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A B S T R A C T 

We present six epochs of optical spectropolarimetry of the Type IIP supernova (SN) 2021yja ranging from ∼25 to 95 d after the 
explosion. An unusually high continuum linear polarization of p ≈ 0 . 9 per cent is measured during the early photospheric phase, 
followed by a steady decrease well before the onset of the nebular phase. This behaviour has not been observed before in Type IIP 

supernovae (SNe IIP). The observed continuum polarization angle does not change significantly during the photospheric phase. 
We find a pronounced axis of symmetry in the global ejecta that is shared in common with the H α and Ca II near-infrared triplet 
lines. These observations are consistent with an ellipsoidal geometry. The temporal evolution of the continuum polarization is 
also compatible with the SN ejecta interacting with aspherical circumstellar matter (CSM), although no spectroscopic features 
that may be associated with strong interaction can be identified. Alternatively, we consider the source of the high polarization to 

be an extended hydrogen envelope that is indistinguishable from low-density CSM. 

Key words: techniques: polarimetric – techniques: spectroscopic – transients: supernovae. 
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 INTRODUCTION  

t is widely accepted that the core collapse of a star with zero-
ge main-sequence (ZAMS) mass � 8 M � produces hydrogen-rich
ype II and a subset of hydrogen-poor Type I (Ib/Ic; stripped-
nv elope) superno vae (SNe). Although most of these stars e xplode
s SNe, some models predict direct collapse to a black hole in certain
rogenitor mass ranges (Sukhbold et al. 2016 ; Byrne & Fraser 2022 ).
Ne II are also distinguished by their light-curve shape; an SN II
ith a linearly (in magnitudes) declining light curve is designated as

IL, whereas an SN II with an extended plateau lasting ∼90 d after
xplosion is classified as IIP; see Filippenko ( 1997 ) and Gal-Yam
 2017 ) for re vie ws of SN classification. Ho we ver, the distinction
etween SNe IIP and IIL is not clear, with some works suggesting
hat these subtypes instead constitute a continuum (Anderson et al.
014 ; Valenti et al. 2016 ). 
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The process that drives the explosions of core-collapse supernovae
CCSNe) also remains unclear. One of the most promising models is
 neutrino-driven mechanism (Bethe & Wilson 1985 ; Janka 2012 ).
o we ver, numerical simulations based on this mechanism fail to

eproduce the energies observed in CCSNe (Melson et al. 2015 ). The
iscrepancy between the simulated and the observed energies in CC-
Ne could be reconciled by an enhancement of the neutrino heating
fficiency caused by multidimensional hydrodynamic instabilities.
ossible sources include conv ectiv e motion, standing-accretion-
hock instability (SASI, Blondin, Mezzacappa & DeMarino 2003 ;

arek & Janka 2009 ), and Rayleigh–Taylor instability (Kifonidis
t al. 2003 ). In the case of SNe II, such instabilities may introduce
nhomogeneities in the core-collapse process and at the interface
etween the inner ejecta and the hydrogen envelope. Additional
nstabilities may be induced by effects of general relativity, rotation,
nd magnetohydrodynamics near and around the core (LeBlanc &
ilson 1970 ). On the other hand, a jet-driven bipolar explosion
odel has also been invoked to explain the observed energies and

sphericities in SNe II (Khokhlov et al. 1999 ; Wang et al. 2002 ;
hugai 2006 ; Maund et al. 2007 ; Couch, Wheeler & Milosavljevi ́c
009 ; Papish, Nordhaus & Soker 2015 ; Mauerhan et al. 2017 ). It is
oncei v able that the explosion process may involve a combination
f these two models. In order to test these hypotheses, methods have
© 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, 
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een developed to study the internal structure of SNe and characterise 
he inhomogeneities of their ejecta. 

Spectropolarimetry, which involves counting polarized photons at 
ifferent wavelengths, is an extremely useful probe of the geometric 
roperties of SN ejecta and the degree of chemical asphericity 
ithout spatially resolving the source. Furthermore, polarization 
easured across prominent spectral lines can characterize the distri- 

ution of individual elements within the ejecta (see Section 3.4 for
iscussion). Re vie ws of polarimetric studies of SNe include Wang &
heeler ( 2008 ), Branch & Wheeler ( 2017 ), and Patat ( 2017 ). The

eneral principle behind this method is as follows. Polarized photons 
re produced via Thomson scattering in SN atmospheres. The 
lectric field of the scattered photon is perpendicular to the plane of
cattering. Any deviation from spherical symmetry would result in 
n incomplete cancellation of the electric-field vectors (‘E-vectors’). 
ince the SN is observed as a point source and the light hitting a
etector is an integration of all the E-vectors, this asphericity would 
esult in a net polarization that is al w ays greater than zero. 

Early studies of SNe IIP showed characteristically low polarization 
uring the photospheric phase (Leonard et al. 2001 , 2006 ; Chornock
t al. 2010 ). During the photospheric (or the light-curve plateau) 
hase, the outer H-rich envelope, which exhibits a high electron- 
cattering opacity, re-emits the thermal energy deposited by the SN 

hock through a recombination process. Therefore, polarimetry of 
Ne IIP during the plateau phase measures the geometry of the 
lectron-scattering atmosphere as it recedes inward through the H- 
ich envelope. Asymmetries in the inner core are not visible at this
hase owing to the high electron-scattering opacity in the envelope. 
As the SN expands and cools adiabatically, the photosphere 

ecedes deeper into the stratified ejecta. This allows one to peer 
nto the different layers of the explosion as time progresses. The 
bserv ed lev el of polarization as a function of wavelength can be
sed to infer the degree of inhomogeneities and/or asymmetries 
n the ejecta (see e.g. Tanaka et al. 2012 , 2017 ). In particular, a
avelength-independent continuum polarization is most likely to 
e produced by Thomson scattering of free electrons that deviate 
rom a spherically symmetric distribution. It may also be caused 
y the presence of energy sources that are offset from the kinematic
entre of the explosion (Chugai 1992 ; Hoeflich, Khokhlov & Wheeler 
995 ; Kasen et al. 2003 ; H ̈oflich et al. 2006 ). Polarization signals
cross spectral lines can be understood by uneven blocking of the 
hotosphere by the associated line opacity, and by its frequency 
ariations in the thermalization depth (H ̈oflich et al. 2023 ), tracing
he distribution of elements in the SN ejecta. Therefore, time- 
eries spectropolarimetry can tomographically measure the degree 
f asphericity from the outer to inner layers of the SN ejecta. The
eometry of the inner core is dependent on the degree of instabilities
n the SN explosion, further placing constraints on the explosion 
echanisms discussed abo v e. 
Previous spectropolarimetric studies of SNe IIP such as SNe 

004dj, 2006my, 2006ov, and 2007aa sho w e vidence for the emer-
ence of an aspherical core following the photospheric phase 
Leonard et al. 2006 ; Chornock et al. 2010 ). In contrast to the
enerally seen low continuum polarization intrinsic to SNe IIP, a few 

otable exceptions include the Type IIP/L SN 2013ej (Mauerhan et al. 
017 ; Nagao et al. 2021 ), which displayed a significant continuum
olarization at the earliest epochs, and SN 2017gmr (Nagao et al. 
019 ), which exhibited a steep rise in polarization as early as 30 d
efore the plateau drop-off. Another peculiar case was observed 
or SN 2017ahn (Nagao et al. 2021 ), where the low continuum
olarization during the photospheric phase persisted well into the 
ebular phase. The sample of SNe IIP for which there have been
pectropolarimetric measurements remains small, despite being the 
ost commonly observed type of SNe. This work is part of an effort

o obtain high-quality data for nearby CCSNe with low interstellar 
olarization (ISP) contamination. 
SN 2021yja was disco v ered on 2021 September 8 at 13:12:00

UTC dates are used throughout this paper) in the spiral galaxy
GC 1325 (Smith et al. 2021 ) by the Asteroid Terrestrial-impact
ast Alert System (Tonry et al. 2018 ). A redshift of z = 0.005307

eported by Springob et al. ( 2005 ) was used to correct for the redshift
f the host galaxy. We adopt the time of explosion ( t exp ) to be
021 September 7.5, as estimated by Vasylyev et al. ( 2022 ), which
s roughly the mid-point between the last non-detection on 2021 
eptember 6.48 and the first detection on 2021 September 8.55. All
hases will be given in days relative to this date throughout the paper.
revious photometric and spectroscopic studies of SN 2021yja have 
ound weak mass loss from the progenitor star and little evidence 
f the presence of dense circumstellar matter (CSM; Hosseinzadeh 
t al. 2022 ; Vasylyev et al. 2022 ). 

