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Abstract

We present multi-epoch optical spectropolarimetric and imaging polarimetric observations of the nearby Type II
supernova (SN) 2023ixf discovered in M101 at a distance of 6.85Mpc. The first imaging polarimetric observations
were taken +2.33 days (60085.08 MJD) after the explosion, while the last imaging polarimetric data points
(+73.19 and +76.19 days) were acquired after the fall from the light-curve plateau. At +2.33 days there is strong
evidence of circumstellar material (CSM) interaction in the spectra and the light curve. A significant level of
intrinsic polarization pr = 1.02% ± 0.07% is seen during this phase, which indicates that this CSM is aspherical.
We find that the polarization evolves with time toward the interstellar polarization level during the photospheric
phase, which suggests that the recombination photosphere is spherically symmetric. There is a jump in polarization
(pr = 0.45% ± 0.08% and pr = 0.62% ± 0.08%) at +73.19 and +76.19 days when the light curve falls from the
plateau. This is a phase where polarimetric data are sensitive to nonspherical inner ejecta or a decrease in optical
depth into the single-scattering regime. We also present spectropolarimetric data that reveal line (de)polarization
during most of the observed epochs. In addition, at +14.50 days we see an “inverse P Cygni” profile in the H and
He line polarization, which clearly indicates the presence of asymmetrically distributed material overlying the
photosphere. The overall temporal evolution of the polarization is typical for Type II SNe, but the high level of
polarization during the rising phase has only been observed in SN 2023ixf.

Unified Astronomy Thesaurus concepts: Core-collapse supernovae (304); Type II supernovae (1731); Red
supergiant stars (1375); Stellar mass loss (1613); Circumstellar matter (241); Spectropolarimetry (1973);
Polarimetry (1278)

1. Introduction

Stars with masses greater than 8 Me end their lives as
explosive core-collapse supernovae (CCSNe). Hydrogen-rich
SNe, also known as Type II SNe,20 are the most common type
of CCSNe (W. Li et al. 2011; N. Smith et al. 2011) and are
thought to be explosions of red supergiant (RSG) stars. Direct
imaging of SN sites has confirmed the progenitors of Type II
SNe to be RSGs (e.g., S. J. Smartt 2015; S. D. Van Dyk 2017).
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20 Here we refer only to Types IIP and IIL, not Types IIn, IIb, or other peculiar
subtypes.
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These transients provide a unique opportunity to probe massive
star evolution and its impact on galaxy environments via the
formation and distribution of heavy elements. However, there
are still critical gaps in our knowledge. Direct observations of
mass loss during the final stages, the last months to years before
the explosion, are complicated and poorly understood
(N. Smith 2014). Increasing evidence from spectroscopy in
the form of narrow spectral emission lines from high-ionization
states (“flash spectroscopy”; A. Gal-Yam et al. 2014; O. Yaron
et al. 2017; R. J. Bruch et al. 2021; K. A. Bostroem et al. 2023;
M. Shrestha et al. 2024) and from early light-curve numerical
modeling (V. Morozova et al. 2017, 2018) points to brief but
extreme precursor mass-loss events producing significant
circumstellar material (CSM) in otherwise normal SNe II.

A powerful way to probe both the properties of the CSM and
the explosion mechanism is via polarimetric observations during
the different phases of the SN evolution. The free electrons in the
CSM surrounding the SN scatter the photons from the
photosphere, which produces polarization. The polarization of
the scattered photons carries the imprint of the scattering
medium. In the case of spectropolarimetry, the large-scale
asymmetries of the scattering medium create continuum
polarization, while line polarization effects are caused by
smaller-scale line-specific phenomena such as clumps. Hence,
polarimetry is effective in deducing the geometric structure of
the SN ejecta as well as its CSM. For a detailed review of SN
polarimetry, refer to D. C. Leonard et al. (2006), L. Wang &
J. C. Wheeler (2008), R. Chornock et al. (2010), T. Nagao et al.
(2019), C. Bilinski et al. (2024), and T. Nagao et al. (2024).
Polarimetry of SNe thus provides knowledge complementary to
standard photometry and spectroscopy. Furthermore, it can
provide information about the geometry of unresolved distant
objects that is not obtainable with other astronomical techniques.

