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ABSTRACT

Context. A peculiar subtype of Type Ia supernovae (SNe), 03fg-like (super-Chandrasekhar) SNe, show different observational proper-
ties from prototypical Type Ia SNe: they typically have high luminosities at the light-curve peak, low expansion velocities, and strong
carbon features. The origin of this class of Type Ia SNe has been actively debated. Recent nebular-phase infrared observations of the
03fg-like Type Ia SN 2022pul using the James Webb Space Telescope revealed large-scale asymmetries in the ejecta and the presence
of the strong [Ne II] line at 12.81 µm, suggesting a violent merger of two white dwarfs as its origin.
Aims. Polarimetry is another powerful tool for studying the overall ejecta asymmetries of spatially unresolved SNe. Here, we aim to
check the universality of the violent merger scenario as the origin of 03fg-like Type Ia SNe, by studying their explosion geometries
using polarimetry.
Methods. In this Letter we present imaging-polarimetric observations of the two 03fg-like Type Ia SNe 2021zny and 2022ilv.
Results. SNe 2021zny and 2022ilv show high intrinsic polarization (∼1%–∼2%), which might be composed of multiple components
with different polarization angles. This indicates that they have complex aspherical structures in their ejecta, supporting the violent
merger scenario for their origin. Our observations provide the first clear evidence from polarimetry for such aspherical structures.

Key words. techniques: photometric – supernovae: individual: SN2021zny – supernovae: individual: SN 2022ilv

1. Introduction

Type Ia supernovae (SNe) are explosions of white dwarfs
(WDs) powered by runaway thermonuclear burning of the
degenerate gas (e.g., Maeda & Terada 2016; Livio & Mazzali
2018). Given that the majority of Type Ia SNe show stan-
dardizable light-curve (LC) properties, they are popular stan-
dard candles for cosmological distance measurements (e.g.,
Riess et al. 1998; Perlmutter et al. 1999). In addition to such
standardizable “normal” Type Ia SNe, it has been recognized
that there are subcategories of Type Ia SNe, which show a
wide range of photometric and spectroscopic properties (e.g.,
Taubenberger et al. 2017; Jha et al. 2019). These observational
diversities are coupled with different progenitor systems, differ-
ent evolutionary paths, and/or different thermonuclear burning
behavior. However, we have not fully understood the progeni-
tors and explosion mechanisms for different subtypes of Type Ia
SNe (e.g., Maoz et al. 2014; Liu et al. 2023).

One extreme subtype is the so-called 03fg-like (or super-
Chandrasekhar) Type Ia SN, which shows different observa-
tional properties from normal Type Ia SNe (e.g., Howell et al.
2006; Hicken et al. 2007; Scalzo et al. 2010; Yamanaka et al.

2009; Taubenberger et al. 2019; Hsiao et al. 2020; Ashall et al.
2021; Dimitriadis et al. 2023; Srivastav et al. 2023). They are
typically brighter, with a peak absolute B-band magnitude of
−19 < MB < −21 mag (Ashall et al. 2021). In some extreme
cases, the required amount of 56Ni would be similar to the
Chandrasekhar mass (∼1.4 M�), and they would thus require
super-Chandrasekhar-mass WDs as their progenitors, unless
other significant energy sources were contributing to their bright-
ness (e.g., Yamanaka et al. 2009). Their LCs evolve slowly, with
∆m15(B) < 1.3 mag, and they have relatively low expansion
velocities (8000–12 000 km s−1 for Si II λ6355) and strong fea-
tures from unburnt carbon in their spectra (Ashall et al. 2021),
suggesting more massive SN ejecta compared to normal Type Ia
SNe (e.g., Taubenberger et al. 2017).

