity, in a medium of 
number density n ISM 

and organized magnetic field strength B ISM 

. The initial rotation rate of the central massive star is �� / �K = 0.1. 

Model M � (M �) n ISM 

(cm 

−1 ) B ISM 

( μG) Description 

Run-35-HD-0.79-PWN 35 0.79 0 35 M � induced PWN in unmagnetized warm ISM 

Run-35-MHD-0.79-PWN 35 0.79 7 35 M � induced PWN in magnetized warm ISM 
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nitial mass of 35 M � at the zero-age main sequence. The star is
onsidered to be rotating with an angular velocity ratio of �� / �K =
.1, where �� represents the star’s initial angular frequency and
K is its equatorial Keplerian angular velocity . Consequently , the

quatorial velocity of the star can be expressed as 

 rot ( t) = �� ( t) R � ( t) . (1) 

ere, R � ( t ) denotes the stellar radius, and the time dependence
ignifies the variation in surface properties throughout the star’s
ntire lifespan. The model tracks the complete evolution of the
ircumstellar medium surrounding the static star, ranging from the
nset of the zero-age main sequence to the pre-supernova phase. This
omprehensive approach encompasses various stages, including the
ain sequence, red supergiant, and final Wolf–Rayet phase. 
Regarding the stellar wind throughout the evolution phase, we

ssume that the stellar wind maintains spherical symmetry through-
ut the entire lifespan of the supernova progenitor, with the axis of
otation of the rotating star aligned with the axis of symmetry of
he domain. To determine the wind’s characteristics, we use the 1D
tellar evolution model provided by the GENEVA library, as described
n Ekstr ̈om et al. ( 2012 ). 1 Specifically, we extract the mass-loss rate
˙
 ( t) and the ef fecti ve temperature T eff ( t ) of the star at each stage of

volution from this data base, and derive from it the wind density, 

w ( r, t ) = 

Ṁ ( t ) 

4 πr 2 v w ( t ) 
. (2) 

n this equation, r represents the radial distance from the star, and
˙
 ( t) corresponds to the mass-loss rate of the star at time t . 
The terminal velocity of the stellar wind, denoted as v w ( t ), is

alculated based on the escape velocity v esc ( t ). The escape velocity
epends on the star’s ef fecti ve temperature T eff and is determined
sing the conversion law, 

 w ( t) = 

√ 

β( T ) v esc ( t) = 

√ 

β( T ) 
2 GM � ( t) 

R � ( t) 
, (3) 

here G represents the gravitational constant, and β( T ) is the
ormalization factor introduced by Eldridge et al. ( 2006 ). 
We adopt the time-dependent evolution of the surface magnetic

eld B � of the supernova progenitor as derived in Meyer et al. ( 2023 )
here the magnetic field strength at the surface of the star is scaled

o that of the Sun, as described in Baalmann et al. ( 2020 , 2021 ),
erbst et al. ( 2020 ), Scherer et al. ( 2020 ), and Meyer et al. ( 2021 ).
pecifically, we assume a magnetic field strength at star surface of
 � = 500 G during the main-sequence phase (Castro et al. 2015 ,
017 ; Fossati et al. 2015 ; Przybilla et al. 2016 ), to a Betelgeuse-
ike field of B � = 0 . 2 G for the red supergiant phase (Vlemmings,
iamond & van Langevelde 2002 ; Vlemmings, van Langevelde &
iamond 2005 ; Kervella et al. 2018 ) and B � = 100 G during the
olf–Rayet phase (Meyer 2021 ). Concerning the stellar magnetic
NRAS 527, 5514–5524 (2024) 
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s
a  

c  

(

eld structure, we utilize a Parker spiral made of a radial component, 

 r ( r, t) = B � ( t) 
(R � ( t) 

r 

)2 
, (4) 

nd a toroidal component, 

 φ( r, t) = B r ( r, t) 

(
v φ( θ, t) 

v w ( t) 

)(
r 

R � ( t) 
− 1 

)
, (5) 

espectively, with 

 φ( θ, t) = v rot ( t) sin ( θ ) (6) 

eing the latitude-dependent surface velocity of the rotating massive
tar (Parker 1958 ; Weber & Davis 1967 ; Che v alier & Luo 1994 ;
ozyczka & Franco 1996 ; Pogorelov & Semenov 1997 ; Pogorelov &
atsuda 2000 ). 
At the end of a star’s evolution, it enters the supernova phase,

uring which we model the expanding supernova ejecta as a spheri-
ally symmetric distribution within a radius of r max . The ejecta has
 total energy of E sn = 10 51 erg and a mass of M sn , which takes into
ccount the star’s mass loss throughout its entire evolution until the
mmediate pre-supernova time t psn , as well as the mass M NS of the
eutron star that forms at the centre. Specifically, we set 