Observationally, a few Type II SNe have been observed with
significant polarization (D. C. Leonard et al. 2001, 2006;
T. Nagao et al. 2019, 2024; S. S. Vasylyev et al. 2023). There
is diversity in the observed polarization behavior, with some
Type II SNe showing low-level polarization during the plateau,
and the polarization tending to peak at the end of the plateau
(e.g., D. C. Leonard et al. 2006; T. Nagao et al. 2024).
However, in the case of CSM-interacting Type II SNe, early-
time polarization observations can help determine the geometry
of the CSM, given that significant polarization is expected if
the CSM is aspherical, as seen for many Type IIn SNe (e.g.,
D. C. Leonard et al. 2000; J. L. Hoffman et al. 2008;
C. Bilinski et al. 2024). Recently, for the first time, significant
polarization during the rising phase has been observed for a
nearby Type II SN, SN 2023ixf in M101 (J. R. Maund et al.
2023; S. S. Vasylyev et al. 2023; A. Singh et al. 2024).

SN 2023ixf was discovered on 2023 May 19 at 17:27:15
UTC (MJD 60083.72) in M101 at a distance of
6.85 ± 0.13Mpc (A. G. Riess et al. 2022) by K. Itagaki
(2023). The J2000 coordinates of the SN are R.A.
= 14:03:38.562 and decl.=+54:18:41.94 (D. O. Jones et al.
2023) as presented in Table 1. A spectrum taken the same day
(MJD 60083.933) classified it as a young Type II SN with flash
ionization features (D. A. Perley et al. 2023).21 The early
photometric and spectroscopic evolution of SN 2023ixf has
been studied comprehensively (e.g., K. A. Bostroem et al.
2023; D. Hiramatsu et al. 2023; G. Hosseinzadeh et al. 2023;

W. V. Jacobson-Galán et al. 2023; N. Smith et al. 2023;
J. Zhang et al. 2023; G. Li et al. 2024; A. Singh et al. 2024;
E. A. Zimmerman et al. 2024). G. Hosseinzadeh et al. (2023)
used early light-curve data to infer an explosion epoch of MJD
60082.75, which we adopt for this Letter.22 We present the
general properties of SN 2023ixf in Table 1.
In addition, early spectropolarimetric observations of SN

2023ixf showed significant polarization (Pr = 1.02% ± 0.08%)
at the earliest times (+1.4 days, +2.5 days), which began to
decline at +3.5 days (S. S. Vasylyev et al. 2023). The flash
ionization features along with the behavior of the multi-
wavelength early light curves and polarization point to CSM
interaction. Here we present optical imaging polarimetry and
spectropolarimetry spanning from +2.33 days to +76.19 days
after explosion. Note that a subset of the data presented herein
was presented by A. Singh et al. (2024). In this Letter, we build
on that work by presenting R-band imaging polarization values
from +2.33 to +76.19 days and spectropolarimetric data with
observation dates that span the gap between the results
presented in S. S. Vasylyev et al. (2023) and A. Singh et al.
(2024). These new data provide us with a complete picture of
SN 2023ixf’s geometrical evolution.
In this Letter, we present linear spectropolarimetric and

imaging polarimetry data for SN 2023ixf, ranging from the
brightening phase to the fall from the plateau.23 The Letter is
organized as follows. First, we describe the observations and
data reduction in Section 2. This is followed by the calculation
of interstellar polarization (ISP) and results from imaging
polarimetric and spectropolarimetric observations in Section 3.
We compare the results from SN 2023ixf with other SNe in
Section 4. Finally, we discuss and conclude in Section 5.

2. Observations and Data Reduction

In this section, we present the data-reduction techniques we
followed for the MOPTOP imaging polarimetry and SPOL
spectropolarimetry data.

2.1. MOPTOP Data Reduction

We followed up SN 2023ixf using the MOPTOP imaging
polarimeter (H. Jermak et al. 2016, 2018; M. Shrestha et al. 2020)

Table 1
Properties of SN 2023ixf

Parameter Value

R.A. (J2000) 14:03:38.562
Decl. (J2000) +54:18:41.94
Explosion epoch (MJD)a 60082.75
Distance modulus (μ)b 29.178 ± 0.041 mag
Peak magnitude (rmax) −18.07 ± 0.04 mag
Time of rmax (MJD) 60094.31
Tpt

c 81.50 ± 0.11 days

Notes.
a Value from G. Hosseinzadeh et al. (2023).
b Value from A. G. Riess et al. (2022).
c Estimated value of the time of drop off of the optical light-curve plateau, from
B. Hsu et al. (2024).