Several scenarios have been proposed to explain the observa-
tional properties of the 03fg-like Type Ia SNe: (1) An explosion
of a carbon-oxygen (CO) WD whose mass exceeds the Chan-
drasekhar limit due to its rapid rotation (e.g., Yoon & Langer
2005) and/or strong magnetic fields (e.g., Das & Mukhopadhyay
2013) formed through the accretion from a non-degenerate com-
panion in the single-degenerate scenario (e.g., Whelan & Iben
1973; Nomoto 1982) or through post-merger accretion in the
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double-degenerate scenario (e.g., Iben 1984; Webbink 1984;
Raskin et al. 2014). (2) An explosion of a CO WD during a
merger with a companion WD (the violent merger scenario;
see, e.g., Pakmor et al. 2017, for a review). In this scenario, the
high peak luminosity might be due to viewing angle effects of
an aspherical explosion (e.g., Hillebrandt et al. 2007; Moll et al.
2014) and/or due to interaction with circumstellar material
(CSM; e.g., Hachinger et al. 2012; Noebauer et al. 2016). (3) An
explosion after a merger of a WD with the core of a massive
asymptotic giant branch star (the core-degenerate scenario; e.g.,
Sparks & Stecher 1974; Livio & Riess 2003; Kashi & Soker
2011). In this scenario, the high brightness could also be
explained by a CSM interaction. Recent, very early-phase
observations (within a few days after the explosion) of several
03fg-like SNe have detected early excesses in their LCs, sug-
gesting interaction with H-poor CSM (SNe 2020hvf, 2021zny,
2022ilv, and 2022pul; Jiang et al. 2021; Dimitriadis et al. 2023;
Srivastav et al. 2023; Siebert et al. 2024). However, the strength
of the CSM interaction estimated from the observed early
excesses is not sufficient to boost the peak brightness from the
level of normal Type Ia SNe (∼ − 19 mag) to the observed level
in bright 03fg-like SNe (∼ − 20 mag; e.g., Jiang et al. 2021;
Maeda et al. 2023). Therefore, bright 03fg-like SNe still need an
additional, stronger CSM interaction or a super-Chandrasekhar
mass 56Ni to explain their extreme brightness.

Nebular-phase observations of the 03fg-like Type Ia
SN 2022pul with the James Webb Space Telescope exhibited
anticorrelated asymmetric emission-line profiles for the iron-
group elements (Fe, Co, and Ni) and the intermediate-mass ele-
ments (S, Ar, and Ca), as well as the presence of strong [Ne II]
at 12.81 µm (Kwok et al. 2024; Siebert et al. 2024). The sepa-
rate distributions of different elements suggest large global ejecta
asymmetries in SN 2022pul and support the violent merger sce-
nario. At the same time, the presence of the strong [Ne II] line
was also predicted as a proof of a violent merger scenario by
nonlocal-thermodynamic-equilibrium radiative transfer calcula-
tions for various scenarios in Type Ia SNe (Blondin et al. 2023).
These discoveries on SN 2022pul strongly support the violent
merger scenario.

Polarimetry provides another powerful way to study the
ejecta geometries of SNe. Its application to the 03fg-like Type Ia
SNe has been very limited due to the rareness of this class
of SN but can be the key to understanding their origin. Spec-
tropolarimetric observations of the 03fg-like Type Ia SN 2009dc
show low continuum polarization (<0.3%) and indicate that the
explosion is nearly symmetric (Tanaka et al. 2010). This sug-
gests that the explosion mechanism of SN 2009dc is differ-
ent from that of SN 2022pul, which showed largely aspherical
ejecta. Alternatively, this might merely imply that SN 2009dc
had a similarly aspherical explosion but with a different view-
ing angle (i.e., SN 2009dc might be viewed from a direction
close to the axis of symmetry). In fact, an aspherical system
is expected for SN 2009dc from the line shapes in the nebu-
lar spectra (Siebert et al. 2023). Another example is SN 2007if,
which showed relatively high wavelength-independent polariza-
tion (P ∼ 0.7 %, θ ∼ 130 degrees) from 13 to 46 days after the
brightness peak (Cikota et al. 2019; Chu et al. 2022). Chu et al.
(2022) conclude that this polarization likely originates from the
interstellar polarization in the Milky Way (MW) as suggested by
the relatively high MW extinction, implying that the intrinsic SN
polarization is low and thus the explosion should be relatively
spherical or viewed from the axis of symmetry. We note that
the polarization angle of the observed polarization in SN 2007if
is not similar to the directions of the interstellar polarization

(ISP) of MW stars or the interstellar magnetic fields in direc-
tions near the SN line of sight (∼40 degrees; Berdyugin et al.
2014; Bennett et al. 2013), although the local values do not nec-
essarily follow the global values.

