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A B S T R A C T 

The detected polarized radio emission from the remnant of SN1987A opens the possibility to unveil the structure of the pre- 
supernova (pre-SN) magnetic field (MF) in the circumstellar medium. Properties derived from direct measurements would be 
of importance for understanding the progenitor stars and their MFs. As the first step to this goal, we adopted the hydrodynamic 
(HD) data from an elaborated three-dimensional (3D) numerical model of SN1987A. We have developed an approximate 
method for ‘reconstruction’ of 3D MF structure inside SN remnant on the ’HD background’. This method uses the distribution 

of the MF around the progenitor as the initial condition. With such a 3D magnetohydrodynamic model, we have synthesized 

the polarization maps for a number of SN1987A models and compared them to the observations. In this way, we have tested 

different initial configurations of the MF as well as a structure of the synchrotron emission in SN987A. We hav e reco v ered the 
observed polarization pattern and we have found that the radial component of the ambient pre-SN MF should be dominant on 

the length-scale of the present-day radius of SN1987A. The physical reasons for such a field are discussed. 

Key words: MHD – polarization – shock waves – ISM: supernova remnants – magnetic field. 
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 I N T RO D U C T I O N  

emnant of supernova (SN) 1987A is an attractive object for studies
e.g. McCray & Fransson 2016 ), for instance: to investigate how 

he structure and morphology of supernova remnants (SNRs) reflect 
he properties of the parent SN explosions and the nature of the
rogenitor stars, to unveil how dust forms after SN explosions, to 
econstruct the pre-SN circumstellar medium (CSM) and stellar 
agnetic field (MF) formed in the latest phases of progenitor 

tar evolution, to understand the spatial distribution of emitting 
elativistic particles inside SNR. In fact, SN 1987A is the only SN
xploded so close to us after the invention of the telescope. It is
ccurately monitored since the explosion e vent. Observ ations span 
rom radio (e.g. Zanardo et al. 2010 , 2013 ; Callingham et al. 2016 ;
bell ́an et al. 2017 ; Cendes et al. 2018 ) through the optic and infrared
ands (e.g. France et al. 2010 ; Fransson et al. 2015 ; Larsson et al.
016 ; Arendt et al. 2020 ; Kangas et al. 2022 ) to X-rays (e.g. Park
t al. 2011 ; Helder et al. 2013 ; Frank et al. 2016 ; Miceli et al. 2019 ;
avi et al. 2021 ; Sun et al. 2021 ; Greco et al. 2021 , 2022 ) and contain
 wealth of information about the stellar ejecta, remnant and physics
nside. 
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High-performance three-dimensional (3D) simulations aim to 
estore the explosion (Alp et al. 2019 ; Ono et al. 2020 ), as well as the
tructure and expansion of SN1987A including spectral variations 
nd detailed morphology of the remnant and ejecta, in particular in
-rays (Orlando et al. 2015 , 2020 ) and in the radio band (Potter

t al. 2014 ; Orlando et al. 2019 ). The later paper reports the first 3D
agnetohydrodynamic (MHD) numerical simulations of the remnant 

f SN1987A. 
Important new milestone in observations of SN1987A is detection 

f the polarized radio emission (Zanardo et al. 2018 ). For the first
ime, it allows one to test models of MF in this SNR. One of the

ost distinctive features apparent from this observational result is 
he dominant radial orientation of the MF vectors. This is in line with
hat is found in other young SNRs (Dickel & Milne 1976 ; Dubner &
iacani 2015 ). 
The MF structure inside SNR and thus the polarization pattern 

epend on MF configuration in and around a progenitor in the
re-explosion era, on its behaviour during the development of 
he explosion and on properties of its evolution from the shock
reakout to the evolved SNR. Synthesis of polarization images 
ssentially require knowledge of the internal 3D morphology of 
F in SNR. Thus, the full 3D MHD simulations are required in

rder to produce synthetic polarization maps. The ideal simulations 
eproduce subsequently as SN event as development of the remnant 
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1 In this reference, the plane of the equatorial ring was considered initially to 
be vertical, i.e. to coincide with the xy plane, with the major axis of ellipse 
along the x -axis. 
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n three dimensions. This is a quite demanding task because the
volution co v ers man y orders in time (from microseconds to thousand
ears) and space (from astronomical unit to few parsecs). Therefore,
 viable approach could consist in the two phases: (i) simulations of
n SN event, (ii) simulations of an SN remnant with the outcome
rom the previous step as initial conditions. 

Though the MHD studies as SNe as SNRs were initiated few
ecades ago (e.g. LeBlanc & Wilson 1970 ; Falle 1975 ), the ex-
lorations of 3D MHD models is quite new field. There are two
irections in MHD studies of SN explosions (see an o v erview by
eichert et al. 2022 ). Namely, the magnetorotational core-collapse
Ne (M ̈osta et al. 2015 ; Obergaulinger, Just & Aloy 2018 ; Kuroda
t al. 2020 ; Obergaulinger & Aloy 2020 , 2021 ; Aloy & Obergaulinger
021 ) and neutrino-driven core-collapse SN explosions of non-
otating stars (M ̈uller & Varma 2020 ; Matsumoto et al. 2022 ; Varma,

ueller & Schneider 2022 ). It is shown in particular that MF provides
 crucial support for development of explosions in both these types of
odels and the probability to explode lowers for models with low MF.
We have studied the role and behaviour of MF during different

hases of SNR evolution (Petruk, Kuzyo & Beshley 2016 ; Petruk
t al. 2018 , 2021 ) and have shown that MF is dynamically important
n SNRs only in the post-adiabatic epochs. It is obvious, ho we ver,
hat the synchrotron images and polarization patterns depend on the
tructure of MF inside SNR at any evolutionary stage (e.g. Orlando
t al. 2007 ; Petruk et al. 2017 ). 

In our paper, we w ould lik e to get hints about the preexplosion MF
rom observations of polarization of SN1987A. Such constraints cast
ight on the relatively uncertain models of the evolution of massive
tars, their explosions and SNRs. Determination of the pre-SN MF
onfiguration of the progenitor star is important to obtain informa-
ion, in general, on the latest phases of evolution of massive stars
nd, for this particular case, to obtain information on the evolution
f a binary system evolving through a common-envelope phase as
uggested by some authors (e.g. Morris & Podsiadlowski 2007 ). 

Up to now, there is no MHD model for the explosion of SN1987A.
herefore, an ad hoc configuration of MF was introduced in the MHD
odel for the remnant of this SN (Orlando et al. 2019 ). In Section 2

f this paper, we analyse the polarization patterns as they appear in
his model. 

In order to check different ideas about initial MF configuration
nd explore the parameter space, one needs to run massive 3D MHD
imulations for each eventual MF model and parameter set. Such
imulations are quite demanding because they should be performed
n the highest possible resolution. In this paper, we adopt a different
pproach. The existing hydrodynamic (HD) model of SN1987A
Orlando et al. 2015 , 2019 , 2020 ) agrees well with a wealth of
bservational information. Therefore, a method for reconstruction
f MF structure inside SNR on top of the known 3D HD background
ould be useful because it allows one to test a given MF model
y comparison of synthetic polarized images with the observations
ithout massive 3D simulations. The details of such an approximate

pproach are described in Section 3 , where we also test the method
nd show its limitations. The method is applied to SN1987A and
esults are discussed in Section 4 . 