21 Here we do not differentiate between Types IIP and IIL.

22 All the phases quoted in this Letter are with respect to this explosion epoch
unless otherwise noted.
23 We only consider linear polarization throughout this work.
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mounted on the 2m Liverpool Telescope (LT; I. A. Steele et al.
2004).24 MOPTOP is a dual-beam, dual-camera imaging
polarimeter with a 7″ × 7″ field of view designed for
maximum sensitivity for rapidly fading sources such as
gamma-ray bursts and SNe. The instrument is equipped with
B-, V-, R-, and I-band filters. Imaging polarimetric observations
of SN 2023ixf in the B, V, R, and I filters began on 60085.08
MJD (+2.33 days) and ended on 60158.95 MJD
(+76.19 days). However, we only present R-band data in this
Letter because we have a complete temporal sequence for this
filter.

MOPTOP produces 16 different images from each camera,
where each frame corresponds to 22.5 rotation of the wave
plate. The data-reduction pipeline running at the telescope
performs dark subtraction and flat-fielding. We manually
perform aperture photometry to extract background-subtracted
counts of the source. These counts are then converted to
fractional Stokes parameters qobs, uobs and their error via the
“two-camera” technique as described in M. Shrestha et al.
(2020, their Equations (14) and (17)). We use instrumental
Stokes qinst and uinst values from MOPTOP to correct for
instrumental effects and obtain the intrinsic values, given by
qc = qobs − qinst and uc = uobs − uinst. These values are used to
calculate polarization p q uc c

2 2= + and position angle

( )PA arctan u

q

1

2
c

c
= . There is a polarization bias due to noise

in q and u as p is always a positive quantity. We correct for this
using the technique presented in S. Plaszczynski et al. (2014).
Finally, we subtract the Stokes q and u introduced by ISP. The
calculation of the ISP contribution is described in detail in
Section 3.1.

2.2. SPOL Data Reduction

We obtained optical (4500–7500Å) spectropolarimetric data
for SN 2023ixf using the CCD Imaging/Spectropolarimeter
(SPOL; G. D. Schmidt et al. 1992) mounted on Steward
Observatory’s 2.3 m Bok telescope (Kitt Peak, AZ) between
MJD 60095.15 (+12.40 days) and MJD 60114.32

(+31.57 days; see Table 2). To constrain the instrumental
polarization, we observed multiple polarized standards
(HD155528, Hiltner 960, and VI Cyg 12) and unpolarized
standards (BD+28 4211 and Wolf 1346). We find a low level
of instrumental polarization (less than 0.1%) from the observed
unpolarized standard stars. Polarized standard star observations
were used to calculate the offset in position angle (PA). The
data obtained by SPOL were reduced using custom IRAF
routines; further details can be found in P. A. Milne et al.
(2017) and C. Bilinski et al. (2024). In short, the routine first
flat-fields and bias-subtracts each image, which is wavelength
calibrated based on He, Ne, and Ar lamp observations taken on
the same night. From this, Stokes q = Q/I and u = U/I are
extracted. We bin the Stokes parameters to 20Å (similar to the
native resolution of the SPOL setup) to improve the signal-to-
noise ratio (S/N). These Stokes parameters are used to
calculate the total polarization as p q u2 2= + .
As a proxy for R-band imaging data from SPOL observa-

tions, we perform an error-weighted average of q and u for all
the SPOL data. For consistency with the MOPTOP bias-
correction method, we correct for polarization bias introduced
by noise in Stokes q and u via the method given by S. Plaszc-
zynski et al. (2014) for the R-band calculations. Observations
of a large data set of polarized and unpolarized standard stars,
taken for over a decade with SPOL, show a standard deviation
of 0.05%. Thus, with these statistics, we adopt a systematic
uncertainty of q = 0.05% and u = 0.05%, as the minimum
uncertainty for all the polarization measurements. We subtract
ISP contributions as calculated in Section 3.1 from these data.
We also calculate the PA following the equation

( )PA arctan u

q

1

2
= and calculate the error in PA by propagat-

ing the error.
We note that the SPOL data from 60109.16 to 60114.32

MJD were previously presented by A. Singh et al. (2024). We
include them in our analysis, as they have been uniformly
reduced with the rest of the SPOL data set presented herein.
Due to the relatively low S/N, we only analyze the continuum
polarization from these spectra, which we calculate via the
error-weighted mean of q and u in the 6000–7000Å range as a

Table 2
Log of Polarimetric Observations of SN 2023ixf

Date MJD Phasea Telescope Instrument Exposure Time Airmass p (R Band) PA (R Band)
(UT) (days) (s) (%) (deg)