SN 2021yja was observed to have a relatively long plateau phase
 ∼140 d), which can be explained by a hydrogen-envelope mass of

5 M � (Hosseinzadeh et al. 2022 ). There are some signatures of
SM interaction, including X-ray and radio emission (Alsaberi et al. 
021 ; Ryder et al. 2021 ), an early-time optical flux excess, and a short
ise time (see Kozyre v a et al. 2022 ), but we do not expect a significant
ontribution to the polarization signal through free electron scattering 
n the low-density CSM. We note that Kozyreva et al. ( 2022 ) suggest
hat the progenitor of SN 2021yja likely possessed a conv ectiv e
nv elope. F ollo wing a radiati ve-transfer hydrodynamical modelling 
rocedure as discussed by Kozyre v a, Nakar & Waldman ( 2019 ),
his conv ectiv e red supergiant env elope may build up a pre-e xisting
SM of 0.55 M � at a radius r ≈ 2 × 10 14 cm (or ∼ 2700 R �). The
rogenitor star’s initial mass was constrained to be ∼ 15 M � and have
 pre-explosion radius of ∼ 630 R � (Kozyre v a et al. 2022 ). The 56 Ni
ass produced in the explosion was estimated to be ∼ 0 . 12 M � by
osseinzadeh et al. ( 2022 ) and Vasylyev et al. ( 2022 ), which is more

han 1 σ abo v e the typical value ∼ 0 . 044 M � for SNe II (Anderson
019 ). The explosion energy was determined to be (1–3) × 10 51 erg
sing photospheric-velocity values from radiative-transfer modelling 
Vasylyev et al. 2022 ). We note a discrepancy between the velocity
easurements in the aforementioned work and that of Hosseinzadeh 

t al. ( 2022 ), who determine a lo wer v alue using the blueshift of the
e II absorption minimum. 
This paper is organized as follows. In Section 2 , we present

he summary of our spectropolarimetric observations and discuss 
ystematic errors associated with instrumentation and contamina- 
ion from ISP. We calculate the continuum linear polarization and 
olarization angle (PA) in Section 3 , discuss the uniqueness of
N 2021yja among the population of SNe II with spectropolarimetric 
bservations, and interpret the geometry of the SN ejecta. A brief
ummary of the study is given in Section 4 . With this work,
e aim to signal a paradigm shift from considering SNe II as
 homogeneous population to instead recognizing the wide range 
f possible geometries needed to explain the emerging diversity in 
pectropolarimetric observations. 

 SUMMARY  OF  OBSERVATIONS  AND  DATA  

NALYSIS  

.1 VLT spectropolarimetry 

e obtained one epoch of spectropolarimetry of SN 2021yja using 
he FOcal Reducer and low-dispersion Spectrograph 2 (FORS2; 
MNRAS 527, 3106–3121 (2024) 
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M

Table 1. Journal of spectropolarimetric observations of SN 2021yja. 

UT date MJD 
b Phase a Instrument Airmass range Avg. seeing Exposure time c 

(MM-DD-YYYY) (d) (arcsec) (s) 

10-02-2021 59489.20 25 VLT/FORS2 1.24–1.05 1.06–0.74 300 × 4 × 3 
10-07-2021 59494.46 30 Kast 2.0–2.2 2 600 × 4 × 1 
10-15-2021 59502.48 38 Kast 2.0–2.1 2 600 × 4 × 3 
11-03-2021 59521.45 57 Kast 1.98–2.07 1.2 600 × 4 × 3 
11-12-2021 59530.28 66 Kast 1.98–2.07 1.2 600 × 4 × 3 
12-11-2021 59559.24 95 Kast 1.9–2.2 1.3 600 × 4 × 3 

Notes. a Days after the estimated time of explosion on MJD 59 464 (2021 September 7). 
b MJD is given as the start time of the CCD exposure. c Exposure time of a single exposure × 4 retarder-plate angles × number of loops. Wavelength ranges for 
Kast and VLT/FORS2 are 4570–9800 and 3500–9100 Å, respectively. 
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ppenzeller et al. 1998 ) on the Unit Telescope 1 (Antu) of the
SO Very Large Telescope (VLT). Observations were made in the
olarimetric Multi-Object Spectroscopy (PMOS) mode on 2021
ctober 02, corresponding to ∼25 d after the estimated time of

he explosion. Grism 300V and a 1-arcsec-wide slit were adopted,
esulting in a spectral resolving power of R ≈ 440, corresponding to
he size of a resolution element of 13 Å at a central wavelength of
849 Å (see e.g. Anderson 2018 ). The slit was aligned with the north
elestial meridian considering all observations were carried out at
mall airmass ( � 1.2, see Table 1 ). Given the presence of a linear
tmospheric dispersion compensator (Avila, Rupprecht & Beckers
997 ), we consider the small misalignment between the slit and the
arallactic angle (Filippenko 1982 ) to have a negligible effect on the
bserved spectral energy distribution. 
The VLT spectropolarimetric observation consisted of four expo-

ures each with the half-wave retarder plate positioned at angles
f 0 ◦, 45 ◦, 22.5 ◦, and 67.5 ◦. The total 900 s × 4 retarder-plate
ngles integration was split into three sets of 300 s exposures to
educe the impact of cosmic rays. After bias subtraction and flat-
eld corrections, the ordinary (o) and extraordinary (e) beams were
xtracted following standard routines within IRAF . 1 Wavelength
alibration was done separately for the o-ray and e-ray in each
ndividual frame with root-mean-square (RMS) accuracy better than

0.2 Å. Each beam has been flux-calibrated using the flux standard
tar EGGR 141 observed at an airmass of 1.0 the following night,
ith the identical polarimetry optics used to observe SN 2021yja in
lace and at the half-wave plate angle 0 ◦. 
Stokes parameters, bias-corrected polarization degrees, and asso-

iated uncertainties were computed with our own routines following
he procedures of Patat & Romaniello ( 2006 ) and Maund et al. ( 2007 ).
he instrumental polarization of FORS2/PMOS ( � 0.1 per cent)
as further corrected following Cikota et al. ( 2017 ). Details of the

eduction of FORS spectropolarimetry can be found in the FORS2
pectropolarimetry Cookbook and Reflex Tutorial. 2 , Cikota et al.
 2017 ), and in appendix A of Yang et al. ( 2020 ). A test of the precision
nd stability of the FORS2 instrument for spectropolarimetry is
onducted in Appendix A of this paper. 
NRAS 527, 3106–3121 (2024) 
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.2 Kast spectropolarimetry and Lick photometry 

pectropolarimetry of SN 2021yja was obtained using the polarime-
ry mode of the Kast Double Spectrograph on the Shane 3 m telescope
t Lick Observatory (Miller, Robinson & Goodrich 1988 ; Miller &
tone 1994 ). The Kast spectropolarimetry sequence of SN 2021yja
ontains five epochs of observations that span days 30–95 after
he explosion. Observations and data reduction were carried out
ollowing the description provided by Patra et al. ( 2021 ). Telluric
ines were remo v ed through comparison with the flux spectrum of a
tandard star. The 300 lines mm 

−1 grating and the 3-arcsec-wide slit
ere adopted, resulting in a spectral resolving power of R ≈ 380,

orresponding to the size of a resolution element of 18 Å at a central
avelength of 6800 Å. A log of the VLT and Kast spectropolarimetry
f SN 2021yja is presented in Table 1 . 
In order to characterize the instrumental polarization, nightly

bservations of the low-polarization standard star HD 212311 were
arried out with the same polarimetry optics used to observe
N 2021yja. The average normalized Stokes q and u values 3 o v er
ll epochs were measured to be < 0 . 05 per cent , thus confirming
egligible instrumental polarization and long-term stability of the
ast spectropolarimeter. 
Follow-up photometry of SN 2021yja was performed by the 0.76 m

atzman Automatic Imaging Telescope (KAIT) as part of the Lick
bserv atory Supernov a Search (LOSS, Filippenko et al. 2001 ), as
ell as the 1 m Nickel telescope at Lick Observatory (Mauerhan et al.
017 ). BVRI -band light curves from these observations are presented
y Vasylyev et al. ( 2022 ). 