 POLARIZATION  MAPS  O F  S N 1 9 8 7 A  F RO M  

H E  N U M E R I C A L  M H D  M O D E L  

.1 Obser v ed polarization and our approach 

he radio emission from SN1987A is monitored since the very
eginning of the remnant evolution. The polarized intensity is a minor
NRAS 518, 6377–6389 (2023) 
raction of the total intensity. The later grows with time (Zanardo et al.
010 ) and the polarized intensity – being a fraction of the total – is
xpected to grow as well. In fact, the polarized radio emission from
N1987A was detected, for the first, time with Australia Telescope
ompact Array (Zanardo et al. 2018 ). Fig. 3 in this reference reports

he image at 22 GHz which is of interest for our study. The rotation
easure in SN987A is compatible with zero at this frequency (fig. 2

n Zanardo et al. 2018 ) and the pattern of polarization vectors shows
he MF directions unchanged by the Faraday effect. Error in the
olarization angles is reported to be less than 5 per cent. 
The first 3D MHD model of SN1987A as a result of self-consistent
assive numerical simulations was reported by Orlando et al. ( 2019 ).
he model of SN used as initial conditions for the SNR evolution was
D; it was remapped in the 3D domain in a spherically symmetric
ay. In the following study (Orlando et al. 2020 ), the model was

laborated in order to include the ejecta asymmetry derived in
edicated 3D simulations of the core-collapse SN explosion (Ono
t al. 2020 ). 

In this section, we use the model MOD-B1 (described in section 2.1
n Orlando et al. 2019 ). It assumes the MF configuration to be the
ommon Parker ( 1958 ) spiral 

 r = 

A 1 

r 2 
, B φ = −A 2 

r 
sin θ, (1) 

ith 

 1 = B 0 r 
2 
0 , A 2 = B 0 r 

2 
0 ω s /u w , (2) 

here B 0 is the MF strength at the surface of the star, r 0 its radius,
 s the angular velocity of the stellar rotation, u w is the speed of
ind, θ = π/2 in the equatorial plane. Numerically, the parameters
 1 = 3 × 10 28 G cm 

2 , A 2 = 8 × 10 10 G cm were used for the MOD-
1 model (see visualization of the initial MF configuration on fig. 1

n Orlando et al. 2019 ). 
Numerical simulations reported by Orlando et al. ( 2019 ) were

erformed on a grid with 1024 3 zones. The data cubes were
owngraded to the matrices of the size 256 3 for image analysis
n this paper. Such resolution shortens time for production of the
olarization maps while keeping all its features. In this paper, we
se the data for year 30 of SN1987A evolution which corresponds to
poch observed by ATCA (Zanardo et al. 2018 ). Images of the SNR
rojection on the plane of the sky which we derive correspond to the
requency 22 GHz and are smoothed to match the resolution of the
bservations. 
Sugerman et al. ( 2005 ) found that the structures in and around

N1987A are inclined in respect to the fixed Cartesian coordinate
ystem ( x -axis to the west, y -axis to the north, and z-axis toward the
bserver) on angles 41 o with axis x (i.e. the upper side of the dense
ing is closer to the observer 1 ), −8 o with the axis y (i.e. the right side
loser to the observer) and −9 o with the axis z (the left part up). In
rder to reach such an orientation, we follow Potter et al. ( 2014 , see
lso their fig. 1) and perform successive x –y –z rotations of our MHD
atacubes around respective axes on angles i x = −49 o (the ring plane
s horizontal initially in our simulations), i y = −5 o , and i z = −3 o . 

The synthesis of polarization maps is based on a method developed
y Bandiera & Petruk ( 2016 ) and Petruk et al. ( 2017 ). It includes
n important effect of the Faraday rotation of the polarization planes
long the line of sight in the SNR interior as well as prescription
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f the turbulent MF evolution downstream of the shock. We would 
ike to note that we account completely for the complex internal 
tructures of density and MF inside SNR while calculating the 
otation of the polarization planes. In this paper, we adopt this
ethod for synthesis of the Stokes-parameters maps for young SNR 

n medium with non-uniform distribution of density and MF (details 
f calculations of the radio emissivity are given in Orlando et al.
007 , 2019 ). Electrons are assumed to be injected independently of
he shock obliquity (this is not a limitation of our model because

F has nearly the same obliquity everywhere in the emitting 
barrel’ of SN1987A), accelerated on the forward shock and evolved 
ownstream according to the HD structure of SNR. The energy 
pectrum of the radio-emitting electrons is taken to be power law. We
dopt the radio spectral index α = 0.7 (Zanardo et al. 2010 ) for our
mages. 

The evolution of the radio flux from the model MOD-B1 agrees 
ith the observed light curve if relativistic electrons are provided by 

he forward shock only (fig. 8 in Orlando et al. 2019 ). Therefore,
e do not consider the particle acceleration at the reverse shock of
N1987A. In fact, we exclude from the image synthesis the cells 
here ≥10 per cent of the material is ejecta (the number 10 per cent

s not fine tuned; in fact any number up to � 60 per cent produce
lmost the same results because the contact discontinuity transition is 
ather sharp). Reasons for a minor contribution or suppression of the 
adio emission from the reverse shock in SN1987A are considered in 
etails by Orlando et al. ( 2019 ). Similar effect is found in SN1993J
here the high absorption of the radio emission by the ejecta is
bserved with the ejecta opacity close to 100 per cent (Mart ́ı-Vidal
t al. 2011 ). 

In this paper, we neglect the turbulent component of MF assuming
hat the observed polarization pattern is dominated by the ordered 
omponent MF. Turbulent MF if randomly oriented everywhere in 
he SNR interior should not alter the global MF structure which is
ampled by the polarization images. Such assumption is in agreement 
ith the observed polarization planes in SN1987A which look quite 
rdered. It also simplifies considerably production of the polarization 
irection map that is the main goal toward understanding the global 
F structure in SNR. Ho we ver, this simplification prevents us from

roducing the polarization fraction map which is sensitive to the MF
andomness. We will use an approximate tool in order to estimate the
atio of the random δB to the ordered B MF components in SN1987A.

The number of particles injected and accelerated at the shock 
xpanding into the non-uniform medium – and therefore the normal- 
zation of the momentum spectrum of the radio-emitting electrons κ –
s generally considered proportional to the pre-shock number density 
 o (Orlando et al. 2007 ). For references, the number densities in the
tructures surrounded the SN progenitor are: H II region 90 cm 

−3 , 
quatorial ring 1000 cm 

−3 , dense clumps in the ring 2 . 5 × 10 4 cm 

−3 

n average (see table 1 in Orlando et al. 2019 and fig. 1 in Orlando
t al. 2015 ). 