 sn = M � −
∫ t psn 

0 
Ṁ ( t)d t − M NS = 10 . 12 M �, (7) 

ith t psn and M NS = 1.4 M � (Das et al. 2022 ). 
In our study, we adopt a density and velocity profile for the freely

 xpanding superno va ejecta based on the work by Truelo v e & McKee
 1999 ). This profile consists of two distinct regions (Bandiera et al.
021 ). The first region is a uniform density core extending from 0
o r core , where r core represents the core radius. In this region, the
ensity decreases with time following a power-law relationship of
 

−3 , where t denotes the time after the explosion. The second region
s the outer edge, extending from r core to r max , where r max corresponds
o the maximum radius. In this region, the density decreases steeply
ith radius, following a power-law relationship of ρ ∝ r −n , with

he exponent n set to 11. Additionally, the density in the outer edge
egion decreases with time as t −(3 + n ) . These density profiles can be
xpressed as follows: 

core = 

1 

4 πn 

(
10 E 

n −5 
sn 

)−3 / 2 (
3 M 

n −3 
sn 

)−5 / 2 

1 

t 3 max 

(8) 

nd 

max ( r ) = 

1 

4 πn 

(
10 E 

n −5 
sn 

)( n −3) / 2 (
3 M 

n −3 
sn 

)( n −5) / 2 

1 

t 3 max 

(
r 

t max 

)−n 

, (9) 

espectively. These density profiles are commonly used for core-
ollapse supernovae (Chevalier 1982 ). 

F or the v elocity, we utilize a homologous radial profile for the
upernov a ejecta, gi ven by v = t / r , across all regions from 0 to r max 

t time t max . The characteristics of the supernova ejecta profile are
omputed following the methodology outlined in Truelo v e & McKee
 1999 ) and Whalen et al. ( 2008 ). 
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The velocity at the core radius, denoted as v core ( r core ), is determined
s 

 core ( r core ) = 

(
10( n − 5) E sn 

3( n − 3) M sn 

)1 / 2 

, (10) 

here E sn represents the total energy of the supernova ejecta and M sn 

s the total mass of the ejecta. This equation ensures conservation of
oth mass and energy in the supernova ejecta. The maximum speed, 
enoted as v max , is set to 

 max = 

r max 

t max 
= 3 × 10 4 km s −1 . (11) 

his choice of v max maintains the conservation of total mass and 
nergy in the supernova ejecta (van Veelen et al. 2009 ). 

As the supernova ejecta are expelled, we set a radial pulsar’s wind
hat emanates from the centre, as described by Meyer et al. ( 2022a ).
his wind has a total power that is assumed to evolve over time, t ,
ccording to the following equation: 

˙
 psw = Ė psw , 0 

(
1 + 

t 

τ0 

)− n + 1 
n −1 

. (12) 

ere, τ o is the initial spin-down of the pulsar, given by 

o = 

P o 

( n − 1) Ṗ o 
. (13) 

he initial total power of the pulsar wind is set to Ė psw , 0 =
0 38 erg s −1 . The initial spin period of the pulsar is set to P o = 0 . 3 s,
nd its time deri v ati ve is set to Ṗ o = 10 −17 s s −1 . The braking index
s assumed to be n = 3, which corresponds to magnetic dipole spin-
own, as outlined in Slane ( 2017 ). 
Moreo v er, the pulsar’s wind is assumed to have a constant speed

f v psw = 10 −2 c ( c is the speed of light) and magnetization of σ =
0 −3 , as outlined in Slane ( 2017 ). The magnetic field is assumed to
ave only a toroidal component. The total kinetic energy, magnetic 
eld strength, and kinetic energy are functions of the radial distance 
 and polar angle θ , as described in Komissarov & Lyubarsky ( 2004 ).

˙
 total = 

Ė psw 

r 2 

(
sin 2 θ + 1 /σ

)
, (14) 

 = 

√ 

4 π

c 

1 

r 
sin θ ( 1 − 2 θ/π ) , (15) 

˙
 kinetic = Ė total − B 

2 

4 π
c . (16) 

Our choice of a spherically symmetric supernova explosion allows 
s to assume that the neutron star is at rest at the location of the
 xplosion and ne glects an y potential kick velocity resulting from
symmetries in the explosion. 