.3 Interstellar polarization 

he polarization that is intrinsic to the explosion of SN 2021yja could
e contaminated by the polarization caused by interstellar aspherical
ust grains along the SN-Earth line of sight. In particular, such an
SP can be induced by the dichroic extinction owing to non-spherical
aramagnetic dust grains which are partially aligned by a large-scale
agnetic field. Therefore, the level of such ISP needs to be estimated

n order to isolate the intrinsic polarization of SN 2021yja. In the case
f this study, several observational properties suggest a low level of
SP toward SN 2021yja. 

First, the reddening caused by Galactic dust toward the SN 2021yja
ine of sight can be estimated as E ( B − V ) = 0.02 mag using the
ASA/IPAC NED Galactic Extinction Calculator based on the R V =
.1 reddening law and the extinction map from Schlafly & Finkbeiner
 Following the definition adopted by Patra et al. ( 2022 ), where q = Q / I and 
 = U / I . 

ftp://ftp.eso.org/pub/dfs/pipelines/instruments/fors/fors-pmos-reflex-tutorial-1.3.pdf
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 2011 ). According to the empirical upper limit of polarization 
nduced by the dichroic extinction of interstellar dust grains, p ISP 

 9 × E ( B − V ) per cent, we estimate the ISP contributed by
he Galactic dust to be p 

ISP 
MW 

� 0 . 18 per cent (Serko wski, Mathe w-
on & Ford 1975 ). Although the ISP within the host galaxy of
N 2021yja remains unclear, we can still estimate the total line- 
f-sight ISP from the emission component of the strong P Cygni
rofile of the Balmer lines. We follow a common assumption made 
n spectroplarimetric studies where the central region of the H α

mission is taken to be intrinsically unpolarized in the absence of
 strong magnetic field (Howell et al. 2001 ; Wang et al. 2004 ;
hornock et al. 2006 ; Reilly et al. 2017 ; Nagao et al. 2019 ). In

eality, the emitted photons are dominated by resonant line scattering 
hich is not a completely depolarizing process (McCall 1984 ; 

ef fery 1989 ). Ho we ver, collisions between atoms in the ejecta
ead to a loss of geometric information from the incoming photons 
Jeffery 1991 ). Although H α is not considered a resonance line 
s it does not arise from ground state, similar depolarizing effects 
hould occur in this transition. The minimum level of polarization 
cross the H α emission reaches 0.046 per cent ± 0.042 per cent and
.047 per cent ± 0.039 per cent as measured from 25 and 30 Å binned
LT spectra at day 25, respectively, which are all roughly consistent 
ith zero within their 1 σ uncertainties. This measurement is repeated 

or all other epochs, verifying that the minimum polarization is 
onsistent with zero o v er a broad time-scale. Therefore, we assume
hat the ISP toward SN 2021yja is negligible. 

 SPECTROPOLARIMETRY  

n the following subsections, we present the VLT and Kast spectropo- 
arimetry of SN 2021yja obtained during six epochs that span days 
 25 to + 95. First, we focus on the peculiar, high level of continuum

olarization at early photospheric phases. Second, we compare the 
ntrinsic polarization properties of SN 2021yja with a sample of Type 
IP SNe that have multi-epoch polarimetry measurements. Next, we 
iscuss the effects on the observed polarization by an additional 
eating source. Finally, we conduct a detailed investigation of the 
olarization profile across the H α line and a possible late-time rise
f the polarization of the Ca II near-infrared (NIR) triplet (air wave-
engths 8498.02, 8542.09, and 8662.14 Å, with ∼8570 Å chosen as 
he central wavelength, hereafter denoted as Ca II NIR3) polarization. 

.1 High continuum polarization 

he continuum polarization during the recombination phase of 
Ne IIP has been shown to be relatively low, up to only a few

enths of a per cent in the first 3 months after explosion (Leonard
t al. 2001 , 2006 ; Chornock et al. 2010 ). Ho we ver, there has been
ncreasing evidence for diversity in photospheric-phase polarimetry 
f SNe IIP (e.g. SNe 2012aw, 2017ahn, and 2017gmr, Nagao et al.
019 , 2021 ; Dessart, Hillier & Leonard 2021a .) In general, the
ow continuum polarization can be explained by a large opaque, 
early spherical hydrogen envelope that absorbs and reprocesses any 
ight emanating from an aspherical core. Following the photospheric 
hase, when their optical brightness falls off from the plateau 
Eastman et al. 1994 ), SNe IIP have shown significant continuum 

olarization. Leonard et al. ( 2006 ) suggest that this is the result of
he recombination front receding into the deeper He-rich layers of 
he ejecta revealing an aspherical core. 

Chugai ( 2006 ) proposes that the rapid rise in polarization at the
eginning of the nebular phase originates from uneven ionization 
y 56 Ni plumes in the core. Dessart & Hillier ( 2011 ) argue that this
ise is linked to the ejecta becoming optically thin. This behaviour
as explained in great detail for Type IIP SN 2004dj, which showed
egligible continuum polarization ( p ≤ 0.1 per cent) until a sudden
ise to ∼0.6 per cent at ∼91 d after the explosion (Leonard et al.
006 ). 
The rapid rise in polarization was coincident with the steepest 

ecline of the V -band magnitude and has been suggested to be the
esult of an emerging aspherical core. Thereafter, the continuum 

olarization of SN 2004dj declined following a t −2 law owing to the
xpansion of the ejecta and hence a decreasing optical depth. 

In this section, we discuss the temporal evolution of the continuum
olarization measured during the photospheric phase of SN 2021yja. 
e calculate the degree of linear polarization ( p ) and PA as a function

f wavelength for the first epoch of VLT FORS2 and five subsequent
pochs of Lick/Kast spectropolarimetry for SN 2021yja. We also 
stimate the continuum polarization for the first three months after the 
N explosion. In this work, we compute the continuum polarization 
ased on the 1 σ -error-weighted mean Stokes parameters o v er the
pectral regions 6800–7200 and 7820–8140 Å. These wavelength 
anges are selected based on the rationale presented by Chornock 
t al. ( 2010 ). Both ranges are free of prominent and strongly polarized
pectral features such as H α, O I λ7774, and Ca II NIR3. The choice
lso allows a direct comparison between SN 2021yja and previous 
orks (Chornock et al. 2010 ; Mauerhan et al. 2017 ; Nagao et al.
021 ). The uncertainty of the ISP was not included, considering its
egligible contribution to the overall polarization (see Section 2.3 ). 
he estimated levels of continuum polarization have also been 
orrected for bias arising from p being a positive-definite quantity 
ollowing Patat & Romaniello ( 2006 ) and Maund et al. ( 2007 ). 

The continuum polarization and associated PA measured from the 
LT epoch-1 observation on day 25 (Figs 1 and 2 ) are consistent
ith that of the Kast epoch-2 spectropolarimetry on day 30 (Fig. 3 ).