Multiwavelength observations of SN1987A prove the shock pas- 
age through the equatorial ring and interactions with clumps during 
ecent decades [e.g. in optical (Gr ̈oningsson et al. 2008 ; Fransson
t al. 2015 ) and X-ray (Maggi et al. 2012 ; Helder et al. 2013 )
hotons]. Recent observ ations e ven sho w that the shock has already
eft the outer edge of the ring (Frank et al. ( 2016 ), Sun et al. ( 2021 ),
avi et al. ( 2021 ) in the X-ray band; Cendes et al. ( 2018 ) in the radio
and; Larsson et al. ( 2019 ) in the optical band). The period of SNR
nteraction with the ring is clearly visible in the thermal X-rays: the
ight curve and the spectrum are dominated since year 14 after the
xplosion by the emission from the material of the ring (Orlando 
t al. 2015 , 2019 , 2020 ). In particular, the bump in the X-ray light
urve in fig. 5 in Orlando et al. ( 2019 ) is pro v ed to be due to the
lluminated ring material (the dash–dotted line on the figure). 

In contrast, the evolution of the radio flux does not exhibit a bump
n the radio light curve (fig. 5 in Zanardo et al. 2010 or fig. 7 in
rlando et al. 2019 ). Therefore, it could be that the dense ring does
ot contribute much to the radio light curve. Similar conclusion 
ould follow from analysis of Potter et al. ( 2014 ): The discrepancy
s evident between the evolution of the observed radio emission 
nd the synthesized one from the HD model. The differences which
ventually could be due to the same reason are visible from the X-ray
nd radio images. The brightest regions in the sequence of the X-ray
mages in the years 2000–2016 seems to be dominated by the dense
lumps (fig. 5 in Frank et al. 2016 ) and an inversion of the east/west
symmetry into the west/east one is evident during these years (fig. 6
n the same reference). In contrast, the sequence of the radio images
fig. 1 in Cendes et al. 2018 ) has the brightness maximum al w ays
t the East during the whole this period. This difference between
he radio and X-ray images is also well demonstrated at fig. 1 by
ndebetouw et al. ( 2014 ) for the years 2011–2012. Again, it seems
hat the very dense material of the ring and clumps does not manifest
tself in the radio band (maybe due to a rapid decrease of injection
r acceleration efficiencies, for example, in portions of the shock 
hich rapidly decelerate in the high-density environment and quickly 
ecome radiative). 
Another result also supports the scenario that no significant radio 

mission originates from the ring. The analysis in the Fourier space
y (Ng et al. 2008 , 2013 ) shows that the geometrical shape of the radio
orphology of SN1987A can be a thick torus. In f act, the to y model

f a thick torus adopted by these authors fits well in describing the
mission originating from the H II region without the need to invoke
mission from the shocked ring. 

In view of these points, we consider the two alternatives in this
aper. Namely, the alternative A keeps the proportionality κ ∝ n o 
v erywhere. The alternative B e xcludes the material of the ring and
lumps in calculation of κ if the fraction of the ring material in a cell
s between 0.3 and 1 and the number density > 1000 cm 

−3 . Note that
his material is present in all other aspects of the model, for example,
n calculation of the internal Faraday rotation. The distributions of 
he emitting electron density in both these alternatives are shown in
ig. 1 . 

.2 Polarization images for the existing MHD model 

he synthesized images of the total I and the polarized intensity
 pol for the model MOD-B1 from Orlando et al. ( 2019 ) are shown
n Fig. 2 for the alternative A and on Fig. 3 for the alternative B .
he map of the Stokes parameter I on our Fig. 3 (left-hand panel)
orresponds to fig. 9 by Orlando et al. ( 2019 ) but the age, frequency,
nd convolution differ. In this paper, the modelled images of polarized 
ynchrotron emission from SN1987A are reported for the first 
ime. 

The following statements are evident. 

(i) Brightness in the alternative A is affected by the location of
he clumps. They should ef fecti vely influence the radio light curve if
hey contribute to relativistic electrons. 

(ii) Radio emission arises in physically different regions of SNR 

n the two alternatives. The dense ring is dominant in the alternative
 and it should affect the light curve as well. The image in the
lternative B is mostly from the shocked H II material and the
mitting material is shaped like a barrel. 
MNRAS 518, 6377–6389 (2023) 
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M

Figure 1. Spatial distribution of the radio-emitting electrons in the two alternatives considered in this paper. These are the maps of the κ integrated along the 
line of sight (the local synchrotron emissivity is proportional to κB 

α + 1 ). Left-hand panel: alternative A , including the ring and the clump structures. Right-hand 
panel: alternative B , without these dense components. Upper panels: in full resolution, lower panels: smoothed to the resolution of the radio observations. 
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(iii) These differences are evident from the synthesized images
n full resolution. Ho we ver, there is no clear way to distinguish be-
ween the two alternatives from observations because of insufficient
nstrumental resolution. 

(iv) The shape of the image in the alternative A is more elliptical
ompared to the alternative B . 

(v) The tangential pattern dominates in the distributions of the
olarization vectors on Figs 2 and 3 . Observed polarization in
N1987A (Zanardo et al. 2018 ) is more radial than it is in the
OD-B1 model. This conclusion is valid for the both alternatives for

. 
(vi) Therefore, it is evident that the MOD-B1 model does not

eproduce the observed polarization map (reported on fig. 3 in
anardo et al. 2018 ). Thus, MF in SN1987A has structure different

rom that adopted in this model. 
(vii) Orlando et al. ( 2019 ) has also reported numerical MHD

imulations for another model, MOD-B100. It was shown that this
odel does not reproduce the radio light curve. In addition, it has

igher tangential MF component ( A 2 = 8 × 10 13 G cm ) comparing
NRAS 518, 6377–6389 (2023) 
o MOD-B1 and therefore does not correspond to the observed
olarization. 

It has to be pointed out that the configuration of the MF is important
or polarization maps, but not for changing the o v erall dynamics of
he SNR which would be analogous even with a configuration of MF
hich is different from that adopted in our previous models MOD-B1

nd MOD-B100. 
In order to check how lower or higher MF strengths or electron

ensity affect the polarisation patterns due to the Faraday effect, we
ultiplied artificially the rotation measure RM by the same factor

verywhere in the SNR interior. The images for different factors in
he range 0.3–3 are indistinguishable. Though the internal Faraday
otation could change the polarization pattern, it is inef fecti ve for
he high frequency of available observations, ν = 22 GHz , because
M ∝ ν−2 . The polarization observations at lower frequencies
hich are sensitive to the Faraday effect would be of a considerable

mportance for testing the models of MF in SN1987A. 

art/stac3564_f1.eps
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Figure 2. Maps of the Stokes parameter I (left-hand panel) and I pol (right-hand panel) for the model MOD-B1 and for the alternative A . Polarization vectors 
corresponds to MF orientation and are proportional to the polarization fraction. Hereafter, our images correspond to year 30 of SNR evolution, to the frequency 
22 GHz and are convolved with Gaussian with FWHM = 0 . ′′ 4. Arbitrary units in colour scales are the same on Figs 2 and 3 in order to make it possible to 
compare the images one to another. 