.2 Numerical methods 

o investigate the evolution of the PWN within the circumstellar 
edium of its static progenitor star that is surrounded by a magne-

ized external medium, we follow the strategy we used in Meyer et al.
 2015 ) and Me yer, Petro v & Pohl ( 2020 ), and that we extended after
o PWN in Meyer & Meliani ( 2022 ). The MHD simulations are con-
ucted in a 2.5D, axisymmetric cylindrical coordinate system. The 
imulation box extends over the range [ O ; R max ] × [ z min ; z max ] and
s discretized using a uniform grid of N R × N z cells. Consequently, 
he spatial resolution is consistent along both directions, with each 
rid cell having a size of � = R max / N R . We employ two different
patial resolutions throughout the evolutionary process. During the 
hases involving the progenitor star wind, the circumstellar medium 

s resolved using a grid resolution of N R = 2000 and N z = 4000 cells.
he stellar wind is implemented as an internal boundary condition 
ithin a sphere centred at the origin of the computational domain,
ith a radius of 20 � , following the standard procedure outlined in
omer ́on & Kaper ( 1998 ). 
At the immediate pre-supernova stage, we remap the solution for 

he circumstellar medium on to a finer grid with N R = 3000 and
 z = 6000 cells. The supernova ejecta is confined within a central

phere of radius r max , as described in Section 2.1 . Simultaneously,
he pulsar wind is imposed within a sphere of radius r ns wind = 20 � ,
lso detailed in Section 2.1 . Due to our choice of an asymmetric
oordinate system, we are compelled to align the directions of the
ulsar spin axis and the symmetry axis of the computational domain
o be the same. 

In this paper, we study the evolution of the circumstellar medium
nfluenced by the magnetized wind emitted by a massive star with
 mass of 35 M � in two distinct types of external medium: the
agnetized and unmagnetized warm phases of the Galactic plane in 

he Milky W ay. W e refer to these models as Run-35-HD-0.79-PWN
nd Run-35-MHD-0.79-PWN. In the magnetized external medium 

ase, the adopted strength of the background magnetic field is set
o that measured in the spiral arms of the Galaxy, with an average
trength of B ISM 

= 7 μG (see Draine 2011 ). The main parameters
tilized in the two cases investigated in this paper are provided in
able 1 . For a more comprehensive description of the model and

he implemented strategy, please refer to Meyer et al. ( 2023 ) and
eyer & Meliani ( 2022 ), where detailed explanations can be found.
The numerical simulations are conducted using the PLUTO code 

Mignone et al. 2007 , 2012 ; Vaidya et al. 2018 ) 2 and we solve the
ollowing set of equations, 

∂ ρ

∂ t 
+ ∇ · (ρv ) = 0 , (17) 

∂ m 

∂ t 
+ ∇ ·

(
m ⊗ v − B ⊗ B + 

ˆ I p t 

)
0 , (18) 

∂ E 

∂ t 
+ ∇ ·

(
( E + p t ) v − B ( v · B ) 

)
=  ( T , ρ) , (19) 

nd 

∂ B 

∂ t 
+ ∇ ·

(
v ⊗ B − B ⊗ v 

)
= 0 , (20) 

ith the gas density ρ, velocity v, momentum m = ρv , and magnetic
eld B , as well as the the total pressure p t and the energy of the gas 

 = 

p 

( γ − 1) 
+ 

m · m 

2 ρ
+ 

B · B 

2 
. (21) 

he sound speed of the medium reads 

 s = 

√ 

γp 

ρ
, (22) 

here the adiabatic index is γ = 5/3. Lastly, radiative cooling 
y optically thin processes and photoheating are included into 
he equations via the term  ( T , ρ), with the gas temperature T ,
ccounting for the prescriptions of Meyer et al. ( 2014 ). Regarding
he cooling/heating processes of the gas, we assume the gas to be opti-
ally thin throughout the entire progenitor’s life. After this point, with
he launch of the pulsar wind, the cooling and heating mechanisms
re disabled. We employ a Godunov-type numerical scheme with 
he Harten–Lax–van Leer approximate Riemann solver and utilize 
MNRAS 527, 5514–5524 (2024) 
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he 8-waves magnetic field formulation (Powell 1997 ). For time
nte gration, a third-order Runge–K utta scheme is employed, with
he time-step controlled by the Courant–Friedrichs–Lewy number. 

The numerical simulations are performed at the North-German
upercomputing Alliance (HLRN 

3 ) using the LISE cluster in Berlin,
hich is equipped with Cray XC40/30 processors. 

 RESULTS  

n this section, we will analyse the results of the evolution of the
WN within the supernova remnant and circumstellar medium of

he progenitor star in both the unmagnetized and magnetized cases.
ur focus will be on investigating the influence of the magnetic field
f the progenitor star and the external medium on the shape and
ynamics of the PWN. 