Fig. 2 contains the same data as Fig. 1 , but is shown in a the same
ay as Figs 4 –7 in order to facilitate comparison of results from the
ifferent epochs.) Such agreement is expected for a relatively short 
eparation in time, and the measured continuum polarization is only 
ildly sensitive to spectral resolution. The two sets of observations 
ere carried out independently with a separation of five days with
ifferent instruments and under distinct observing conditions (e.g. 
irmass and seeing conditions, Table 1 ). Both epochs exhibit a high
evel of polarization ( � 0.8 per cent) across the optical wavelength
ange and a strong depolarization near the emission centre of the
 α profile. Similar features can also be identified in the Kast epoch-
 data at day 38 (Fig. 4 ), which has a higher signal-to-noise ratio
S/N) compared to epoch 2. We present the spectropolarimetry of 
N 2021yja measured at days 57, 66, and 95 in Figs 5 , 6 , and 7 ,
espectively. The polarization spectra measured for all six epochs are 
lso compared in Fig. 8 . The temporal evolution of the continuum
olarization between days + 25 and + 95 is shown in Fig. 9 . 
The linear polarization originating from an ellipsoidal density 

rofile in the ejecta follows the relation p ∝ sin 2 θ , where θ is
he viewing angle that measures the angular separation between the 
ajor axis of the ellipsoidal density profile and the line of sight

Brown & McLean 1977 ). Continuum polarization observed during 
he photospheric phase of SNe II may arise from electron scattering
n an aspherical photosphere or photons scattered by aspherically 
istributed dust in the CSM (Nagao et al. 2019 ). The latter is expected
o display a strong wavelength-dependent level of polarization – in 
articular, enhanced polarization toward shorter wavelengths owing 
o a higher fraction of dust grains at relatively small sizes (Nagao,

aeda & Tanaka 2018 ). Nagao et al. ( 2018 ) assumed that the size
istribution of dust grains is a power law with an index of -3.5, and
MNRAS 527, 3106–3121 (2024) 
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Figure 1. Left column: spectropolarimetry of SN 2021yja obtained on day + 25 (epoch 1) using VLT FORS2. (These data are also shown in Fig. 2 , for ease 
of comparison with Figs 3–5.) The five subpanels (from top to bottom) show (a1) an arbitrarily scaled total-flux spectrum with major spectral lines identified; 
(b1) and (c1) the normalized Stokes q and u , respectively; (d1) the polarization spectrum ( p ); and (e1) the polarization position angle (PA). The data in the left 
panel have been rebinned to 25 Å for better illustration. Some major telluric lines are labelled by ⊕ and vertical grey-shaded bands. All vertical lines label the 
velocity estimated from the minimum of the absorption component of the H α profile (9800 km s −1 ) except for the Ca II NIR triplet. The three vertical green 
lines mark the velocity of each Ca II NIR triplet component; the velocity of a central wavelength at 8570 Å is labelled by the vertical dashed-brown line at a 
blueshift of 8800 km s −1 . The grey lines in panels (b1) and (c1) show the data with their original sampling on the pixels of the VLT/FORS2 detector. Horizontal 
grey-dashed lines in panels (b) and (c) denote the zero-points of q and u , respectively. Right column: similar to the left column, but zoomed-in on the H α profile. 
The polarization data have been rebinned to 15 Å for the purpose of presentation. Vertical grey lines together with the red tick marks indicate velocities relative 
to H α in the rest frame. 
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hat the maximum and minimum grain radii are 0.25 and 0.005 μm,
espectiv ely. The y consider C (100 per cent carbon), Milky Way
MW), Large and Small Magellanic Cloud dust models, finding a
tronger wavelength dependence in that order (of increasing silicate
o graphite ratio) for a fixed optical depth, distance, and viewing
irection to a dust blob located close to the SN. Observations and
odelling of dust formation support the presence of a combination

f silicate and C-rich dust species in SNe (Sarangi & Cherchneff
013 ; Wesson & Be v an 2021 ). 
We fit a Serkowski-law profile (Serkowski et al. 1975 ) to the

olarization spectrum of SN 2021yja at day + 25, excluding spec-
ral regions blueward of 5400 Å (which exhibit multiple polarized
eatures) and H α. Nagao et al. ( 2018 ) used a similar function
n modelling CSM dust around SNe. It should be noted that the
N polarization spectrum is not generally expected to be fit by a
erkowski profile using MW parameters, as there has been increasing
vidence for the existence of non-MW-like dust in external galaxies;
ee Nagao et al. ( 2022 ) for examples. The fittings failed to converge
o a peak wavelength and did not give a better result compared
o a horizontal line. Therefore, we claim that no such polarization
av elength dependenc y can be identified in SN 2021yja. Similarly,
agao et al. ( 2019 ) argued that the polarization spectrum of Type
NRAS 527, 3106–3121 (2024) 
IP SN 2017gmr was not dominated by dust scattering due to
he lack of a polarization wav elength dependenc y. We conclude
hat the continuum polarization of SN 2021yja before the tail
hase can be mostly attributed to the presence of an aspherical 
hotosphere. 
In our first epoch of VLT spectropolarimetry of SN 2021yja at

5 d after the explosion, we measure a continuum polarization
 cont = 0.87 per cent ± 0.06 per cent. For Kast observations on
ays + 30, + 38, + 57, + 66, and + 95, we measure p cont =
.80 per cent ± 0.06 per cent, 0.88 per cent ± 0.03 per cent, 0.82 per
ent ± 0.04 per cent, 0.66 per cent ± 0.03 per cent, and 0.55 per
ent ± 0.06 per cent, respectively. These results, along with the
ontinuum PA, are presented in Table 2 . By approximating the density
tructure ( ρ) of the SN 2021yja ejecta with an oblate ellipsoidal
lectron-scattering-dominated atmosphere (e.g. ρ ∝ r −n , where r is
he distance from a given point to the mass centre), one could estimate
ts axis ratio for different density slopes n . The higher the value of
 for a given Thomson scattering depth τ , the larger the asphericity
equired to achieve a certain level of polarization (H ̈oflich 1991 ),
ince multiple scattering may become dominant under the condition
f a steep density gradient, which dilutes the geometric signature
ossessed by the photosphere. 
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Figure 2. VLT spectropolarimetry of SN 2021yja on 2021 October 02 (day 
+ 25). The four panels (from top to bottom) present the scaled flux-density 
spectrum; the normalized Stokes parameters q and u , and the polarization 
spectrum p , respectively. The polarization data have been rebinned to 25 Å
for clarity. The vertical size of each bin of the grey-shaded histograms 
indicates the 1 σ uncertainty. The vertical green (brown)-dashed lines mark 
the blueshifted absorption minimum of the P Cygni profile of H α (Ca II NIR3) 
at an expansion velocity of 9800 (8800) km s −1 . Some major telluric lines 
are labelled by red-shaded lines marked with ⊕. Continuum polarization 
calculated along 6800–7200 and 7820–8140 Å is highlighted by yellow 

columns. 

Figure 3. Kast spectropolarimetry of SN 2021yja on 2021 October 07 
( + 30 d). The locations of major telluric lines are marked by vertical 
grey columns, but these features were largely removed during the Lick/Kast 
reduction procedure. Polarization data have been binned to 50 Å. 

Figure 4. Same as Fig. 3 , but for 2021 October 15 ( + 38 d) and a bin size 
of 30 Å. 