Figure 3. The same as on Fig. 2 for the for the alternative B (without contribution of the ring and clumps to the number density of relativistic electrons). 
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 M E T H O D  F O R  MAGNETIC  FIELD  

E C O N S T RU C T I O N  IN  H D  SIMULATIONS  

D model of SN1987A by Orlando et al. ( 2019 ) agree with wealth
f observational data. However, as we have just seen, the structure of
F in this model has higher tangential component comparing to the 

olarization pattern observed in SN1987A. Therefore, there is a need 
o look for a MF structure which agree with the radio polarization.
he full-scale three-dimensional MHD simulations are not suitable 

or exploring the parameter space. Therefore, we hav e dev eloped a
emi-analytical approximate method which helps us to ‘reconstruct’ 

F structure of evolved SNR once its HD structure is known and a
odel of initial MF around the SN progenitor before the explosion 

s assumed. Considering different models of the initial MF, we may 
nd the polarization configuration which resembles the observed 
attern. 
.1 Description of the method 

enerally, MF pressure in SNRs is considerably smaller than the 
hermal or ram pressure. SN1987A is not an exception. In the model

OD-B1, for example, the ratio of the thermal to magnetic pressure
> 10 5 at its forward shock at the time of its breakout of the stellar

urface. HD properties of SN1987A are such that MF at the stellar
urface has to be > 1 MG in order to affect the o v erall dynamics of
his object. This is far abo v e the v alues allo wed by the radio light
urves (Orlando et al. 2019 ). 

Considering the limit of the large plasma β (i.e. dynamically 
nimportant MF), one can use HD numerical simulations in order to
rescribe the distribution of MF it should be inside a shell-like SNR.
Let the (non-uniform) distribution of MF in the ambient medium 

efore the SN event B o ( r ) be known (actually, this is the MF model
o be tested). In order to reco v er MF in an element of plasma at
MNRAS 518, 6377–6389 (2023) 
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ime t after explosion, we consider its evolution in this element, in
agrangian approach. 
At the beginning, we need to know what was MF in this element

t the time t i when it was shocked. The vector B o is split to
he two components, the parallel and perpendicular ones B ‖ o =
 o cos � o , B ⊥ o = B o sin � o where � o is the obliquity angle, i.e. the
ngle between B o and the shock normal n , index ‘o’ marks the pre-
hock values. If the shock compression ratio is σ then the post-shock
omponents are respectively B ‖ s = B ‖ o , B ⊥ s = σB ⊥ o ; they lie in the
lane fixed by the vectors B o and n . 
At any time moment, the obliquity angle in each ‘shocked’ cell
ay be calculated assuming that the portion of the shock located at

r at a time moment t i runs approximately in the radial direction: 

cos � o ( a , t i ) = 

(
B o ( a ) · a 

)

| B o || a| , (3) 

here a ≡ R ( t i ) is the Lagrangian coordinate of a given gas element,
R the radius-vector of the shock element. Note, that the three
omponents of the Lagrangian coordinate a should be kept during
he simulations in respective tracers; this allows one to convert r to
a and vice versa for any time moment t . 

A more sophisticated approach could be developed, namely, that
he normal n may not be taken in the radial direction for a moment
f time t i but parallel to the shock velocity V . It could be somehow
ore accurate than the approximation of the instant radial expansion

ecause it closely follows the paths of the shock elements (respective
umerical simulations should include three additional passive tracers
o store the components of the shock velocity vectors). It should be
oted, ho we v er, that the v elocity of the shock in a non-uniform
edium is not al w ays perpendicular to the shock surface. Therefore,

uch approach would also be approximate. The approximation of
he radial expansion is simpler and quite accurate for the regions of
mbient medium without strong small-scale density gradients which
ould change considerably the motion direction of a given portion of
he shock. 

Magnetic flux through co-moving surface ds is constant in an ideal
HD, i.e. B ‖ d s ‖ = const, B ⊥ 

d s ⊥ 

= const. Therefore, 

 ‖ s ( a , t i ) a 2 = B ‖ ( a , t) r 2 , B ⊥ s ( a , t i ) a d a = B ⊥ 

( a , t) r d r . (4) 

ith the use of the continuity equation ρs ( a , t i ) a 2 da = ρ( a , t ) r 2 dr ,
e derive the expressions: 

 ‖ ( a, t) = B ‖ o ( a) 
(a 

r 

)2 
, B ⊥ 

( a, t) = B ⊥ o ( a) 
ρ( a, t) 

ρo ( a) 

r 

a 
. (5) 

he formulae for the conversion of B ‖ ( a , t ) and B ⊥ 

( a , t ) into the three
omponents of B ( r, t) are given by Petruk et al. ( 2017 , Appendix A).

Thus, the 3D structure of B ( r ) inside SNR depends on the initial
odel of the ambient field B o ( r ), on the initial ambient density

istribution ρo ( r ) and on the actual density structure ρ( r ) inside SNR.
herefore, introducing ideas for possible distributions of the pre-SN
F B o ( r ), one can forecast how would MF B ( r ) be distributed

n-top the 3D HD structure of evolved SNR. 
Such quasi-MHD model of SNR (3D data-cubes for HD pa-

ameters from the full-scale numerical simulations plus semi-
nalytically reconstructed data-cubes for MF vectors) may be
sed to simulate polarization images. These images may then
e compared to respective observations. This receipt allows for
ather quick tests of different initial MF configurations B o ( r ) in
ases when the HD structure of SNR known. Once a model for

B o ( r ) which resembles observations is known from this method,
hen the full-scale MHD simulations may be performed with this
NRAS 518, 6377–6389 (2023) 
nitial ambient MF in order to study details of MHD evolution
f SNR. 
In this paper, we use this approximate method to realize hints

bout the MF and the radio emission structures in SN1987A. 

.2 Test of the method 

irst, we have tested our method on the Sedov SNR by comparing
econstructed MF with MHD simulations for the Sedov ( 1959 )
roblem. The reconstructed MF is practically the same as in the 3D
HD simulations of the Sedov SNR. The reason for such accuracy

s that our method corresponds to the exact analytical solution for
F profiles downstream of the strong one-dimensional shock from

 point explosion in a perfectly conducting gas with weak MF
Korobeinikov 1964 ). 

Then, we have performed the test of the method with the numerical
ata for MOD-B1 model by Orlando et al. ( 2019 ). Fig. 4 compares
F which contribute to the synchrotron emission, namely, the

omponent perpendicular to the line of sight of MF o v ertaken by
he forward shock. Data from the MOD-B1 numerical model of
N1987A is shown on the left-hand side and for the MF reconstructed
ith our method (with the use of HD data from the same numerical
odel and with the same B o ( r )) is shown in the right-hand side. We

ee good correspondence of both MF patterns. 
In summary, the proposed method is adequate even for rather

omplicate cases like SN1987A if the general MF morphology is of
nterest. 