In this Letter we present imaging-polarimetric observa-
tions of two 03fg-like Type Ia SNe: SNe 2021zny and 2022ilv
(Yamanaka 2021; Burke et al. 2022). SN 2021zny showed sev-
eral characteristics of the class of 03fg-like Type Ia SNe, such as
high peak brightness, slow LC evolution, low ejecta velocities,
and strong lines from unburnt material (Dimitriadis et al. 2023).
Dimitriadis et al. (2023) also report the detection of a flux excess
within a few days after the explosion, which can be explained by
interaction of the ejecta with ∼0.04 M� of CSM at a distance
of ∼1012 cm and prominent [O I] λλ 6300, 6364 lines at a late
phase. From these observational properties, Dimitriadis et al.
(2023) conclude that the origin of SN 2021zny is possibly a
merger of two CO WDs, where the disrupted secondary WD
ejects carbon-rich CSM before the explosion of the primary WD.
Srivastav et al. (2023) demonstrate that SN 2022ilv showed sim-
ilar photometric and spectroscopic features as 03fg-like Type Ia
SNe as well as an early excess in the LC, and also proposed a
similar merger scenario.

2. Observations

We conducted V- and R-band imaging polarimetry using the
Alhambra Faint Object Spectrograph and Camera (ALFOSC)1

on the 2.56 m Nordic Optical Telescope (NOT2) for the 03fg-
like Type Ia SNe 2021zny and 2022ilv. The observing logs are
shown in Tables 1 and 2. For the linear polarimetry of the SNe,
we utilized a half-wave plate (HWP) and a calcite plate. The
HWP rotates the polarization axis of the transient light with a
certain angle, and then the transient light is split by the calcite
plate into two orthogonally polarized beams (the ordinary and
extraordinary components). We derived the Stokes parameters
from the signals of the ordinary and extraordinary components
for four HWP angles (0◦, 22.5◦, 45◦, and 67.5◦).

The data were reduced and analyzed with the standard meth-
ods (as laid out in, e.g., Patat et al. 2017) using Image Reduction
and Analysis Facility (IRAF Tody 1986, 1993). First, we applied
the basic treatment (cosmic-ray removal and bias and flat-field
corrections) to all the frames. Then, we performed aperture pho-
tometry on the ordinary and the extraordinary components of
the transient for all the HWP angles. Since the ordinary and
extraordinary beams overlap in the ALFOSC images, an artifi-
cial polarization signal due to the inhomogeneous structures of
the host galaxy and/or the background region can be created.
To assess such an error for the polarization, we conducted aper-
ture photometry using four different combinations of the aper-
ture size (rap) and sky region (rsky): (1) rap

1 = 2× FWHM, rsky
1 =

(2−3)×FWHM; (2) rap
2 = 2×FWHM, rsky

2 = (3−4)×FWHM;
(3) rap

3 = 2.5 × FWHM, rsky
3 = (2.5−3.5) × FWHM; and

(4) rap
4 = 2.5 × FWHM, rsky

4 = (3.5−4.5) × FWHM, where
FWHM denotes the full width at half maximum of the ordi-
nary beam’s point-spread function. Based on the measurements
from the aperture photometry of the ordinary and extraordinary
sources for four different HWP angles, we derived the Stokes q
and u values for each combination of the aperture and sky region:
(q1±σq,1, u1±σu,1), (q2±σq,2, u2±σu,2), (q3±σq,3, u3±σu,3), and
(q4 ± σq,4, u4 ± σu,4). Here, σ represents the photon shot noise.

1 http://www.not.iac.es/instruments/alfosc/
2 http://www.not.iac.es
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Table 1. Imaging-polarimetric observations of SN 2021zny and their measurements.