.1 Model with unmagnetized ISM 

n Fig. 1 , the density contour is shown for the unmagnetized case
un-35-HD-0.79-PWN (left-hand panels) and the magnetized case
un-35-MHD-0.79-PWN (right-hand panels) at different evolution

imes, from top to the bottom. The density contour is represented
n logarithmic scale in units of cm 

−3 . In both cases, the red contour
arks indicate the region of the plerionic supernova remnants where

he contribution of the pulsar wind reaches 50 times of the number
ensity. 
In Fig. 1 (a) (top left), we present the pre-supernova circumstellar
edium. At this stage, it forms a large-scale quasi-spherical stellar
 ubble (Wea v er et al. 1977 ), and its spherical forward shock e xtends
o distances of approximately 90 pc. Throughout the evolution of the
tar, the stellar wind interacts strongly with the ambient medium.
ach phase of ev olution contrib utes to the formation of successive
hock structures, which appear in order from the farthest to the
earest region to the star. The thick and dense shell located farthest
rom the star, with a radial extent of ≥50 pc, is the result of the
nteraction between the stellar wind and the ISM, and it occurs

ainly during the main-sequence phase (Freyer, Hensler & Yorke
003 , 2006 ; Dwarkadas 2005 , 2007 ). In the central region, within a
adius of less than 20 pc, a low-density cavity is formed due to the
ontinuous outflow of the free stellar wind during the Wolf–Rayet
hase. This cavity is surrounded by successive dense shells resulting
rom the interactions between the Wolf–Rayet wind and the slower
ind from the preceding red-giant phase. The first shell, extending

o approximately 35 pc, is dense and exhibits unstable behaviour.
ubsequently, a second, less dense shell is formed as a result of the

nteraction between the red-giant wind and the main-sequence wind.
dditionally, the main-sequence wind interacts with the surrounding

mbient medium, leading to the formation of an external dense shell
hat is limited by the contact discontinuity surface. 

It is worth noting that the contact discontinuity, which marks the
nterface between the wind and the ISM, exhibits a slightly aspherical

orphology, particularly in the region close to the symmetry axis.
his aspherical shape is influenced by the presence of the magnetic
eld and the rotation of the star. The variations between the bubbles
epicted in Fig. 1 (a) and fig. 1 of Meyer et al. ( 2022a ) highlight
his effect. Furthermore, the grid’s proximity to the near-polar axis
mplifies this asymmetry. Moving on to Fig. 1 (c) (middle-left), we
an observe the supernova remnant at 25 kyr after the explosion.
he expanding shock wave from the supernova remnant propagates
NRAS 527, 5514–5524 (2024) 
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n  

i  

T  
utward, sweeping up and pushing away all the previously formed
ense shells associated with the successive stellar winds. As the shock
ave reaches the contact discontinuity surface between the main-

equence stellar wind and the ISM, it interacts with this surface,
ausing partial reverberation. This interaction and reverberation
ontribute to the observed structure and morphology of the supernova
emnant. 

After the supernova explosion, a powerful pulsar wind is launched
ith a mechanical luminosity of E = 10 38 erg s −1 . This pulsar wind

nteracts with the dense supernova ejecta (van der Swaluw, Downes &
eegan 2004 ), resulting in the formation of a complex structure as
escribed in Meyer & Meliani ( 2022 ) for a runaway progenitor star
ith a mass of 20 M �. Within this structure, the central region of the
lerion is occupied by the freely expanding pulsar wind. Surrounding
he central region, a shell of shocked pulsar wind is formed, resulting
rom the reverberation of the pulsar wind. At the interface between
he unperturbed pulsar wind and the shocked pulsar wind, a pulsar
ind termination shock is formed. The outermost region of the PWN

s characterized by a contact discontinuity, which marks the interface
etween the ejecta and the pulsar wind (depicted by the red contour
n the figure). Beyond the contact discontinuity, a transmitted shock
ropagates through the still unshocked ejecta, further travelling into
he surrounding medium. 

The pulsar wind contact discontinuity undergoes expansion to
arger radii due to the fast rotation of the magnetized neutron star. This
xpansion leads to the characteristic diamond-like shape, as found
y Komissarov & Lyubarsky ( 2004 ). This shape can be observed
t a later time, specifically 45 kyr after the explosion, as shown in
ig. 1 (e). As the contact discontinuity surface expands, it encounters
ayleigh–Taylor instabilities due to the significant differences in
ensity and velocity between the pulsar wind and the supernova
jecta. These instabilities are further amplified by the reverberation
f the reverse shock from the supernova ejecta, as illustrated in
ig. 1 (e). 