2023-05-21 01:55:12 60085.08 2.33 LT MOPTOP 3 × 16 × 0.4 1.25 1.02 ± 0.07 152 ± 4
2023-05-31 03:36:00 60095.15 12.40 Bok SPOL 11 × 960 1.11 0.26 ± 0.07 59 ± 16
2023-06-01 03:36:00 60096.15 13.40 Bok SPOL 9 × 720 1.1 0.23 ± 0.07 61 ± 19
2023-06-02 06:00:00 60097.25 14.50 Bok SPOL 12 × 720 1.11 0.21 ± 0.07 65 ± 20
2023-06-03 03:36:00 60098.15 15.40 Bok SPOL 10 × 720 1.11 0.21 ± 0.07 67 ± 21
2023-06-04 03:36:00 60099.15 16.40 Bok SPOL 10 × 720 1.1 0.19 ± 0.07 70 ± 22
2023-06-05 03:50:24 60100.16 17.41 Bok SPOL 11 × 720 1.09 0.16 ± 0.07 73 ± 28
2023-06-14b 03:50:24 60109.16 26.41 Bok SPOL 6 × 720 1.08 0.08 ± 0.07 146 ± 68
2023-06-15b 03:36:00 60110.15 27.40 Bok SPOL 3 × 720 1.08 0.08 ± 0.07 150 ± 63
2023-06-16b 03:36:00 60111.15 28.40 Bok SPOL 5 × 720 1.08 0.12 ± 0.07 155 ± 68
2023-06-18b 03:36:00 60113.15 30.40 Bok SPOL 4 × 720 1.08 0.17 ± 0.07 162 ± 38
2023-06-19b 07:40:48 60114.32 31.57 Bok SPOL 5 × 720 1.48 0.19 ± 0.07 166 ± 25
2023-07-30 22:33:36 60155.94 73.19 LT MOPTOP 5 × 16 × 0.4 1.5 0.45 ± 0.08 22 ± 10
2023-08-02 22:48:00 60158.95 76.19 LT MOPTOP 5 × 16 × 0.4 1.7 0.62 ± 0.08 178 ± 7

Notes.
a We list phase in days since the explosion epoch of MJD 60082.75.
b This data set has been previously published in A. Singh et al. (2024).

24 https://telescope.livjm.ac.uk/TelInst/Inst/MOPTOP/
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proxy for the R-band data. We use these integrated SPOL data
to augment the imaging polarimetry sequence described in
Section 2.1. For the presentation of the spectropolarimetric
data, we refer the reader to A. Singh et al. (2024).

3. Polarimetry

In this section, we first calculate the polarization contribution
from the interstellar medium using two different techniques
described in detail in Section 3.1. We then present our results
from spectropolarimetric observations and discuss the behavior
of the line polarization. Finally, we present the results from
imaging polarimetry from MOPTOP and R-band continuum
polarization estimates from SPOL data.

3.1. Interstellar Polarization

Polarization measurements of a SN are contaminated by ISP
due to the intervening dust in the Milky Way and the host
galaxy. To extract the intrinsic polarization of SN 2023ixf, we
employ two different techniques.

First, we use the dust extinction for the Milky Way and the
host galaxy to estimate an upper limit in ISP. For SN 2023ixf,
the dust extinction from the Milky Way is E(B − V )MW=
0.0074 mag (E. F. Schlafly & D. P. Finkbeiner 2011). To
calculate the host-galaxy extinction, N. Smith et al. (2023) used
high-resolution spectra to measure the equivalent width of the
Na I D absorption lines at the redshift of SN 2023ixf, and found
E(B − V )Host= 0.031 mag.25 Thus, the total extinction in the
direction of SN 2023ixf is E(B − V )= 0.0384 mag. Since the
extinction value is greater than 0.01 mag, as noted in R. Skali-
dis et al. (2018), the upper limit in polarization in the V band
induced by ISP (corresponding to the case in which the Milky
Way and host ISP align in angle) can be calculated using
pV(ISP) < 9E(B − V )% (K. Serkowski et al. 1975), assuming
the dust in the host galaxy behaves similarly to the dust in the
Milky Way. We caution that for low-extinction environments,
there are sight lines that show much higher levels of linear
polarization than expected from this scaling relation (see
R. Skalidis et al. 2018). With E(B − V ) = 0.0384 mag, we
calculate the upper limit of the V-band ISP as pV(ISP) <
0.35%. This is consistent with the values of 0.35% and 0.37%
calculated by S. S. Vasylyev et al. (2023) and A. Singh et al.
(2024), respectively.