 RESULTS  A N D  DI SCUSSI ON  

.1 Morphology of the synchr otr on emission 

e have used the approximate approach described in Section 3
n order to find an initial MF configuration which results in the
olarization image of SN1987A similar to the observational one
eported by Zanardo et al. ( 2018 , fig. 3). 

We applied the method to HD data from the numerical model
resented by Orlando et al. ( 2019 ). Fig. 5 shows the resulting images
or the initial MF given by the equations ( 1 )–( 2 ) with the same A 1 

s in the model MOD-B1 but with a considerably smaller A 2 =
 × 10 9 G cm . Such MF results in a required pattern of polarization
ectors. Therefore, the stellar rotation ω s was slower and/or the wind
peed u w was faster before the SN1987A explosion compared to what
as assumed in the MOD-B1 model. 
The pattern of the polarization vectors is recovered in our im-

ges, in both alternatives for the distribution of the radio-emitting
lectrons. Ho we ver, the brightness distribution (both total and
olarized) is symmetric on our case, contrary to the observations
here the left limb is brighter than the right one (Zanardo et al.
018 , fig. 3). This is not surprising because (i) the configuration
f the CSM in the considered numerical model is symmetric
except of the clump locations which are random); (ii) the SN
xplosion was assumed to be spherically symmetric; and (iii) the
arker ( 1958 ) formulae describe the symmetric circumstellar MF
onfiguration. 

At this point, we do not discuss the nature of the asymmetry but
nstead perform a simple procedure. Namely, In order to reco v er the
ast–west asymmetry in SN1987A image, we have added artificially
 gradient of the emissivity by multiplying the ‘local’ values of the
tokes parameters I , Q , U in each cell of the rotated 3D cube by a
actor exp ( −x / H ) with x the Cartesian coordinate and H = 0 . 5 pc
he length-scale (to be compared to the radius of SN1987A 0 . 23 pc ).
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Figure 4. Sum along the line of sight of the MF component perpendicular to the line of sight. Left-hand panel: MF from 3D MHD simulations. Right-hand 
panel: MF reconstructed from 3D HD data. Note, that these are the MF maps and no distribution of emitting electrons is needed to produce them: MF structure 
is the same as for alternative A and for alternative B . Though the absolute values on the colour scales are a bit different, the contrasts between the maximum 

(27 μG on the left-hand panel, 20 μG on the right-hand panel) and the minimum values are the same on both colour-scales. In other words, the colour-scales 
differ by a factor only. We have chosen to shift one colour-scale on a factor versus the another one in order to emphasize similarities and to make it more suitable 
to see correlations between the two images. The ratios of brightness between pixels are more important for comparison of images than the difference on the 
same factor in the o v erall amplitude. 

Figure 5. Polarization images of SN1987A synthesized by our method for HD data from Orlando et al. ( 2019 ). I pol is shown by colour. Vectors correspond to 
the orientation of MF and are proportional to the polarization fraction. Left-hand panel: alternative A . Right-hand panel: alternative B . Arbitrary units in colour 
scales are the same on Figs 5 and 6 and are 1/100 of the units for Figs 2 and 3 . 
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The images we derive are shown in Fig. 6 . They resemble
he observ ed patterns, ev en in small-scale details. Namely, (i) the
adial directions of the polarization vectors are dominant; (ii) the 
irections of the vectors over the different parts of the SNR edge
re almost the same as in the observational data, even deviations 
rom the radial directions; (iii) the sizes of the polarization vectors 
 v er the image approximately matches the observed distribution; 
iv) there are two blind spots around the center of the image;
v) the SW–NE direction of the vectors between these two spots
s also reco v ered (it is more clearly visible on right-hand panel
f Fig. 6 ). 
.2 East–west asymmetry 

he observed east–west asymmetry in the radio images of SN1987A 

Cendes et al. 2018 ; Zanardo et al. 2018 ) may have different
ature. Since the synchrotron emission is proportional to the product 
B 

α + 1 , the asymmetry should arise mainly from the gradient of
F or density (Gaensler et al. 1997 ). Radio images of SNRs

re more sensitive to the gradient of MF (Orlando et al. 2007 ).
n fact, to be solely responsible for the exponential factor in
missivity, the length-scale of the non-uniformity for the ambient 
ensity has to be H = 0 . 5 pc while the length-scale for the MF
MNRAS 518, 6377–6389 (2023) 
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Figure 6. The same as Fig. 5 with gradient of emissivity added. 
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2 The ratio u w / ω s yields the radius in the equatorial plane r 0 where the 
tangential velocity due to the rotation ω s r 0 equals to the radial velocity 
of the wind u w . At this radius, B r = B φ . The tangential MF component gets 
progressively higher than the radial one for distances > r 0 and, at later times 
(when SNR radius becomes larger) the SNR feels mostly the B φ component. 
For reference, r 0 = 0 . 12 pc in the MOD-B1 model and should be larger than 
2 . 4 pc to be consistent with the radial polarization in our model of SN1987A. 
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trength could be larger, H ( α + 1) = 0 . 85 pc , i.e. the gradient
maller. 

X-ray images (Frank et al. 2016 ) also exhibit east–west asymmetry.
o we ver, the origin of the X-ray asymmetry could differ from the

adio asymmetry because of the thermal nature of X-ray emission
hich is dominated in the last decade by the dense structures of

ing and clumps (Orlando et al. 2015 ). Really, the radio emission is
roportional to the density while the thermal X-rays to the density
quared. What is also important that the asymmetry in X-rays is
nverted: Eastern part of SNR was brighter till the year 2007 but then
he western part is dominant (fig. 6 in Frank et al. 2016 ). In the radio
and, the eastern part continue to be brighter (Cendes et al. 2018 ).
he brightness inversion in the thermal X-rays, together with the fact

hat the east side faded first in the optical, may be a sign that the west
ide of the remnant is denser. If so, the MF gradient, directed to the
ast, should be stronger (i.e. with smaller H than estimated abo v e) to
ompensate for the density gradient directed to the west. 

Could the dense clumps be (partially?) responsible for such
ehaviour of the X-ray images? After all, the shock encounters
ach of them at different times (Fransson et al. 2015 ). Could the
symmetry in the radio images be also influenced by the clumps?
hat is dominant in the asymmetry of the radio images: a large-

cale gradient of density or of MF? Which MF component, ordered
r disordered, is more asymmetric? Could the asymmetry be due to
nisotropy of electron injection or acceleration? Might it be due to a
on-spherical SN explosion? Expanding with different velocities the
arts of the shock may reach dense H II region and equatorial ring
arlier at one side than at the other. In order to answer these questions,
edicated studies have to be performed. Analysis may benefit from
bservational data in different electromagnetic domains which may
elp to disentangle contributions to the emission from density and
F. 