Date MJD Phase (a) Exp. time qave uave Pol. degree Pol. angle Filter
(UT) (days) (days) (seconds) (%) (%) (%) (degree)

2021-10-05.13 59492.13 −6.33 4 × 80 −0.10 ± 0.15 −0.60 ± 0.18 0.56 ± 0.18 130.3 ± 3.6 V
4 × 80 −0.12 ± 0.05 −0.55 ± 0.14 0.53 ± 0.14 128.8 ± 1.5 R

2021-10-12.20 59499.20 +0.74 4 × 50 −0.20 ± 0.13 −0.35 ± 0.10 0.37 ± 0.11 120.1 ± 4.4 V
4 × 50 −0.18 ± 0.07 −0.15 ± 0.13 0.19 ± 0.10 109.9 ± 6.7 R

2021-11-09.93 59527.93 +29.47 4 × 120 0.31 ± 0.14 0.48 ± 0.31 0.44 ± 0.27 28.6 ± 5.1 V
4 × 80 −1.08 ± 0.57 −1.60 ± 0.24 1.86 ± 0.38 118.0 ± 3.6 R

2021-11-30.91 59548.91 +50.45 4 × 120 −0.29 ± 0.54 0.45 ± 0.37 0.19 ± 0.43 61.4 ± 13.3 V
4 × 100 −1.22 ± 0.57 −0.37 ± 0.52 1.02 ± 0.57 98.4 ± 5.9 R

Notes. (a)Relative to the B-band peak: t0 = 59498.46 (MJD; Dimitriadis et al. 2023).

Table 2. Imaging-polarimetric observations of SN 2022ilv and their measurements.

Date MJD Phase (a) Exp. time qave uave Pol. degree Pol. angle Filter
(UT) (days) (days) (seconds) (%) (%) (%) (degree)

2022-05-03.18 59702.18 -5.28 4 × 80 −1.00 ± 0.03 1.50 ± 0.07 1.80 ± 0.06 61.8 ± 0.4 V
4 × 80 −0.97 ± 0.11 1.88 ± 0.15 2.11 ± 0.144 58.6 ± 0.8 R

2022-05-14.00 59713.00 +5.54 4 × 80 −1.57 ± 0.19 1.95 ± 0.07 2.50 ± 0.13 64.4 ± 0.9 V
4 × 80 40.14 ± 0.57 1.16 ± 0.40 1.03 ± 0.40 41.6 ± 7.0 R

2022-06-03.95 59733.95 +26.49 4 × 100 −1.27 ± 0.17 1.26 ± 0.30 1.76 ± 0.24 67.6 ± 2.0 V
4 × 100 4 − 1.14 ± 0.08 0.64 ± 0.11 1.30 ± 0.09 75.3 ± 1.1 R

2022-06-26.96 59756.96 +49.50 4 × 120 −1.57 ± 0.09 0.29 ± 0.20 1.59 ± 0.10 84.8 ± 1.8 V
4 × 100 −1.23 ± 0.19 1.83 ± 0.58 2.09 ± 0.49 62.0 ± 2.3 R

2022-07-07.94 59767.94 +60.48 4 × 120 0.55 ± 0.45 0.49 ± 0.16 0.57 ± 0.35 20.8 ± 6.3 V
4 × 120 0.35 ± 0.66 1.49 ± 0.99 0.91 ± 0.98 38.4 ± 6.4 R

Notes. (a)Relative to the g-band peak: t0 = 59707.46 (MJD; Srivastav et al. 2023).

Then, we took the average and standard deviation of these q and
u values as the polarization signal and the error, respectively:

qave =

Σn
i=1

(
qi

σ2
q,i

)
Σn

i=1

(
1
σ2

q,i

) , σq,ave =

√√√√√√√√Σn
i=1

(
1
σ2

q,i

)
(qi − qave)2

(n − 1)Σn
i=1

(
1
σ2

q,i

) , (1)

uave =

Σn
i=1

(
ui

σ2
u,i

)
Σn

i=1

(
1
σ2

u,i

) , σu,ave =

√√√√√√√√Σn
i=1

(
1
σ2

u,i

)
(ui − uave)2

(n − 1)Σn
i=1

(
1
σ2

u,i

) . (2)

Here, n is the number of the measurements to be averaged and
n = 4. From these averaged q and u values, we calculated the
polarization degree and the polarization angle:

P =

√
q2

ave + u2
ave, (3)

σP =

√(
∂P
∂qave

σq,ave

)2

+

(
∂P
∂uave

σu,ave

)2

=

√(qave

P
σq,ave

)2
+

(uave

P
σu,ave

)2
, (4)

χ =
1
2

arctan
(

uave

qave

)
, (5)

σχ =

√(
∂χ

∂qave
σq,ave

)2

+

(
∂χ

∂uave
σu,ave

)2

=

√(
uaveσq,ave

)2
+

(
qaveσu,ave

)2

2P2 . (6)

Finally, we subtracted the polarization bias from the polarization
degrees following the standard method laid out in Wang et al.
(1997).