To calculate the ISP behavior as a function of wavelength,
we utilize / /[ ( )]p p Kexp lnmax

2
maxl l= - , where pmax is

equivalent to pV(ISP), the maximum polarization produced at
the wavelength 5300maxl = Å (an approximation for the V
band). The value of 5300maxl = Å in K. Serkowski et al.
(1975) is valid for dust grains similar to Milky Way dust, and
we assume an RV = 3.1 extinction law (J. A. Cardelli et al.
1989). In addition, K was originally a constant equal to 1.15
(K. Serkowski et al. 1975), but B. A. Wilking et al. (1982) later
modified it to be K 0.10 1.86 maxl= - + , which we adopt in
this Letter. Here maxl is in units of microns, i.e., 0.53 μm.

For the second method, we utilize the polarization associated
with the strongest emission line (Hα), as the greater line flux is
assumed to dilute and depolarize the continuum (e.g.,
D. C. Leonard et al. 2000, 2001; T. Nagao et al. 2019;
D. C. Leonard et al. 2021; A. Singh et al. 2024). The
spectropolarimetry data from SPOL between 2023 June 14 and

2023 June 19 show a prominent Hα feature. We calculated
error-weighted averages of the Stokes q and u values from five
different bins ranging from 100 to 200Å in wavelength
centered on the Hα peak. We found similar values (within
standard deviations of 0.007 and 0.02 for Stokes q and u,
respectively) as we changed the binning range from 100 to
200Å. From this method, we calculated qISP = −0.08% ±
0.05% and uISP = 0.10% ± 0.05% centered at the Hα peak (an
approximation for the R band). These values are consistent with
the ISP estimate calculated by A. Singh et al. (2024). Our
resulting pISP = 0.13% value from this method is consistent
with the pV(ISP) < 0.35% calculated from the first method. We
follow the prescription of K. Serkowski et al. (1975) to
calculate the ISP contribution at different wavelengths
using / /[ ( )]p p Kexp lnmax

2
maxl l= - with Å5300maxl = ,

K 0.10 1.86 maxl= - + , and p 0.14%max= . We subtract the
qISP and uISP calculated for each filter from our observed data.
We quote and display the ISP-corrected values throughout this
work, unless otherwise stated.
In Figure 1, we present the ISP-corrected continuum

polarization measurements we obtained from the MOPTOP,
SPOL, A. Singh et al. (2024), and S. S. Vasylyev et al. (2023)
data. While most of these continuum data show intrinsic
polarization values, the last few data points during the plateau
phase (from +26.41 to 31.57 days) lie very close to the origin
of the q–u plane (∼0.05% for both q and u), as expected during
the photospheric phase.

3.2. Continuum Polarization and Imaging Polarimetry

The calculated continuum polarization and PAs from our
observations are presented in Table 2. To see how changes in
the polarization correspond to changes in the light curve, we
obtained an r-band light curve from the Sinistro cameras on Las
Cumbres Observatory’s robotic 1 m telescopes (T. M. Brown
et al. 2013) as part of the Global Supernova Project
collaboration (D. A. Howell & Global Supernova Project 2017),
which was published in B. Hsu et al. (2024). The r-band
magnitude peaks at −18.07 mag at 60094.31 MJD. In Figure 2,
we present the evolution of the R-band polarization with time,
along with the r-band light curve (top panel). The first and the

Figure 1. Evolution of R-band Stokes q and u with phase for SN 2023ixf after
ISP correction (Section 3.1). The points include data from MOPTOP and
SPOL, and data from S. S. Vasylyev et al. (2024) and A. Singh et al. (2024).
For the SPOL data we calculated the continuum polarization in the
6000–7000 Å range (Section 2.2).

25 There is significant uncertainty in the relation from D. Poznanski et al.
(2012).
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last two polarimetric data points at phases +2.33, +73.19, and
+76.19 days are from MOPTOP on the LT, while the data
between these points are from SPOL. The bottom panel of the
figure shows the corresponding PA values for the polarization
measurements above. The dashed gray line represents the ISP
upper limit calculated in Section 3.1.

Initially, during the rising phase (+2.33 days), we detect a
significant level of continuum polarization from the MOPTOP
imaging polarimeter in the R band, pR = 1.02% ± 0.06% and
PAR = 152.4 ± 2.1. This is consistent with the value of
pR = 0.82% ± 0.07% reported by J. R. Maund et al. (2023) for
the same epoch, and other values reported elsewhere during the
rising phase (S. S. Vasylyev et al. 2023; A. Singh et al. 2024).
In this phase, the SN underwent significant CSM interaction, as
seen via the flash features in the early spectra of SN 2023ixf
(K. A. Bostroem et al. 2023; W. V. Jacobson-Galán et al. 2023;
D. A. Perley et al. 2023; N. Smith et al. 2023; E. A. Zimmer-
man et al. 2024). Under the assumption of electron scattering,
this level of polarization points to a notable break in the
spherical symmetry of the CSM, such as an elongated
scattering geometry. Thus, we conclude that the CSM close
to the progenitor is aspherical, which is also shown by high-