.3 Radial versus tangential components of magnetic field 

.3.1 Consequences from the model of the Parker spiral 

t was demonstrated (Petruk et al. 2021 ) by 1D MHD simulations
hat it is unlikely that the radial MF may dominate the tangential one
ownstream of the forward shock in young SNRs if their strengths
NRAS 518, 6377–6389 (2023) 
ere of the same order in the pre-shock medium. The radial MF
omponent drops faster downstream than the tangential component. 

In agreement with this, we have found in this paper that the pref-
rentially radial alignment of the polarization vectors in SN1987A
hould be due to the dominant radial initial MF around the progenitor.

In our study, we adopted the Parker ( 1958 ) model of MF. In the
quatorial plane, the ratio between the absolute values of the radial
nd tangential components in this model varies with a distance and
epends on the ratio between the stellar wind speed and the rotation
elocity 

B r 

B φ

= 

u w 

ω s 

1 

r 
. (6) 

he period of magnetic rotation is generally considered the same as
or the stellar rotation, P = 2 π/ ω s . The two periods may differ if MF
s not frozen into the outer layers of a star. 

In the model MOD-B1 (Orlando et al. 2019 ), u w = 500 km s −1 and
 = 2 × 10 4 P 	 with P 	 = 27 days were taken. For these values, the

atio B r / B φ = 0.52 at a distance r = 0 . 23 pc (the radius of SN1987A).
hus, the tangential component is high in the MOD-B1 model. 
Our results show that the observed polarization pattern may be

eproduced if the radial MF component in the Parker ( 1958 ) MF
odel is dominant on the length-scale of the radius of SN1987A, B r 

B φ . Numerically, the ratio should be B r / B φ � 10 at r = 0 . 23 pc .
his may be reached if u w / ω s in expression ( 2 ) is more than ∼20 times

arger (and thus A 2 smaller) than in the MOD-B1 model. This factor
0 is a sort of a lower limit (corresponding upper limit to A 2 is
4 × 10 9 G cm ): smaller value of the factor or larger SNR radius
ill cause more tangential polarization pattern. 2 

Our images reported abo v e were synthesized for the factor 40.
hough the factor 20 results in the synthesized image, which, in
eneral, is similar to the observed one, the value 40 provides more
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3 Instead, the Parker MF model assumes the steady wind and rotation. 
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ccurate correspondence to observations on the smaller scales. If we 
ivide the factor 40 evenly between the wind and rotation, we come to
he numbers u w = 3200 km s −1 and P = 9400 yr . Such wind velocity
or the progenitor of SN1987A (B3 class star with temperature 
6 kK ) is acceptable. For stars in the main sequence, it varies
rom ∼10 km s −1 for cool to ∼3000 km s −1 for hot luminous stars 
Johnstone et al. 2015 ). It could be in the range 2500 −3500 km s −1 

or massive stars with temperatures 25 −40 kK (Vink 2018 , their 
g. 2). In contrast, the rotational period ∼10 5 P 	 is out of the values
eported in the literature. Typically measured periods range from 

ours to months for stars of different types. There are Ap stars with
etermined periods of 10 −30 yr (e.g. Mathys et al. 2019 ; Mathys,
urtz & Holdsworth 2022 ) and ∼100 yr with expectation that periods 
ay reach several centuries (Mathys 2017 ). As stated by Mathys et al.

 2019 ), our knowledge about long periods of star rotation is quite
ncomplete. This is in particular due to difficulties in determination 
f variations on such long time-scales and in measurement of the 
adial velocity component vsin i below the microturbulent velocity 
20 km s −1 (Sundqvist et al. 2013 ; Markova et al. 2014 ). For the

ake of comparison, the values needed to be derived in observations 
re v sin i = 0 . 004 P 

−1 
∗ km s −1 for periods P ∗ in units of 1000 yr

nd stars with the radius and inclination as in the progenitor of
N1987A. 

.3.2 On the rotation of the SN1987A pro g enitor 

he spectra of Sanduleak −69 202 observed a decade before the 
xplosion (Walborn et al. 1989 ) suggest that the rotational velocity 
f this star may not be abo v e 100 km s −1 (P arthasarathy et al. 2006 ).
o, the rotational period exceeded 2 weeks prior the explosion. It is
nkno wn, ho we v er, to what de gree it was larger than few weeks. 
The slow rotation of the progenitor star of SN 1987A suggested 

y this study seems to be in tension with current models of the
rogenitor. One of the reasons why the single-star progenitor model 
or SN1987A was rejected is a low rotation rate of a single star
Podsiadlowski 1992 ). The binary merger model was introduced 
ecause the rotation helps an evolutionary model for an SN1987A 

rogenitor to pass a series of necessary tests (Che v alier & Soker
989 ; Podsiadlowski 1992 ; Morris & Podsiadlowski 2007 ). 
The ambient medium where SN1987A expands is axisymmetric 

nd strongly asymmetric in respect to the polar angle. The HD 

odel (Morris & Podsiadlowski 2006 , 2007 , 2009 ) adopts the
inary merger, the red Supergiant (RSG), the blue Supergiant (BSG) 
equence with strong rotation in order to explain such structure. The 

HD model (Washimi, Shibata & Mori 1996 ; Tanaka & Washimi 
002 ) explains the asymmetry by an evolutionary sequence of the 
SG and BSG winds controlled by a strong toroidal MF and also
eeds a strong rotation as an origin of such MF. 
Instead, the model of the Parker spiral for the pre-explosion 

mbient MF configuration together with the radial polarization 
attern in SN1987A imply a slow rotation of the MF around the
rogenitor star. At this point, we may mention the two possibilities
hen the strong rotation and the radial MF may coexist in the

volutionary scenario for the progenitor. 
First, one might imagine a separation of the ambient MF from

 stellar rotator in space , by decoupling the spinning core from
he outer layers of the star which have low angular momentum 

M.A.Aloy 2022, pri v ate communication). We cannot say anything 
ore at this point because the core-envelope rotational coupling in 

tars is an open problem (e.g. Steinle & Kesden 2021 ). Some authors
upport ef fecti ve decoupling in terms of rotation between the stellar
nterior and the outer layers in the isolated single post-main-sequence 
tars (Hurley, Pols & Tout 2000 ). Others, considering binary systems,
isfa v or models with mild rotational coupling (Belczynski et al.
020 ). Alternati vely, de viations from ideal MHD conditions may
plit the MF and star rotations. MF may not be frozen in the stellar
aterial if there is a non-zero resistivity. In such circumstances, their

eriods of rotation may differ. 
In the second scenario, the radial ambient MF may be separated

rom the rotating star in time . The ambient MF at some distance from
he star reflects the rotation of that star at the time when this ‘portion’
f the field was produced. So, when did the star have rotation velocity
hat low to produce MF configuration with a negligible toroidal MF
omponent? The polarization map we observe now is the result of
he shock interaction with the H II region, which is believed to be
 material of the wind during the RSG stage of the star evolution.
herefore, the slow rotation might be a feature of this phase. In fact,

t is known from the angular-momentum conservation that when 
he radius of a main-sequence star increases to a supergiant one,
he angular rotation of the star decreases considerably (Che v alier &
oker 1989 ). 
The slow-merger scenario suggests that the spinning-up time for 

he merger, common envelope and mass ejection from the merger 
s short ( ∼100 yr ) comparing to the next RSG stage (few 1000 yr )
Morris & Podsiadlowski 2007 ; Urushibata et al. 2018 ). The matter
rom the merger was ejected in the polar directions (Morris &
odsiadlowski 2007 , 2009 ) and takes a large fraction of the angular
omentum away (Urushibata et al. 2018 ). Therefore, the ‘layer’ 

f the ambient medium filled with the material which has the high
ngular momentum (and thus the tangential MF component) should 
e rather thin and form polar lobes. As a result, it should be inefficient
n modification of the o v erall polarization pattern of SN1987A which
s due to emission from the equatorial H II region. 