.2 Model with magnetized ISM 

uring the main-sequence phase of a massive star, the influence
f the ISM magnetic field becomes particularly significant. It is
uring this phase that the interaction between the stellar wind and the
agnetized ISM carves out a large-scale circumstellar wind bubble.
his wind bubble plays a crucial role in shaping the propagation
f the supernova forward shock. Additionally, the presence of the
ind bubble influences the dynamics of the pulsar wind, further
ighlighting the interplay between the stellar wind, the ISM magnetic
eld, and the subsequent evolution of the system. We will describe

t in detail in the following. 
In Fig. 1 (b) (top right), we can observe the circumstellar medium

urrounding the massive star in the presence of a magnetized ISM,
s represented in the model Run-35-MHD-0.79-PWN. The black
rrows indicate the magnetic field lines of the ISM, which are initially
ligned with the polar axis. The o v erall structure of the circumstellar
edium in the presence of the magnetized ISM remains similar to the

nmagnetized model [Run-35-HD-0.79-PWN; Fig. 1 (a)]. Ho we ver,
he morphology of the shocked shells within the low-density cavity,
p to the contact discontinuity between the shocked stellar wind and
he shocked ISM, appears to be more elongated along the polar axis
ue to the influence of the ISM magnetic field. 
Indeed, as the expanding stellar bubble interacts with the mag-

etized ISM, it compresses the magnetic field lines, leading to an
ncrease in magnetic pressure and tension along the polar axis.
his phenomenon has been e xtensiv ely studied and described in

https://www.hlrn.de/
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Figure 1. Number density fields in our MHD simulation of the PWN forming in the supernova remnant of a static 35 M � star rotating with �� / �K = 0.1 in an 
unmagnetized (left) and magnetized (right) ISM. The red contours highlight the region with a 50 per cent contribution of pulsar wind material. The streamlines 
in the right-hand side of panels (b), (d), and (f) mark the ISM magnetic field lines. 
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etail in van Marle, Meliani & Marcowith ( 2015b ). During the
ast evolution phase, when the Wolf–Rayet wind material reaches
he main-sequence terminal shock, it undergoes reflection near the
quator. This anisotropic reflection causes a change in the direction
f propagation of the shocked material, resulting in the loss of the
nitially spherical shape of the shocked shell from the Wolf–Rayet
ind. The interaction with the magnetized ISM further influences

he shape and dynamics of the shocked shell, leading to the observed
ectangular morphology of the resulting supernova ejecta. 

Furthermore, as the expanding supernova blast wave propagates
ithin the elongated cavity (as shown in the left-hand panel of
ig. 1 ), it interacts with the reflected dense shells resulting from

he Wolf–Rayet wind and the elongated contact discontinuity. These
nteractions lead to anisotropic reverberation at the contact dis-
ontinuity of the supernova ejecta. As a result, the shape of the
upernova ejecta becomes rectangular, reflecting the influence of the
symmetric interactions with the elongated structure induced by the
agnetized circumstellar medium. This mechanism is specifically

escribed within the context of the remnant Puppis A in Meyer et al.
 2022a ). 

In Fig. 1 (d) and (f), the influence of the magnetized ISM on the
haping of the PWN can be observed. The ISM magnetic field,
hich plays a significant role in determining the morphology of

he circumstellar medium and supernova blast wave, also affects the
onfinement and shape of the pulsar wind. The reflected and the
uperno va blast wav e, under the influence of the ISM magnetic field,
dopts a rectangular morphology along the direction perpendicular
o the magnetic field. This happens because the ram pressure of
he supernova ejecta is directed towards to polar axis, causing
ompression and confinement of the pulsar wind in that direction. In
ontrast, in the direction parallel to the magnetic field, the pressure
 x erted by the supernova ejecta is lower, resulting in a more extended
hape of the PWN. This interplay between the magnetic field of
he ISM, the reverse shock, and the pulsar wind contributes to
he complex and asymmetric morphology observed in the PWN,
s depicted in Fig. 1 (d) and (f). 