resolution spectral data (N. Smith et al. 2023). We also observe
a high degree of intrinsic polarization in other filters during this
epoch, with pB = 0.99% ± 0.07%, pV = 1.21% ± 0.08%, and
pI = 0.85% ± 0.09% for the B, V, and I filters, respectively.
The PA values for these filters are consistent with the R-band
value, with PAB = 158° ± 4°, PAV = 155° ± 4°, and
PAI = 156° ± 6°.
In the first epoch of SPOL data, at the start of the plateau

phase (+12.40 days), we see some intrinsic continuum
polarization, as also shown in Figures 1 and 2. The PA during
this phase is 59° ± 16°, which is close to a 90° rotation
compared to our observations during the rise phase
(+2.33 days). This 90° PA change was seen by S. S. Vasylyev
et al. (2023) for 5–15 days after the explosion, as shown in
Figure 2. This continuum polarization decreases over time, and
by +17.41 days its value has dropped to 0.16% ± 0.07%. As
we noted in Section 3.1, the continuum polarization reaches
even lower levels during days 26–31.
The decline in continuum polarization indicates that the

emission is not dominated by the CSM interaction, while the
final values near p = 0.19% suggest that from +17.41 to
31.57 days, when the light curve is well settled in the plateau

Figure 2. Top: r-band apparent magnitude (from Las Cumbres Observatory) and R-band polarization with respect to days since the explosion. The light dashed gray
line is the maximum ISP in the R band as discussed in Section 3. The triangle data points are from MOPTOP observations, and the square symbols are continuum
polarization calculated from our SPOL data in the 6000–7000 Å range. Circle and star points represent data from A. Singh et al. (2024) and S. S. Vasylyev et al.
(2023), respectively. Polarization detections during the initial rising phase and fall from the plateau suggest asphericity in the CSM and He core, respectively. Bottom:
PA with respect to phase for R-band data. In both panels, the dashed blue lines represent epochs that are presented in the Figure 3 sketch.
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phase, the intrinsic polarization is very low. These polarization
values and their evolution are consistent with those of the
imaging polarimetry presented by A. Singh et al. (2024). We
note that the PA gradually changes during this phase, as shown
in Figure 2 (bottom panel), with a larger error bar in the PA
values. We caution that the polarization value during this time
range is very low, thus the significance of the change in PA is
limited.

By contrast, once the light curve falls from the plateau
(+73.19 days; B. Hsu et al. 2024), the continuum polarization
increases again to 0.45% ± 0.08% (Figure 2). We observe a
similar polarization value for the subsequent epoch at
+76.19 days (0.62% ± 0.08%). We note that we also detect
significant polarization in other filters at this epoch:
pB = 1.03 ± 0.12, pV = 0.98 ± 0.09, and pI = 0.89 ± 0.08
with position angles of PAB = 27° ± 7°, PAV = 16° ± 6°, and
PAI = 16° ± 5° for +73.19 days. For +76.19 days, we find
pB = 0.86 ± 0.15, pV = 0.87 ± 0.11, pI = 0.79 ± 0.08,
PAB = 172° ± 10°, PAV = 177° ± 8°, and PAI = 179° ± 6°
for the B, V, and I filters, respectively. Additionally, we observe
PAR = 22°, which is a difference of ∼130° from the first epoch
of MOPTOP data. This indicates that the mechanism producing
polarization during this phase differs from the initial phase.
Similar behavior in other Type II SNe has been attributed to an
aspherical core being revealed as the outer ejecta become
transparent (e.g., D. C. Leonard et al. 2006; T. Nagao et al.
2019, 2021, 2024). However, recent studies (L. Dessart &
D. J. Hillier 2011; L. Dessart et al. 2024a) have attributed this
solely to a reduction in optical depth. Effectively, it is

explained as a purely radiative transfer effect due to a reduction
in polarimetric cancellation as the optical depth decreases and
single scattering becomes dominant (L. Dessart & D. J. Hillier
2011; L. Dessart et al. 2024a). We also observe some PA
rotation as the light curve falls from the plateau, going from
166° ± 25° (+31.57 days) to 22° ± 10° (+73.19 days).
A. Singh et al. (2024) presented time-dependent, ISP-corrected