3. Results and discussion

Figure 1 shows the time evolution of the V- and R-band polar-
ization of SN 2021zny. Both the V- and R-band polarization
show P ∼ 0.4 % and θ ∼ 120 degrees around the peak.
At Phase +29.47 days, the degree of the R-band polarization
increased to ∼1.9 % and the polarization angle remained at
around ∼120 degrees; the polarization degree and angle both
fell slightly at Phase +50.45 days. On the other hand, the V-
band polarization at Phases +29.47 and +50.45 days shows
small degrees of polarization (.0.5 %) with different polariza-
tion angles (∼45 degrees) from ∼120 degrees around the peak.
The polarization is also shown in the q − u plane (Fig. 2).

The SN can have not only intrinsic polarization but also ISP.
Dimitriadis et al. (2023) estimated the total dust extinction in the
MW and in the host galaxy to be E(B − V)tot = 0.14 ± 0.07 mag
for SN 2021zny. The empirical relation from Serkowski et al.
(1975) indicates that its ISP should likely have Pmax . 1.3 %.
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Fig. 1. Polarization degree and angle of the V- (blue circle) and R-band (red square) polarization in SN 2021zny. The gray crosses connected with
lines show the g-band LC of SN 2021zny from Dimitriadis et al. (2023).
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Fig. 2. Time evolution of the V- (blue) and R-band (red) polarization
in SN 2021zny in the q − u plane. The first-epoch data (Phase −6.33
days) are shown with filled points. The gray lines correspond to the
polarization degrees of 0.5, 1.0 and 1.5 % from the origin, respectively.

From the values of the polarization degree, the polarization com-
ponent whose angle is ∼ 45 degrees (the V-band polarization at
Phases +29.47 and +50.45 days) can be explained as being due
to the ISP. This interpretation may naturally explain the discrep-
ancy between the V- and R-band polarization at Phases +29.47
and +50.45 days. The V-band polarization shows the ISP due
to the line depolarization of the strong continuum polariza-
tion, while the R-band polarization reflects the strong continuum
polarization. Alternatively, the V-band polarization shows the
ISP due to the low intrinsic SN continuum polarization, while
the R-band polarization shows a strong line polarization. In this
case, the axis of the aspherical distribution of the elements for
the strong line polarization should be the same as that of the
overall ejecta geometry predicted by the continuum polarization
at the first two phases. We note that the directions of the mag-
netic fields, which are supposed to be aligned with the ISP angle
(e.g., Davis & Greenstein 1951), tend to follow the directions
of the spiral arms in a spiral galaxy (e.g., Beck 2015). There-
fore, the polarization angle of this component (θ ∼ 45 degrees),
which nicely corresponds to the structure of the host galaxy (see
Fig. 1 in Dimitriadis et al. 2023), might support this interpreta-
tion. Adopting this component (P ∼ 0.3 % and χ ∼ 45 degrees)

as the ISP, the V- and R-band polarization both show ∼1.0 % of
the intrinsic polarization around the brightness peak and then ∼0
and ∼2.0 %, respectively, at a later phase. Even if this component
is another component of the intrinsic SN polarization and the ISP
is negligible, the intrinsic polarization is high (∼1−∼2%), at the
highest end of the range of Type Ia SN polarization, or possibly
beyond (.1 %; e.g.,Cikota et al. 2019). This indicates that the
ejecta of SN 2021zny is significantly aspherical, even compared
to the extreme cases of normal Type Ia SNe.