Indeed, the presence of a magnetized ISM influences the prop-
gation of the PWN, resulting in distinct behaviour compared to
n unmagnetized ISM. In the magnetized ISM model (Run-35-
HD-0.79-PWN), the expansion of the PWN is less pronounced

n the equatorial plane compared to the hydrodynamical simulation
Run-35-HD-0.79-PWN), as illustrated in Fig. 1 (c) and (d). As time
rogresses, at a later evolution time of 45 kyr as depicted in Fig. 1 (f),
he pulsar wind continues to be channelled along the direction of
he ISM’s magnetic field, leading to the formation of a stretched
WN. The presence of the ISM magnetic field affects the dynamics
f the PWN and leads to enhanced instabilities at the termination
hock of the pulsar wind. These instabilities, which arise from the
nteraction between the pulsar wind and the magnetized ISM, are

ore pronounced in the magnetized ISM model (Run-35-MHD-
.79-PWN) compared to the hydrodynamical simulation (Run-35-
D-0.79-PWN). 
Our models provide compelling evidence that the morphology

f the PWN inside a subsequent supernova, when the progenitor
assive static star is located in the Galactic plane, is strongly

nfluenced by the distribution of the magnetic field in the ambient
edium. The contrasting evolution and instabilities observed in the
agnetized and unmagnetized cases emphasize the significant role

layed by the ISM’s magnetic field in shaping the dynamics and
orphology of the PWN. These findings underscore the importance

f considering the magnetic field effects when studying the evolution
f PWNe and their interaction with the surrounding environment. 
NRAS 527, 5514–5524 (2024) 
 DI SCUSSI ON  

n this section, we will discuss the applications and limitations of our
odel. We will also examine the non-thermal characteristics of the

imulated PWNe and compare our findings to existing observational
ata. By doing so, we aim to provide a comprehensive analysis of the
trengths and weaknesses of our model and to assess its compatibility
ith the observed properties of PWNe. 

.1 Model limitations 

et us first consider two aspects central to the model. First, the
imulations conducted in this study are 2D, which means they assume
xisymmetry and do not account for variations in the supernova
rogenitor or the pulsar’s spin. While this approach allows for
omputational efficiency and provides valuable insights, it should
e acknowledged that a fully 3D treatment would be necessary to
apture the complete realism of the ISM. In particular, the inclusion
f magnetic turbulence and the multiphased structure of the ISM
ould influence the development of the stellar wind bubble and the
xpansion of the supernova blast wave. Thus, future investigations
mploying a 3D approach would offer a more comprehensive
nderstanding of these phenomena. 
Another aspect to consider is the absence of pulsar motion in the

imulations. Incorporating pulsar motion would introduce additional
omplexities and provide a more realistic representation of the
nteraction between the pulsar wind and the surrounding medium.
urthermore, accounting for the oblique rotation of the pulsar’s
agnetic axis would allow for a more accurate reproduction of the

bserved characteristics of PWN. 
These are avenues for future research. The chosen 2D set-up

nd static pulsar position provide valuable insights into the general
ehaviour and trends, but future investigations can explore the impact
f 3D effects and pulsar motion to obtain a more comprehensive
haracterization of the system’s dynamics and morphology. 

.2 Non-thermal emission 

n order to enhance the comparison between our MHD models
f the PWN embedded in an elongated circumstellar medium and
he available observational data, we performed radiative transfer
alculations to generate synthetic images that accurately capture the
on-thermal emissions, particularly synchrotron emissions in the
adio band. These calculations were specifically carried out at the
if ferent e volution stages of the PWN that were pre viously discussed.
he synchrotron radio emission was calculated by considering a non-

hermal electron spectrum described by the expression, 

( E) = KE 

−s ∝ nE 

−2 , (23) 

here n represents the gas number density, s is the spectral index,
nd E denotes the energy of the non-thermal electrons in the
ost-shock region of the advancing blast wave. The emission
oefficient is given by 

 sync ( ν) ∝ nB 

( s+ 1) / 2 
⊥ 

ν−( s−1) / 2 , (24) 

being the observed frequency and B ⊥ 

the component of the
agnetic field perpendicular to the observer’s line of sight. 
Intensity maps were obtained by performing the projection given

y 

 = 

∫ 
SNR 

j sync ( θobs ) d l, (25) 
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Figure 2. Normalized radio synchrotron emission map of the plerionic supernova remnants with an inclination angle of θobs = 45 ◦ between the observer’s line 
of sight and the nebula’s symmetry axis. The left-hand panels correspond to the hydrodynamical model (Run-35-HD-0.79-PWN) and right-hand panel to the 
model with magnetized ISM (Run-35-MHD-0.79-PWN). The top figures show the remnants at time 25 kyr and the bottom figures display them at time 45 kyr. 
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here θobs denotes the inclination angle of the remnant with respect to 
he sky plane. These calculations were conducted using the radiative 
ransfer code RADMC-3D, 4 and the methodology described in detail 
y Meyer et al. ( 2022a ). 
Fig. 2 illustrates the normalized emission maps representing 

ur numerical simulations, specifically Run-35-HD-0.79-PWN (left- 
and panels) and Run-35-MHD-0.79-PWN (right-hand panels), 
howcasing the non-thermal synchrotron emissions in the radio 
 https:// www.ita.uni-heidelberg.de/ dullemond/ software/ radmc-3d/ 

o  

f  

r

aveband. The top panels correspond to a time of 25 kyr, while
he bottom panels depict a time of 45 kyr. The intensity is plotted
ssuming an observer angle ( θobs ) of 45 ◦, representing the angle
etween the plane of the sky and the plane of symmetry of the
upernova remnant. 