R-band polarization of SN 2023ixf, identifying three different
peaks at +1.4 days [(1.09% ± 0.05%), (153.4° ± 0.3°)],
+6.4 days [(0.54% ± 0.06%), (60.3° ± 1.1°)], and +79.2 days
[(0.48% ± 0.05%), (16.9° ± 0.8°)] . We observe the first and last
peaks in our data, as well; however, we do not have an
observation at +6.4 days. Their observed polarization amplitude
and Stokes q and u evolution are consistent with our data during
overlapping epochs.
Figure 4 displays the polarization and PA spectra we

observed with SPOL between +12.40 and +17.41 days, with
flux spectra and maximum ISP curves overplotted for
comparison. At all these epochs, the continuum PA is
consistently within a range of 60°–75°, which represents a
rotation of almost 90° from our first observation during the
rising phase (152°). This behavior is also apparent in Figure 1,
where the first and second data points in phase are located in
opposite quadrants. This significant rotation could imply that
the photosphere has engulfed the CSM region during the peak
in the light curve (+12.40 days) and there is a very low level of
interaction happening in the CSM region (as suggested by the
lack of narrow emission lines in the spectra) as it is swept away.
We note that in their simulations, L. Dessart et al. (2024b)

Figure 3. Simplified cross-section sketch, with relative sizes not to scale, of the evolution of the CSM and ejecta geometry of SN 2023ixf based on our imaging and
spectropolarimetric data. The background pink data points show the r-band apparent magnitude, and the black data points are imaging polarimetric data from Figure 2.
The shape of the scattering regions has been exaggerated for better visual representation. Left: elongated CSM (gray region) surrounding the photosphere (orange)
with a scattered vector with a (red) PA of 153.9 for the observation 2–3 days after the explosion. During this phase, there is strong evidence of CSM interaction from
the spectra and the light curve. Hence, electron scattering from disk-shaped CSM during this phase produces polarization of 1.02% (Section 3.2). Middle: our first
spectropolarimetry data were taken +12.40 days after the explosion, featuring high continuum polarization and inverse P Cygni line features. The continuum
polarization is now due to the expanding photosphere (orange), which was constrained by the early CSM but gradually became more spherical during the plateau
phase as it swept away the CSM. The inverse P Cygni features are likely due to intervening material from the remnant CSM (gray region) (Section 3.3). Right: during
the fall from the plateau, there is another increase in polarization, possibly due to the revealing of an asymmetric He core (red oval) with a different elongation than any
earlier structure (Section 3.2).
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also found a drastic change in polarization direction at the
conclusion of the strong interaction phase, and similarly
attributed it to emission and scattering regions having different
spatial distributions.

V. Morozova et al. (2018) studied 20 Type II SNe, and
found that a significant fraction in their sample had light-curve
peaks that could not be explained by hydrodynamical models
using SNEC without CSM interaction; instead, the models with
CSM provided a better fit, as shown in Figure 2 of V. Moroz-
ova et al. (2018). A similar excess in peak is seen for SN
2023ixf, which indicates that some CSM interaction is present
at the time of the light-curve peak and our first SPOL epoch
(∼+12 days). The emission is likely not dominated by the
CSM interaction as we see during the rise phase, as there are no
narrow emission lines during this phase. However, at this
epoch, the presence of intrinsic continuum polarization and a
flip in PA by 90° from the earlier observation suggests that
CSM interaction during the rise produced the “pinched waist”

geometry seen in strongly interacting SNe (J. Mauerhan et al.
2014; N. Smith et al. 2015). Scattering by CSM in the pinched
waist cancels some Stokes vectors, resulting in a PA rotation of
90°. We note that CSM interaction during this phase has also
been invoked for some Type IIn and II SNe (e.g., T. J. Moriya
& N. Tominaga 2012; N. Smith et al. 2015). As time passes,
the interaction comes to an end and the photosphere is no
longer constrained to an elongated shape. The light curve
settles to a plateau phase, during which the CSM interaction
does not play a major role. Most of the emission is from the
photosphere, which retains its earlier preferred angle but
approaches a spherical geometry, thus we do not detect
significant intrinsic polarization during this phase (see also
S. S. Vasylyev et al. 2023).
L. Dessart et al. (2024a) performed 2D polarization radiative

transfer calculations to simulate the behavior of the continuum
polarization of Type II SNe from 20 to 300 days after the
explosion. They used models following the prescription from