In the scenario of Morris & Podsiadlowski ( 2006 , 2007 , 2009 ), one
f the stars in the initial binary system was already RSG with ‘slow’
few 10 km s −1 ) spherically symmetric wind. The wind of RSG after
he merger phase was within the equatorial polar angles and served
s a channel for losing the remaining angular momentum. At the next
SG stage, the wind was spherically symmetric (i.e. non-rotating) 
nd ‘fast’ (few 100 km s −1 ) in this model. In other words, there is
 change in the regime of the matter outflow from the post-merger
SG to BSG. 3 Namely, the rotation of RSG slows down to the end
f RSG epoch and then the material of RSG wind is blown out by
he non-rotating BSG wind. The inner boundary of the H II region
orresponds to the transition from the dense RSG wind to the thin
SG wind. Therefore, the MF close to the inner boundary of the
 II region (where the SNR shock is propagating now and where the

ynchrotron emission arises) was originated from a star which was 
 slow rotator at that time. Afterwards, the matter with this MF was
ushed away by the BSG wind to the present-day location. In this
rocess, the angular momentum conservation reduces the (already 
ow) tangential MF even more. 

One might suggest a hypothetical way to put limitations on the
otation rate of the star at the time when the equatorial ring was
reated. This dense equatorial ring is believed to be ejected at the
GB phase (Blondin & Lundqvist 1993 ; Morris & Podsiadlowski 
009 ). The location of the ring within the H II region (Che v alier &
warkadas 1995 ) supports this hypothesis. There are detailed Hubble 
pace Telescop e observations of the ring with the dense blobs
esolved (e.g. Fransson et al. 2015 ; Larsson et al. 2019 ). The small
MNRAS 518, 6377–6389 (2023) 
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Figure 7. Fragment of a cross-section of MF data cube from MOD-B1 
model. Colours show the MF strength in G. The MF lines are white. The 
contact discontinuity is derived from the tracer of ejecta with the threshold at 
0.5 and is shown by the black line. The RT finger is located nearly along the 
coordinate z ≈ 0 . 06 pc . The feature along the coordinate z = 0 pc is due to 
the interaction with the equatorial ring. 
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hanges in their radial locations are detected (fig. 3 in Fransson et al.
015 ). It could be important to derive limitations on the rotational
eriod at the RSG phase by looking for azimuth shifts of the bright
lobs in the equatorial ring. Ho we ver, the detected radial motion
f clumps ( �R ∼ 0 . 01 arcsec on the time-scale ∼1 yr ) are due to
elocities of order of few 100 km s −1 . The azimuth velocity at the
adius of the equatorial ring ( r rg = 0 . 18 pc ) would be just R rsg / r rg ∼
 × 10 −5 of the equatorial rotational velocity of the progenitor at the
ime when the ring was created (we have taken R rsg = 240 R 	 as the
SG radius for this estimate). Therefore, the azimuth shifts in the ring
ay be noticeable on ∼10 yr time scale only if the initial equatorial

elocity was of the order of the light speed that is impossible. We
ay interpret this in the other way. Since the equatorial velocity of

he star was smaller than the critical velocity ( ∼100 km s −1 ) at the
nd of the RSG phase (and we are unable to detect today the azimuth
peed in the ring), the tangential component of frozen-in MF may
ot be detected at the present radius of SN1987A. 

.3.3 Radial polarization patterns in young SNRs 

he preferentially radial orientation of the polarization vectors seems
o be common feature for young SNRs while the tangential vectors
appen mostly in evolved SNRs (Dickel & Milne 1976 ; Dubner &
iacani 2015 ). Radial polarization is observed in young SNRs with
rogenitors of different nature, for example, SN1987A was peculiar
ype II SN, Cas A the type IIb, SN1006 the type Ia. Different causes
ay act in different SNRs but the common property stimulates

houghts about a universal reason for the property. A number of
ypotheses for the radial polarization patterns have been suggested. 

Our results reveal that the small tangential MF component in
N1987A could be a property of the progenitor star at some stage of

ts evolution. 
The origin of the radial polarization patterns due to the Rayleigh–

aylor (RT) instabilities was considered by Jun & Norman ( 1996a ),
un & Norman ( 1996b ). The authors concluded in the latter paper
hat RT instability may be responsible for the radially-oriented MF
ines in the mixing region around the contact discontinuity. In our
D simulations (Orlando et al. 2019 ), the RT instabilities are well
eveloped at the border between the swept-up ambient material
nd the stellar ejecta. As an example, one quite prominent ‘finger’
s shown in Fig. 7 . It is elongated along the SNR radius. MF is
ydrodynamically amplified up to 50 times the pre-shock value
yellow colour) and has radial direction (MF lines are almost along
he radius) there. Ho we ver, as we see from Fig. 2 and 3 , the RT
nstabilities are inef fecti ve to provide the dominant radial orientation
f the polarization pattern in MOD-B1 MHD model because their
filling factor’ is not enough to dominate the polarization pattern. 4 

his is in agreement with the earlier findings, namely, with the low
mount of MF amplified by such instabilities (Jun & Norman 1996a ).

Our approach assumes that the polarization pattern arises in
N1987A due to a dominant contribution from the ‘ordered’ large-
cale MF (including RT instabilities) and not due to the ‘disordered’
NRAS 518, 6377–6389 (2023) 

 It merits to be noted that we adopted the re-grid technique in 3D MHD 

imulations in order to follow the SNR evolution o v er orders of magnitudes in 
pace and time (Orlando et al. 2019 ). At each regrid, we lost information about 
eatures on the smallest length-scales. The grid size, ho we ver, is rescaled to 
ust 1.2 times at each re-grid. The small value in 20 per cent has been chosen 
or regrid in order to keep the small features evolving in our simulations. 
herefore, we expect that most of the RT instabilities are preserved in the 
ourse of our simulations. 
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1  
F turbulence which could be excited by accelerated cosmic rays
t the smaller scales (we cannot treat it because of numerical
imitations imposed by the available spatial resolution). A turbulent

F in SNRs may also be originated by the Richtmyer–Meshkov
nstability induced at the forward shock by its interaction with the
reexisting upstream density perturbations (Inoue et al. 2013 ). If
hock-accelerated cosmic rays or the shock interaction with the
arge-scale ambient turbulence could amplify preferentially the radial

F component and such a process is able to provide the dominant
adial field in the most of emitting volume (like considered by
otter et al. 2014 ) then the possibility to infer information about the
onfiguration of the pre-SN MF from the polarization observations
ould be questionable. 