Fig. 2 (a) displays the PWN at an age of 25 kyr within an unmag-
etized ISM. As highlighted in Meyer & Meliani ( 2022 ), no trace
f the circumstellar medium is visible in the emission maps because
f the absence of the ISM magnetic field. Indeed, the emission map
ocuses on the pulsar wind and its associated nebula. The image
eveals an ovoidal shape, with slightly brighter regions observed at 
MNRAS 527, 5514–5524 (2024) 
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he polar regions and dimmer regions in the equatorial plane. This
rightness variation can be attributed to the toroidal component of
he pulsar wind, which applies lateral pressure on the pulsar wind

aterial, causing it to be displaced sideways in the equatorial plane.
At a later evolution time, with a pulsar age of 45 kyr, the radio

ynchrotron map of the PWN in an unmagnetized ISM is shown in
ig. 2 (c). The PWN exhibits a diamond-like shape, with brighter
e gions observ ed at the polar zones. These bright regions are a result
f the strong interaction between the pulsar wind and the supernova
jecta along the pulsar’s rotational axis. On the other hand, in the
quatorial plane, the strong pulsar wind, driven by the centrifugal
orce and toroidal magnetic field pressure (Komissarov & Lyubarsky
004 ), extends outward. In this region, the gas is more diluted, which
xplains why the equatorial plane is not the brightest region in the
ydrodynamical plerion model Run-35-HD-0.79-PWN. 

In the case of a magnetized ISM, significant changes are observed
n the synthetic radio image. At an age of 25 kyr, the corresponding
mage is shown in Fig. 2 (b). It reveals the presence of two bright
rcs parallel to the direction of the ISM magnetic field. These arcs,
bserved in our axisymmetric set-up and aligned with the pulsar’s
otation axis, are formed as a result of the interaction between
he supernova ejecta and the contact discontinuity between the
tellar wind and the magnetized ISM within the elongated cavity
Meyer et al. 2022a ). The influence of the ISM magnetic field
lays a crucial role in shaping these arcs, ultimately leading to
he formation of a PWN enclosed within a rectangular supernova
emnant. 

Fig. 2 (d) depicts the older remnant within a magnetized ambient
edium, showcasing characteristics of both a supernova shock wave

hat has interacted with the cavity’s border and the growing PWN
nside it. The presence of the pulsar wind prevents the reverberation
f the supernova shock wave towards the centre of the explosion, as
escribed in Meyer et al. ( 2022a ), resulting in an empty region near
he rotating neutron star. The o v erall morphology of the plerionic
emnant still exhibits features of a rectangularly reflected supernova
hock wave, with the pulsar wind distributed as an elongated
tructure. The brightest regions are observed as two polar spots
ocated beyond the termination shock of the pulsar wind. 

.3 Comparison with obser v ations 

.3.1 Generic discussion 

he models presented in this study focus on the evolution of the
ircumstellar medium surrounding static high-mass stellar objects
hat eventually undergo supernova explosions, leaving behind a static
ulsar. Our objective is to investigate the formation of elongated
WNe, similar to those observed in Igoshev ( 2020 ). It is important

o note that these elongated PWNe, where the leptonic wind is
hannelled into the cavity created by the stellar wind shaped by
he organized ISM magnetic field, should not be confused with the
ong tails observed behind the bow shocks of runaway pulsars (De
uca et al. 2013 ). 
The class of torus/jet-like PWNe, as classified in the catalogue

ased on Chandra X-ray data, provides strong support for the
onclusions drawn from our model. These objects naturally exhibit
oth an equatorial structure and a jet/counter-jet system, as observed
n studies such as Kargaltsev & P avlo v ( 2010 ), Kargaltsev et al.
 2012 ), and references therein. Notable examples include the famous
rab Nebula with its twisted double jet (Mignone et al. 2013 ) and the
ela supernova remnant. MHD models have successfully reproduced
uch structures without considering the stellar wind or supernova
jecta as initial conditions, as demonstrated in Klingler et al. ( 2014 ).
NRAS 527, 5514–5524 (2024) 
The influence of the environment on the morphology of pul-
ar wind tails/jets has been demonstrated in cases such as the
eminga PWN, which exhibits two curved antennae representing