Figure 5. Same as Fig. 4 , but for 2021 No v ember 03 ( + 57 d) and a bin size 
of 30 Å. 
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Assuming p cont ≈ 0.9 per cent, n = 2, and an optical depth τ =
 to represent the photosphere of SN 2021yja a few weeks after the
xplosion, we estimate an asphericity of ∼15 per cent or an axis
atio of 1.15:1 when viewed equator-on (see fig. 4 of H ̈oflich 1991 ).
he measured continuum polarization level estimates the lower limit 
f the degree of asphericity of the electron-scattering atmosphere. A 

igher degree of asphericity of ∼35 per cent or an axis ratio of 1.35:1
an be estimated for n = 3 and τ = 5 that represent a steeper density
rofile (see fig. 4 of Yang et al. 2020 ). 
The continuum polarization is roughly constant at the 2 σ level 

ntil day 57 (see Fig. 9 ). In the following epochs, we identify a
MNRAS 527, 3106–3121 (2024) 
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Figure 6. Same as Fig. 3, but for 2021 No v ember 12 ( + 66 d) and a bin size 
of 30 Å. 

Figure 7. Same as Fig. 3, but for 2021 December 11 ( + 95 d) and a bin size 
of 30 Å. 
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ecrease in the continuum polarization o v er time. Such a decreasing
olarization level across the continuum during the plateau phase of
 Type IIP SN is not only unprecedented (see Introduction), but also
ontradictory to the consistently low continuum polarization before
 rapid rise at the time of transition to the nebular phase. We suggest
hat the decrease in continuum polarization of SN 2021yja during
he photospheric phase can be a result of the photosphere receding
nto inner, more spherical layers, the optical thinning of the ejecta,
r a more pole-on alignment of the inner ellipsoid. Alternatively, the
NRAS 527, 3106–3121 (2024) 
cenario that may explain this temporal evolution can be simplified as
 two-component model. The presence of the secondary component
s hinted by the rotation of the polarization PA during the steadily
ecreasing phase of p (see Section 3.3 ). 
As presented in Table 2 and Fig. 9 , during the early plateau phase

etween days + 25 and + 66, we measure a time-invariant PA across
he wavelengths that define the continuum. Ho we ver, the continuum
A rotated to 124.0 ◦ ± 2.3 ◦ on day 95, corresponding to ∼45 d
efore the plateau drop-off. The interior layers of SN 2021yja have
n axis of symmetry that appears slightly rotated with respect to the
uter H-rich layer. The high polarization measured o v er the optical
avelength range suggests a persisting aspherical electron-scattering

nvelope. This object adds to an emerging heterogeneous sample of
ype IIP polarimetry within the last decade, signaling a paradigm
hift. 

.2 Comparison with other SNe 

e compare the unusually high early-time continuum polarization
f SN 2021yja with the well-studied Type IIP SNe 1999em (5050–
950 Å, Leonard et al. 2001 ), 2004dj (6800–8200 Å, Leonard et al.
006 ), 2007aa (6800–7200 Å and 7820–8140 Å, Chornock et al.
010 ), 2012aw (6900–7200 Å, Dessart et al. 2021b , R -band Cousins
lter [ λR eff = 0 . 67 µm], Kumar et al. 2014 ), 2013ej (7800–8150 Å,
auerhan et al. 2017 ; 6800–7200 and 7820–8140 Å, Nagao et al.

021 ), and 2017gmr (PMOS FILT 815 13 filter [ λ0 = 8150 Å,
WHM = 130 Å], Nagao et al. 2019 ) in Fig. 10 . Note that the
ifferent choices of wavelength ranges and filters used to determine
he continuum polarization may introduce systematic uncertainties
hat are difficult to characterize. We also remark that the light curve
f SN 2013ej exhibits a faster decline compared with typical SNe
IP, and its spectroscopic evolution more resembles the average
ehaviour of SNe IIL (Valenti et al. 2016 ). For this reason, we
onsider SN 2013ej a transitional Type IIP/L SN throughout this
aper. 

As presented in Fig. 10 , except for SNe 2013ej and 2021yja, the
ontinuum polarization measured for other SNe IIP is generally low
uring the period t ≈ 120–40 d before the SN brightness falls from
he plateau. During this phase, most SNe IIP show an increase in
he continuum polarization o v er time. Ho we ver, both SNe 2013ej
nd 2021yja displayed a significant level of continuum polarization,
 cont ≈ 1 per cent during the first few weeks after the explosion.
e represent the phase in terms of days relative to the mid-point

f the plateau fall-off, as opposed to days from the explosion, to
ore ef fecti vely illustrate the progression of the photosphere into

he ejecta. 
In order to explain the high polarization observed for SN 2013ej,
auerhan et al. ( 2017 ) suggest that there is interaction between

he SN ejecta and an aspherical CSM as well as dust scattering,
hereas Nagao et al. ( 2021 ) propose a combination of an aspherical

xplosion and a CSM-interaction component. We caution applying
hese interpretations to explain the similarly high polarization ob-
erved for SN 2021yja given the lack of evidence for dense CSM
rom ultraviolet and optical spectroscopy (Hosseinzadeh et al. 2022 ;
asylyev et al. 2022 ). However, we do not rule out the existence of

ow-density CSM adjacent to the hydrogen envelope in SN 2021yja
iven the interpretations made by Hosseinzadeh et al. ( 2022 ) and
ozyre v a et al. ( 2022 ); see Section 3.3 for further discussion. 
CCSNe have been associated with the production of relativistic

ets that either puncture the outer layers or are choked by a dense
ydrogen env elope (Khokhlo v et al. 1999 ; Couch et al. 2009 ; Papish
t al. 2015 ; Piran et al. 2019 ). Modelling of these jets has shown that
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Figure 8. Summary of VLT (rebinned to 25 Å) and Kast spectropolarimetry (rebinned to 50 Å for day + 30 and 30 Å for days + 38 to + 95) of SN 2021yja. 
The arbitrarily scaled total-flux spectrum is plotted in grey for each of the observations. The positions of major telluric lines are indicated by ⊕, although they 
were mostly remo v ed in the Kast spectra. 
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hey can induce a global asphericity in both the hydrogen envelope 
nd the SN core (H ̈oflich, Khokhlov & W ang 2001 ; W ang et al. 2002 ;
aund et al. 2007 ). For SNe IIP, the bipolar jet model predicts the

adioactive 56 Ni to be confined to the inner regions, where it would
onize the surrounding material, producing an aspherical photosphere 
H ̈oflich et al. 2003 ; Leonard et al. 2006 ). This, ho we v er, be gs for
n explanation of why many SNe IIP and other non-interacting 
r weakly interacting SNe (e.g. SN 2004dj) display extremely low 

ontinuum polarization during their photospheric phases, unlike 
N 2021yja and SN 2013ej. 
t  
SN 2017ahn gives another case that shows a rather unique tem-
oral evolution of the continuum polarization when compared with 
N 2021yja and other SNe IIP (see fig. 1 of Nagao et al. 2019 ).
agao et al. ( 2019 ) observe a low continuum polarization during
oth the photospheric and early nebular phases, suggesting that the 
ine of sight is close to the polar axis of the SN. Ho we ver, we do not
xpect vie wing-angle ef fects to be solely responsible for the observed
iversity in the temporal evolution of the continuum polarization in 
Ne IIP. For example, the polarization observed in SNe 2012aw, 
013ej, and 2017gmr all display a continuous, monotonic rise before 
heir optical light curves fall-off the optical plateau, while SN 2004dj
MNRAS 527, 3106–3121 (2024) 



3114 S. S. Vasylyev et al. 

M

Figure 9. VLT/Kast polarimetry and KAIT VR -band photometry. The 
continuum polarization is calculated across 6800–7200 and 7820–8140 Å
in order to exclude prominent telluric features. Error bars represent 1 σ
uncertainties. 

Table 2. Continuum polarization and the associated polarization position 
angle estimated for SN 2021yja. 

Phase a Telescope/ Pol b Pol. error PA PA err 
(d) Instrument (per cent) ( σ per cent) (deg) ( σ deg) 

25 VLT/FORS2 0.87 0.06 115.3 2.1 
30 Shane/Kast 0.80 0.06 109.2 2.8 
38 Shane/Kast 0.88 0.03 110.9 1.0 
57 Shane/Kast 0.82 0.04 109.3 1.5 
66 Shane/Kast 0.66 0.03 110.3 1.5 
95 Shane/Kast 0.55 0.04 124.0 2.3 

Notes. a Phases are given in days after the explosion. 
b Continuum polarization and PA were computed based on the 1 σ -error- 
weighted Stokes parameters with wavelength ranges 6800–7200 and 7820–
8140 Å. 
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aintains a continuum polarization of zero until the sudden rise at
he end of the plateau. 