Another possibility for the radial polarization is presented by
est et al. ( 2017 ). It is suggested that the pattern could be due

o specific distribution of radio-emitting electrons. If the particles
re accelerated preferentially on the parallel portions of the shock
hen the only radial component of the completely turbulent MF
ill be highlighted. Such effect requires e xtremely selectiv e particle

cceleration and a dominance of the highly disordered MF o v er the
ordered’ component. 

.4 Disordered component of magnetic field 

s in the observational results, the vectors on our images are
roportional to the polarization fraction. Their lengths are similar
o those in the observational image. This means that the polarization
raction maps are also similar. Ho we ver, the v alues of that fraction
n our model are higher than observed because we excluded for
implicity the turbulent MF component from our consideration. 

The mean fraction � of polarized emission from SN1987A at
2 GHz is 2 . 7 ± 0 . 3 per cent in the brightest eastern lobe and 3 . 6 ±
 . 5 per cent in the inner part Zanardo et al. ( 2018 ). The maximum
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Figure 8. Image for the polarization fraction � . MOD-B1 model by Orlando 
et al. ( 2019 ) with the random MF added artificially in each cell with δB / B = 

1.5. Alternative B of the distribution of emitting electrons. 
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ocal � is about 6 −8 per cent , as from the sizes of vectors in the
bservational image. 
The polarization fraction decreases in those regions of the SNR 

rojection where MF rapidly changes orientation along the line 
f sight inside SNR, either due to MHD instabilities or due to
urbulent MF. In our 3D model, the instabilities develop and lower 
he fraction of polarization. In the MOD-B1 data, the fraction varies 
 v er the SNR projection from few per cent to about 50 per cent . It
s 15–25 per cent in the bright eastern limb. In order to have an
dea about the random MF component in SN1987A, we adopt the 
pproach developed in Bandiera & Petruk ( 2016 ) and Petruk et al.
 2017 ). Namely, we add to each cell the random MF distributed
ith the spherical Gaussian with the standard deviation δB . To be
ore specific, we calculate the local Stokes parameters Q and U 

ith formulae (19)–(20) from Petruk et al. ( 2017 ), i.e. multiplying
he expressions in the parentheses (which are sensitive to the ratio 
B / B ) to the local Q and U which are calculated with the ordered
F which is given by MHD simulations. We keep the ratio δB / B the

ame in the whole volume of SNR and synthesize the polarization 
aps for MOD-B1 model and different values of this ratio. Note, 

hat since we consider the spherical Gaussian for the random MF
rientations, the patterns of the Stokes parameters remain the same 
i.e. they are determined by the ordered MF component in this
pproach). Ho we ver, the v alues of � decrease with increasing δB / B .

The map of polarization fraction with values of � similar to those
bserved is shown in Fig. 8 . It is produced for the δB / B = 1.5.
hus, we expect that the disordered and ordered MF components in 
N1987A are of the same order. 

 C O N C L U S I O N S  

n this paper, we have modeled the pattern of polarization vectors in
N1987A which resembles the observed one reported by Zanardo 
t al. ( 2018 ). This was done by using an approximate method for
econstruction of the spatial structure of MF in SN1987A at the age
f 30 yr. The method utilizes the numerical 3D HD model of the
N1987A (Orlando et al. 2015 , 2019 ), which agrees with temporal
nd spectral evolution of the remnant in X-rays. We have revealed 
ome properties of MF and structure of the synchrotron emission in
N1987A which may be used for the future full-scale 3D MHD
imulations. Namely, an almost radial ambient MF is needed to 
eproduce the observations. If the circumstellar MF in the pre-SN era
ay be described with a Parker spiral, it should be with a negligible

angential component on the length-scale of 0 . 23 pc , the present-day
adius of SN1987A. From the Parker model (which assumes the 
teady wind and steady rotation), the implication would be either 
uite slow rotation of the progenitor star and/or the very fast stellar
ind before the SN explosion. 
We pointed out in Section 4.3 that the rotation and wind are not

teady in the Morris & Podsiadlowski ( 2007 ) model, namely, (i) the
tar rotation slo wed do wn to ward the end of RSG phase, (ii) the RSG
ind bubble was blown up by the spherical BSG wind. Therefore, the

zimuth velocity of the material of the RSG wind has considerably
ecreased due to the conservation of angular momentum, as also the
angential component of frozen-in MF in SN1987A. 

We consider two scenarios for the electron injection into ac- 
eleration process. Namely, alternative B excludes the possibility 
or electrons to be injected in the very dense material of the
quatorial ring and the clumps. In the alternative A, the injection
s considered proportional to the local density also there. We see
hat the synthesized radio image is more elliptical in alternative 
 (because the contribution from the ring material is high, Fig. 1

eft-hand panel) and more circular in the alternative B (because the
mage is formed by the emitting ‘barrel’, Fig. 1 right-hand panel).
he radio emissivity is proportional to ∝ κB 

( s + 1)/2 . Thus, the radio
mage depends on the relative contributions from the structures of κ
electron injection) and of B . Therefore, the MF strength is not just
 normalization for the radio image of SN1987A but serves also as
 ‘weighting factor’ between the alternatives A and B. For example,
igh MF may be dominant in the formation of the radio image and
iminish the role of the dense ring in image for the alternative A.
his point has to be taken into account in the future modelling. Being
onsidered together with simulation of the radio light curve, it may
ut limitations on the MF strength. 
An important property of the radio image of SN1987A is the

ast-West asymmetry in surface brightness (Cendes et al. 2018 ). 
his feature is also present in the map of the polarized intensity

Zanardo et al. 2018 ). Various reasons may produce it, in particular,
he gradient of ambient density or MF strength, an asymmetry of
N explosion, the anisotropy in cosmic-ray acceleration or in MF 

mplification. We have adopted the numerical model of SN1987A 

ith a highly asymmetric explosion (Orlando et al. 2020 ) and
emonstrated that it does not result in the observed radio asymmetry.
n order to disentangle other possibilities, dedicated numerical 
imulations should be performed. It is also important to observe the
ffect of the internal Faraday rotations. Present observational data 
re taken at frequency where the internal rotation is inef fecti ve in the
odification of the polarization pattern. In order to test alternative 

ypothesis, polarization observations at longer radio wavelengths 
ould be desirable. In particular, SKA1 could reach 0.4-arcsec 

esolution at 1.4 GHz. 5 In an unclear situation, we added the gradient
f the radio emissivity into our model. It is shown that observed
ast–west contrast in the polarized intensity is comparable to the 
xponential distribution with the length-scale of order of the remnant 
iameter. 
MNRAS 518, 6377–6389 (2023) 
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