ts jets/counter-jets that bend under the influence of the bow shock
ormed due to the interaction between the fast pulsar motion and
he surrounding medium (Posselt et al. 2017 ). Similar effects have
een observed in the case of B0355 + 54 (Klingler et al. 2014 ). We
ropose that the pre-supernova environment plays a similar role,
nd further modelling efforts are highly desirable, as discussed in
eyer & Meliani ( 2022 ). 
The peculiar morphology of certain PWNe, which cannot be classi-

ed as either torus/jet-like objects or bow shock/tail systems, may be
he result of their interaction with a particularly complex surrounding

edium. This medium could be shaped by the asymmetric stellar
ind during the evolved phases of the progenitor’s pre-supernova

ife, which influences the forward shock of the ejecta and causes
spherical propagation (Vel ́azquez et al. 2023 ). 

.3.2 The case of the Boomerang nebula 

he plerionic supernova remnant G106.3 + 2.7, which hosts the
oomerang PWN associated with the pulsar J2229 + 6114, is worth

urther discussion in the context of our numerical models. 
G106.3 + 2.7 is an old supernova remnant with a size of approx-

mately 200 pc, assuming a distance of 12 kpc. Its age has been
onstrained to 1.26 Myr, as reported by Pineault & Joncas ( 2000 ),
hich presents continuum millimetre observations conducted by the
ominion Radio Astrophysical Observatory Synthesis Telescope.
he remnant is in its final expansion stage, with a forward shock
peed of the order of 15 km s −1 , interacting with a complex
nvironment consisting of hot gas, warm material, cold molecular
aterial, and a nearby H II region (Kothes, Uyaniker & Pineault

001 ). 
The Boomerang PWN associated with J2229 + 6114 is charac-

erized by a bright synchrotron arc that borders and distorts the
utermost shock of the expanding supernova remnant. The pulsar
ind passes through the shock, leaving the remnant and entering

he unperturbed ISM (Kothes, Uyaniker & Pineault 2001 ). This
bservation suggests that the off-centring of the pulsar within the
emnant is not solely due to the typical high velocity of a neutron
tar kicked during a supernova explosion (Kothes, Reich & Uyanıker
006 ). 

 C O N C L U S I O N  

his paper presents a study on the modelling of PWN in core–
ollapse supernova remnants associated with static massive stars in
he warm phase of a magnetized spiral arm of the Milky Way. By
tilizing 2.5D simulations, we demonstrate that the reflection of the
upernova blast wave against the elongated contact discontinuity
etween the stellar wind and magnetized ISM of the magneti-
ally elongated stellar wind cavity in the progenitor’s circumstellar
edium has a significant impact on the morphology of the resulting
WN. This phenomenon might be responsible for the formation of
ectangular supernova remnants, such as Puppis A, as described in

eyer et al. ( 2022a ). The reverberation of the shock wave leads
o the compression of the pulsar wind and imposes a preferred
xpansion direction perpendicular to the plane of the pulsar’s spin.
s a result, the PWN within the rectangular supernova remnant
ecomes elongated, rather than adopting the diamond-like shape
ypically observed in previous studies, as described by Komissarov &
yubarsky ( 2004 ). 
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The radio synchrotron emission maps of plerionic supernova 
emnants exhibit a complex morphology that evolves over time. 
nitially, the morphology is characterized by a young, growing, 
voidal PWN combined with the rectangular shape produced by 
he interaction between the supernova ejecta and the walls of the 
nshocked stellar wind cavity of the progenitor star. This interaction 
ives rise to the rectangular appearance observed in Puppis A, as
iscussed in Meyer et al. ( 2022a ). As time progresses, the influence
f the ISM magnetic field becomes more prominent in shaping the 
emnant’s morphology. The channelling effect of the pulsar wind into 
he elongated circumstellar wind cavity of the progenitor extends 
long the pulsar’s rotation axis. Instabilities at the interface between 
he pulsar wind and the ejecta result in a knotty nebula, manifesting
s bright spots within the plerion. The irregular shapes observed in 
any PWNe may indicate the complex nature of the surrounding 

nvironment, influenced by both the distribution of material in the 
mbient medium and the stellar wind history of the supernova 
rogenitor. The interaction between the supernova ejecta and the 
ulsar wind with this complex environment gives rise to the observed 
rregular morphologies. 

In future research, the numerical model presented in this study will 
e refined and customized to specific supernova remnants hosting 
WNe, such as the case of the old plerion G106.3 + 2.7 and its central
ulsar J2229 + 6114, which drives the Boomerang synchrotron shell. 
y tailoring the model to these specific systems, researchers aim 

o achieve a more detailed and accurate understanding of the 
orphologies and dynamics of these objects. 
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