One interpretation of the rising continuum polarization is that the
allistic jet is able to break far enough into the hydrogen envelope to
roduce an early rise in polarization during the photospheric phase
Mauerhan et al. 2017 ; Nagao et al. 2019 , 2021 ). This scenario
resents a counterexample to SN 2004dj, where the ballistic jet
ould not punch far into the hydrogen envelope and fail to produce a

teady rise in polarization before the onset of the nebular phase. We
mphasize that the continuum polarization observed for SN 2012aw
nd SN 2017gmr rose to > 0 . 5 per cent much later in the photo-
pheric phase than for SN 2021yja, which already had a polarization
f ∼ 0 . 8 per cent by day + 30, similar to SN 2013ej. Spectroscopic
nd polarimetric follow-up observations of SN 2021yja during the
ebular phase will be important for determining the origin of the
lobal asphericity, while peering into deeper layers of the core. 
To summarize, SN 2021yja is spectroscopically similar to other

Ne IIP that lack evidence of strong ejecta-CSM interaction, but
re expected to have at least some pre-existing CSM produced by
NRAS 527, 3106–3121 (2024) 
he RSG progenitor (see Morozova, Piro & Valenti 2018 ; Hillier &
essart 2019 ). Ho we v er, the observ ed high continuum polarization

uggests the presence of an aspherical, extended hydrogen envelope
ith possible contributions from an additional heating source, such

s interaction with a low-density CSM. An aspherical geometry of
he hydrogen envelope is compatible with the presence of bipolar
elativistic jets. 

.3 Additional heating source 

ollowing an approach similar to that of Nagao et al. ( 2021 ), we
iscuss the possibility of an additional heating source (along with
adioactive decay), namely CSM interaction, which can explain the
igh early-time continuum polarization and its steady decline o v er
he photospheric phase. 

The main assumption is that the observed continuum polarization
onsists of two components: an aspherical explosion intrinsic to
he SN and Thomson scattering in the aspherical CSM. The latter
s assumed to be constant o v er time – the Stokes parameters that
escribe the CSM, q CSM , and u CSM , do not change appreciably.
he first epoch, which shows the highest continuum polarization,

s considered as being completely caused by electron scattering in
he CSM component. Choosing a constant CSM component may in-
roduce a systematic error, especially for the later epochs. Therefore,
e take caution in the interpretation of the results following such a
rocedure that separates the contribution from CSM scattering and an
spherical central energy source. These assumptions are moti v ated by
he observed pattern of weakly interacting SNe showing low intrinsic
olarization at early times (see Section 3.3 ). Furthermore, Nagao
t al. ( 2021 ) argue for the presence of an aspherical CSM in order
o explain the high early-time continuum polarization of SN 2013ej.
he procedure is carried out by subtracting the assumed CSM Stokes
arameters from the observed Stokes parameters that were used to
alculate the continuum polarization in Section 3.1 . We estimate the
ncertainty of the intrinsic polarization following the approximation
CSM ≈ 1 . 4 σobs , where σ obs is the observed continuum polarization
ncertainty. 
We present the temporal evolution of the continuum polarization

f SN 2021yja after subtracting the circumstellar polarization (CSP)
omponent in Fig. 11 . The thereby implied intrinsic polarization of
he SN shows a generally increasing trend from the assumed level of
 cont = 0 per cent at day 25 to p cont ∼ 0 . 4 per cent at day 95. This

emporal evolution is similar to that of SN 2017gmr (see Fig. 10 ). In
act, at similar phases the CSP-corrected SN 2021yja and observed
N 2017gmr polarization were roughly the same (Nagao et al. 2019 ).
 or e xample, at 45 d before the end of the plateau, both SNe have
 continuum polarization value of p cont ≈ 0 . 4 per cent . Nagao et al.
 2019 ) suggest that this early rise in continuum polarization (before
he onset of the nebular phase) can be explained by asymmetries not
nly in the helium core, but also in the hydrogen envelope. 
We extend this argument to explain the temporal evolution of

he intrinsic polarization of SN 2021yja. This smooth transition
etween the outer and inner geometric configurations is compatible
ith a jet-driven explosion, where the relativistic jet breaks out of

he helium core into the hydrogen envelope (Wang et al. 2001 ;
ouch et al. 2009 ). Additional polarimetry of SN 2021yja during

he plateau drop-off and the nebular phase is crucial for determining
he geometry of the helium core (Nagao et al., in preparation). 
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Figure 10. Continuum polarization of SN 2021yja compared with that of Type II SNe 1999em (Leonard et al. 2001 ; black star), 2004dj (Leonard et al. 2006 ; 
pink diamond), 2007aa (Chornock et al. 2010 ; brown triangle), 2012aw (Kumar et al. 2014 ; Dessart et al. 2021b ; green square), 2013ej (Mauerhan et al. 2017 ; 
Nagao et al. 2021 ; orange triangle), and 2017gmr (Nagao et al. 2019 ; purple triangle). For each SN, the phase is relative to the end of its plateau, which is 
defined as the midpoint of the rapidly declining light-curve drop-off. Error bars represent 1 σ uncertainties. 

Figure 11. Upper panel is the same as in Fig. 9 . Temporal evolution of the 
CSP-corrected broad-band polarization of SN 2021yja as compared to the 
observed values. Error bars indicate 1 σ uncertainties, which do not account 
for the systematic uncertainty of the CSP correction. The grey star represents 
the assumed zero level of polarization on day 25. The presented values indicate 
the continuum level of the polarization calculated across the same wavelength 
range as in Fig. 9 . 
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.4 Line polarization and the Stokes q − u diagrams 

olarization across prominent spectral lines can be used to map the 
istribution of individual elements within the SN ejecta. In order to 
etter illustrate the geometry of various elements and compare their 
ymmetry axes with that of the SN ejecta, we adopt a mathematically
onv enient alternativ e e xpression to p and PA by presenting the
ractional Stokes q and u parameters per wavelength bin on a two-
imensional plane (Wang et al. 2001 ). When the ejecta share a
ommon axis of symmetry, their values for the q and u Stokes
arameters fall on a straight line in the q − u plane, colloquially
nown as the dominant axis (Wang et al. 2003 ; Maund et al. 2010 ).
e use the ‘kmpfit’ least-squares fitting code, which is part of

he KAPTEYN PYTHON Package, 4 to fit the dominant axis to the
olarization data. 
On the other hand, when ejecta depart from an axial symmetry,

he values for q and u deviate from the dominant axis in the
orm of loops or a continuous rotation of the PA as a function of
avelength across the corresponding line profile. Loop structures in 

he q − u plane are treated as indicators of ‘clumpiness’ in the ejecta
nd are perhaps most well studied for the Ca II NIR3 line (Kasen
t al. 2003 ). Multidimensional hydrodynamics simulations of the SN 

tmosphere using Monte Carlo radiative-transfer methods will be 
ssential to quantify the size, distribution, and optical depth of these 
lumps. 

A commonly observed behaviour across prominent Balmer lines 
s the progressive depolarization toward the centre of the emission 
eatures. The emission process scrambles preferentially oriented 
lectric-field vectors of the incoming (absorbed) photons (Jeffery 
991 ). As the SN ejecta expand over time, the column density drops,
nd the scattering opacity decreases. In the case of the optically thick
egime ( τ > 1), the decline of multiple scattering will initially result
n an increase of p cont until the optical depth of electron scattering
rops to ∼1; then p cont will begin to decrease monotonically (see fig.
 of H ̈oflich 1991 ). Apart from the depolarized Balmer features, we
lso note that major absorption lines, such as Ca II NIR3, exhibit their
ighest polarization close to the absorption minimum of the feature 
McCall 1984 ; Leonard et al. 2001 ). The line-forming region sits just
bo v e the photosphere, thus probing a different region of the ejecta. 