There is another possibility for the origin of the continuum
polarization in Type Ia SNe: the polarization due to the scat-
tering by circumstellar dust (e.g., Nagao et al. 2018; Hu et al.
2022). The polarization created by this mechanism depends on
the wavelength (typically a higher polarization in bluer wave-
lengths) and the time (typically a higher polarization at the
beginning of the tail phase than at the peak), as demonstrated
in Nagao et al. (2018). There are some observational examples
(e.g., Yang et al. 2018). Firstly, the polarization in SN 2021zny
does not show a clear wavelength dependence at Phases +29.47
or +50.45 days, while it shows higher degrees in the R band
than those in the V band at a later phase. Secondly, SN 2021zny
already shows relatively high polarization degrees before the B-
band peak (∼0.4 % at Phase –6.33). These features cannot be
explained with the dust scattering scenario. Therefore, we reject
the possibility of scattering in circumstellar dust as the origin of
the polarization in SN 2021zny.

Figure 3 shows the time evolution of the V- and R-band
polarization in SN 2022ilv. The polarization degrees are high and
time-variable around ∼2.0 % with a relatively constant polariza-
tion angle of around ∼60 degrees, except for the data at Phase
+60.48 days (P ∼ 0.5 %, θ ∼ 30 degrees). The polarization
degrees and angles in the V and R bands are relatively consis-
tent at all phases except Phase +5.54, indicating wavelength-
independent polarization (i.e., continuum polarization rather
than line polarization). The polarization at Phase +5.54 may be
due to the effects of line polarization and depolarization. This
polarization behavior is also seen in the q − u plane (Fig. 4),
although the early-phase points are clustered around a point that
deviates from the points at Phase +60.48 days, except the R-band
point at Phase +5.54.

Srivastav et al. (2023) estimated the dust extinction for
SN 2022ilv to be E(B − V)tot = 0.11 mag, assuming that the
extinction arises only from the MW dust because the host galaxy
is extremely faint and thus should have a low metallicity and a
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Fig. 3. Same as Fig. 1 but for SN 2022ilv. The gray dots connected with lines show the g-band LC of SN 2022ilv from Srivastav et al. (2023).
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small amount of dust. Adopting this value, the empirical rela-
tion from Serkowski et al. (1975) indicates that its ISP should
have Pmax . 1.0 %. Given that the observed polarization around
the peak is too high to be dominated by the ISP, it should be
dominated by the intrinsic SN polarization. The polarization
degrees at Phase +60.48 days can be consistent with the ISP.
However, the polarization angle of the ISP in the MW along
the line of sight to SN 2022ilv is estimated to be ∼130 degrees
from polarimetric observations of MW stars at ∼100−∼600 pc
(Fig. 3 in Berdyugin et al. 2014). Given that the MW extinction
for SN 2022ilv is mainly caused by dust at .140 pc (Green et al.
2019), the maximum ISP can be estimated to be .1.0 and the
average value to be ∼0.5% (Fig. 4 in Berdyugin et al. 2014).
Therefore, we conclude that the ISP is negligible (.0.5%) and
that the polarization at Phase +60.48 days might still indicate
another intrinsic component with a slightly different angle (P ∼
0.5 %, θ ∼ 30 degrees), in addition to the intrinsic compo-
nent at the early phases (∼2.0% and ∼60 degrees). This might
indicate inhomogeneous structures in the SN ejecta. Even if we
assume that the polarization at Phase +60.48 days is dominated
by the ISP, the ISP-subtracted intrinsic SN polarization at early
phases is high (P ∼ 2.0%). As in the case of SN 2021zny, the
polarization in SN 2021ilv cannot be explained by the scatter-
ing in circumstellar dust either. In any case, the intrinsic SN

polarization is very high, ∼2%, which is the highest intrin-
sic continuum polarization observed in any Type Ia SN (e.g.,
Wang & Wheeler 2008; Cikota et al. 2019). This implies that the
ejecta of SN 2022ilv is also highly aspherical compared to any
other Type Ia SN.

The degrees of the V- and R-band polarization in
SNe 2021zny and 2022ilv are high (∼1 − ∼2%), indicating large
aspherical structures. According to the numerical calculations
of the polarization signal in various scenarios for Type Ia SNe
by Bulla et al. (2016b,a), the only possible scenario that would
explain such a high polarization (i.e., a large aspherical structure)
is the violent merger scenario. While several different modes of
observations have suggested there are aspherical structures in the
03fg-like Type Ia SNe (see Sect. 1), our observations provide the
first evidence from polarimetry.
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