The left column of Figs 12 and 13 shows the spectropolarimetry
MNRAS 527, 3106–3121 (2024) 
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Figure 12. Stokes parameters of SN 2021yja displayed on the q − u plane. The polarization data have been rebinned to 25, 50, and 30 Å for the observations 
at epoch 1 (day 25), epoch 2 (day 30), and epoch 3 (day 38), respectively. Error bars represent 1 σ uncertainties. Panels from left to right show the optical 
(5000–6100 and 6700–8200 Å), H α (6100–6700 Å), and Ca II NIR3 (8200–8750 Å) re gions. The dashed gre y line in the second and third panels indicates the 
optical dominant axis computed from data in the ranges 5000–6100 and 6700–8200 Å (note the distinction from the wavelength range used to compute the 
continuum polarization and PA). Bold, dashed lines in the second and third panels fit the dominant axis for the H α and the Ca II NIR3 profiles, corresponding to 
a velocity range from roughly −21 200 to + 6200 and −12 000 to + 7300 km s −1 , respectively. 
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f SN 2021yja presented on the q − u plane for all six epochs from
ays + 25 to + 95. Black dashed lines fit the dominant axis to the
bserved polarization of SN 2021yja in the wavelength range 4600
λ ≤ 8900 Å, representing the direction of axial symmetry. Data

oints within the wav elength co v ered by the significantly depolarized
almer lines, the highly polarized Ca II NIR3, and the major telluric
ands were excluded. The slopes of the linear fit in Figs 12 and
3 can be converted to a PA using the following relation: PA =
 . 5 arctan ( m ), where m is the slope of the linear fit of the form y =
x + b . 
NRAS 527, 3106–3121 (2024) 
The middle and the right columns of Figs 12 and 13 are the same as
he left column but for the H α line from ∼−21 200 to + 6200 km s −1 

ith respect to a central wavelength of λH α
0 = 6564 . 6 Å and the

a II NIR3 profile from ≈−12 000 to + 7300 km s −1 with respect to
 central wavelength of λCaII 

0 = 8542 Å, corresponding to the middle
omponent of the triplet. Linear fits to the displayed data points
hat co v er the H α and the Ca II NIR3 profiles are represented by the
rey-dotted lines in the middle and the right columns, respectively. 
The H α and Ca II NIR3 lines show similar axial symmetry with

he optical continuum, which was chosen o v er the range 4600–
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Figure 13. Similar to Fig. 12 , but for epochs 4 (day 57, top row), 5 (day 66, middle row), and 6 (day 95, bottom row). Data are binned to 30 Å. 
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900 Å (ignoring major spectral lines). At all epochs, the PA across
he H α profile also exhibits little wavelength dependence. Moreover, 
he PA of the H α is o v erall persistently aligned with the dominant
xes fitted over the optical wavelength range (4600–8900 Å, ignoring 
 α and Ca II NIR3) for each epoch with the exception of day + 30.
he optical dominant axis on day + 30 was rotated nearly 90 ◦ with

espect to the optical dominant axes obtained for all other epochs. 
o we ver, both H α and Ca II NIR3 (Fig. 12 , middle row) on day + 30

hare roughly the same axis of symmetry as at the other epochs. The
nomalous rotation of the optical dominant axis from day + 25 to
ay + 30 is most likely due to the poor polarization signal quality at
his epoch, as evidenced by the significant difference in data quality 
hen comparing Fig. 3 to Figs 2 and 4–7 , and the second panel in Fig.
 with the other panels. Therefore, we suggest that the continuum- 
o  
mitting region in the ejecta and the H-rich envelope share a similar
xial symmetry. 

Nearly complete depolarization occurs near the Ca II NIR3 emis- 
ion peak on day 30, whereas on day 25, the polarization across
he line follows the continuum. The lack of a strong Ca II line
eature in both the flux and polarization spectra for the earlier VLT
poch suggests that the receding photosphere has not yet reached the
alcium layer. Strong line polarization in H α and Ca II NIR3 does
ot appear until day + 38. 
This can also be illustrated by projecting the polarization onto 

he dominant axis ( P d ) that characterizes the direction of global
sphericity (see the middle panel of Fig. 14 ). The residual will be
he polarization signal orthogonal to the dominant axis ( P o ), which
epresents the deviations from axial symmetry (see the bottom panel 
f Fig. 14 ). At day + 25, all major polarization modulations are
MNRAS 527, 3106–3121 (2024) 
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M

Figure 14. Normalized total-flux spectrum (upper panel) together with the 
principal component analysis of SN 2021yja spectropolarimetry at day + 25. 
The polarization spectra projected onto the dominant and the orthogonal axes 
are shown in the middle and the bottom panels, respectively. Some major 
telluric lines are labelled by ⊕ and vertical grey-shaded bands. 
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bserved in the dominant polarization component, while the signals
n the orthogonal polarization component do not show significant
eviation from zero. Such a low residual across the entire observed
avelength range implies a well-defined symmetry axis shared by

he continuum and various line-forming regions (Wang & Wheeler
008 ). 
On day + 95, we observe only a slight rotation in both the

ontinuum dominant axis and H α (Fig. 13 ). Therefore, we conclude
hat the dominant axes of both H α and Ca II NIR3 share a similar
irection with that of the SN ejecta. The common symmetry axis
f SN 2021yja does not rotate significantly during the photospheric
hase, suggesting a global asphericity in the hydrogen-rich envelope.
dditionally, we observe a possible loop structure in the q − u plot

or Ca II NIR3 on days 38 and 95, which may suggest a clumpy
istribution of calcium deeper in the ejecta. The low S/N complicates
he determination of loop structures for the H α line. Additional
pectropolarimetry during the nebular phase will be necessary to
etermine if a greater deviation from spherical symmetry exists in
he inner He-rich core, which may reflect an enhanced instability
uring the SN explosion (Nagao et al., in preparation). 
SN 2021yja shows an increase in the level of polarization across

he Ca II NIR3 line throughout the six epochs of spectropolarimetry.
 or e xample, the peak polarization across Ca II NIR3 grows almost
onotonically from ∼1.5 per cent on day + 38 to � 3 per cent

n day + 95. Meanwhile, the continuum polarization decreases
 v er time, indicating a considerable decline in electron-scattering
pacity in the SN ejecta. Therefore, given opacity distributions
hat do not change dramatically across the radial direction, the
orresponding line polarization is expected to drop, contradicting the
bserved polarization behaviour of SN 2021yja (Figs 2 –7 ). A similar
rend of increase of Ca II NIR3 polarization in the nebular phase
as been reported for the Type Ia SNe 2006X (Patat et al. 2009 )
nd 2021rhu (Yang et al. 2022 ). This result is unexpected under
NRAS 527, 3106–3121 (2024) 
he framework that line polarization is produced primarily when
he element opacity unevenly masks the underlying photosphere.
dditionally, as the ejecta e xpand o v er time, it becomes progressively
nlikely for a thermally emitted photon to be destroyed by absorption.
n other words, a high and continuously rising line polarization
s also unexpected given the reduced thermalization depth o v er
ime. Therefore, apart from the line polarization created through an
nterplay between line occultation and thermalization (H ̈oflich et al.
023 ), other mechanisms would be essential to explain the late-time
ise of the Ca II NIR3 polarization. 

An alternative explanation is that the late-time increase of the
a II NIR3 line polarization was the result of the geometric alignment
f the ground and metastable states of this ion through photo-
xcitation by an anisotropic radiation field (Yang et al. 2022 ). The
ngular momentum of atoms can be realigned through magnetic
recession in a weak magnetic field under the condition that the
armor precession rate is greater than the photo-excitation rate

Happer 1972 ; Landolfi & Landi Degl’Innocenti 1986 ). This type of
agnetic alignment leads to an uneven distribution of atoms across
agnetic sublevels and produces polarized radiation (Yan & Lazarian

006 , 2012 ). Photons become polarized through the interaction
etween optical pumping by an anisotropic radiation field and the
mbient magnetic field. Therefore, the presence of the polarized lines
or which corresponding atomic states can be magnetically aligned
ay provide an opportunity to infer the magnitude and configuration

f the magnetic field. F or e xample, all three of the Ca II NIR3 triplet
omponents, with air wavelengths of 8498.02 Å (2 D 3/2 → 2 P 3/2 ),
542.09 Å (2 D 5/2 → 2 P 3/2 ), and 8662.14 Å (2 D 3/2 → 2 P 1/2 ), are
etastable states. Each of them can be geometrically aligned and

ndividually polarized through photo-excitation when placed in an
nisotropic radiation field. 

In the case of SN 2021yja, the increase of Ca II NIR3 polarization
from ∼1.5 per cent on day + 38 to � 3 per cent on day + 95) is
ot as significant as in the Type Ia SN 2021rhu (from ∼0.4 per cent
round the peak luminosity to ∼2.5 per cent after 79 d, Yang et al.
022 ). Additionally, the calcium opacity and/or the asphericity of its
istribution may vary as the photosphere tomographically samples
he inner layers of the ejecta. From day + 38, the dominant axis o v er
he Ca II NIR3 feature maintains good agreement with that of the
ontinuum. Despite the small sample size, the agreement between
he dominant axes of the continuum and Ca II NIR3 in the two
bserved cases warrants further attention in future measurements.
o we ver, without detailed theoretical modelling, it is difficult to
iscern whether occlusion of the photosphere, optical pumping
ffects, or a combination of both explains the late-time rise of the
a II NIR3 polarization. 

 CONCLUSIONS  

pectropolarimetric observations of SN 2021yja during the photo-
pheric phase reveal significant departures from global sphericity,
uggesting a highly aspherical distribution of free electrons in the
uter layers of the ejecta. 
The early continuum polarization was measured to be p ≈

 . 9 per cent , placing SN 2021yja among the most polarized known
Ne IIP during the photospheric phase. The observed continuum
olarization shows a slight decline o v er time, which is unprecedented
n the literature for SNe II. We find almost complete depolarization
ear the centre of the H α emission line, suggesting a negligible
mount of ISP contributed by the line-of-sight dust. Therefore, the
nusually high observed continuum polarization is unlikely to be
ontaminated by the ISP. Meanwhile, both the orientation of the
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ominant axis and the continuum PA measured for SN 2021yja 
emained constant from days 25 to 66, indicating a persistent axial 
ymmetry from the outer and inner regions of the SN ejecta. 

Following an approach similar to that of Nagao et al. ( 2021 ), we
ssumed that the continuum polarization of SN 2021yja during the 
arly photospheric phase is dominated by ejecta interacting with 
he aspherical CSM. We then subtract this interaction component 
rom the polarization measured at later phases to measure the 
ontinuum polarization instrinsic to the SN, which shows a steady 
ise throughout the photospheric phase. 

By modelling ultraviolet spectra of SN 2021yja obtained between 
 9 and + 21 d after the explosion, Vasylyev et al. ( 2022 ) find no

ignificant flux contribution from the CSM. Hosseinzadeh et al. 
 2022 ) do not find evidence for dense CSM from modelling the
arly-time light curves of SN 2021yja using the model presented by 
apir & Waxman ( 2017 ), suggesting a red supergiant progenitor with
eak mass loss. Ho we v er, the light-curv e modelling by Kozyre v a

t al. ( 2022 ) as well as observations of X-rays, radio emission, a
lue excess, and a rapid rise time suggest that at least some CSM
nteraction is occurring. These seemingly incompatible observations 
aint a confusing picture. We propose a compromise similar to that 
f Hosseinzadeh et al. ( 2022 ), where the density of the CSM is low
nough to not manifest in spectral lines, but is sufficiently high to
roduce the observed properties listed above. 
The spectropolarimetric observations could also be explained 

y an aspherical, extended hydrogen envelope, with a possible 
ontribution by an additional heating source, such as interaction 
ith a low-density CSM. However, the observed polarization can 

nstead be interpreted as the result of an aspherical explosion with 
n extended hydrogen envelope, indistinguishable from low-density 
SM adjacent to the SN. Additionally, the observed preferential 
xis of symmetry shared among the continuum and prominent 
pectral lines (H α, Ca II NIR3) is compatible with the presence
f bipolar relativistic jets. We caution o v erinterpretation of the 
ontinuum dominant axis rotation observed on day + 30, as the 
ata quality is significantly lower at this epoch. More robust fitting 
ethods are needed to properly describe the dominant axis when the 

olarization data have large scatter and the Stokes parameters are 
eakly correlated. 
The observed high polarization as early as 25 d after the explosion,

he constant symmetry axis of the ejecta, and the lack of scatter in
he q − u diagram may suggest that a binary process distorted the

assive hydrogen stellar envelope that was initially unperturbed by 
he explosion. In this scenario, Rayleigh–Taylor instabilities would 
ot have reached the hydrogen envelope, where the photosphere 
s located at these early times. This interpretation adds to the 
mbiguity of the physical mechanisms responsible for the observed 
olarization. Ho we v er, the consistenc y of this argument requires
erification through nebular polarimetric observations and detailed 
ultidimensional hydrodynamic simulations. Future work adding to 

he sample of SNe IIP will be crucial in resolving the de generac y in
xplosion models and geometries. A larger sample will also allow 

s to test correlations between the level of polarization and other SN
arameters such as synthesized 56 Ni mass and explosion energy (see 
iscussion by Chornock et al. 2010 ). 
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PPENDIX  A:  A  TEST  OF  THE  FORS2  

PECTROPOLARIMETRY  PRECISION  

he first epoch of VLT spectropolarimetry was obtained by cal-
ulating the mean flux spectra of the o- and e-rays obtained at
hree consecutive loops of a set of four exposures at different
etarder plate angles during the night of 2021 Januay 2, with starting
imes of approximately 04:44, 05:08, and 05:50, respectiv ely. 5 F or
he purposes of inspecting the precision and stability of FORS2
pectropolarimetry, we compare the q and u spectra for all three
oops by presenting their differences in Fig. A1 . The pink and
he light-blue shaded horizontal bands are vertically centred at the
verage q and u values across the entire observ ed wav elength range,
espectively. The width of the shaded regions corresponds to twice
he median uncertainty of the difference between the 25 Å binned
tokes parameters from the loops considered. 
As shown in the third to the fifth rows of Fig. A1 , most of the

ins in the difference spectra of the Stokes parameters computed
rom individual loops of spectropolarimetry are within two times the
ypical size of the statistical uncertainty. Therefore, we suggest that
he Stokes parameters derived for the three consecutive loops agree
ithin their 2 σ uncertainties. The outcome of such a sanity check

lso demonstrates the high precision and reproducibility of FORS2
pectropolarimetry, despite moderate variations in the airmass and
he seeing conditions during the observations (see Table 1 ). 

 The first and the second loops were obtained through ESO program
05.20AU.002, while the third loop was acquired through ESO program
08.228K.001. 
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Figure A1. Left column: the five panels (from top to bottom) give (1) the polarization spectrum ( p , black histogram) and the scaled-flux spectrum (grey line); 
(2) the normalized Stokes parameter q , and (3)–(5) the difference between q derived for loops 2 and 1, loops 3 and 1, and loops 3 and 2, respectively. The 
horizontal shaded bands represent the mean differences of q ± 2 times the median uncertainty among all 25 Å bins presented in the figure across the observed 
wavelength range. Right column: similar to the left column but for u . Some major telluric lines are labelled by red-shaded lines marked with ⊕. 
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