Figure 4. SPOL data from +12.40 days to +17.41 days after the explosion. For each epoch, the top panel contains relative flux (black) and %p (red) values and the
bottom panel is for the PA (blue), which is binned to 20 Å. Major H and He lines at rest wavelengths are overplotted. The light gray line in the %p panel is the
maximum ISP estimate as discussed in Section 3. There is a clear continuum polarization in the first two epochs and gradual evolution toward the ISP (<0.35%) with
time. The PA is fairly consistent for all the epochs presented here, as shown in Table 2. Finally, clear depolarizations are observed for some lines. The observed
continuum polarization above the maximum ISP suggests some level of asphericity in the initial epoch of observation.
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their previous work on SN 2012aw (L. Dessart et al. 2021) but
with greater kinetic energy and higher 56Ni abundances. In their
models, they implemented various bipolar explosions in which
the spherical symmetry was broken by adding different
materials within ∼30° of the poles. They calculated continuum
polarization for the spectral range from 6900 to 7200Å. They
found that the polarization peaks during the fall from the
plateau, but the temporal evolution of polarization during the
plateau phase is model dependent. Observationally similar
diversity in the evolution of polarization during the plateau
phase has been seen in Type II SNe (T. Nagao et al. 2024).

Comparing the results from different models in L. Dessart
et al. (2024a) with the behavior of our observed polarimetric
data for SN 2023ixf, we find that the model e1ni1b1/e1ni1
produces the closest evolution. More information about the
different models can be found in Table 1 of L. Dessart et al.
(2024a). The bipolar portion of this model, e1ni1b1, has a 56Ni
core of 0.009 Me and a 56Ni shell of 0.02 Me that is distributed
in the bipolar region within 30° from the pole. This is then
paired with e1ni1, which makes up the rest of the scattering
region with a 56Ni core of 0.009 Me and no 56Ni shell. We note
that the 56Ni mass for SN 2023ixf from observations is higher
than the values used in these models (D. Hiramatsu et al. 2023;
B. Hsu et al. 2024; T. J. Moriya & A. Singh 2024; A. Singh
et al. 2024). From this model (Figure 8, left panel in L. Dessart
et al. 2024a), the continuum polarization during the photo-
spheric phase (once the light curve is fully settled to the plateau
phase) is close to zero, consistent with SN 2023ixf. Then there
is a jump in polarization during the fall from the plateau (Figure
8, left panel in L. Dessart et al. 2024a), similar to the observed
data. This behavior was also seen in SN 2004dj (D. C. Leonard
et al. 2006). L. Dessart et al. (2024a) attribute the increase in
polarization at the end of the plateau phase to the transition
from multiple to single scattering, increasing the polarization
via reduced cancellation of Stokes parameters. This differs
from other interpretations which attribute the change in
polarization to an unveiling of the asymmetric inner He ejecta
or 56Ni bubbles/plumes during this transition phase
(D. C. Leonard & A. V. Filippenko 2001; D. C. Leonard
et al. 2006; T. Nagao et al. 2021, 2024). We note that we detect
a significant change of ∼20° in PA between +73.19 and
+76.19 days, which could indicate there is some inner structure
producing this polarization that is not aligned to the scattering
region during the plateau phase. We observe this change in PA
for all the filters.

3.3. Line Polarization

The polarized spectra displayed in Figure 4 contain various
interesting line polarization features. At day +12.40, we
observe some depolarization at the Hα (λ6563) and Hγ
(λ4341) lines, as shown by the fact that these lines agree in
polarization with our ISP upper limit (less polarized than the
continuum). We also see clear line polarization in the
blueshifted absorption of Hβ (λ4861), as marked in Figure 4.
At days +14.50 and +15.40, we see distinct inverse P Cygni
profiles in polarization for Hα, Hβ, and He I (λ5876); we
present a zoomed-in figure for Hα at this epoch in Figure 5. We
observe small PA rotations (<5°) associated with some of the
inverse P Cygni profiles in SN 2023ixf, but these are on
the same scale as the noise in the PA spectra. We conclude that
the PAs associated with these inverse P Cygni profiles during

the plateau phase agree well with the overall continuum PA
(60°–70°).
This inverse P Cygni polarization profile is a key indicator of

asymmetry in SNe (M. L. McCall 1984; D. J. Jeffery 1991;
D. C. Leonard et al. 2001; J. R. Maund 2024). The redshifted
emission feature seen in the P Cygni flux profile is produced by
resonant scattering of light into our line of sight by ions or
atoms in the CSM. Because this resonant scattering polarizes
light much less efficiently than electron scattering, it effectively
dilutes the continuum polarization. This produces a polarization
dip corresponding to the flux increase, as seen in Figure 5. On
the other hand, the blueshifted absorption feature seen in the P
Cygni flux profile is associated with a peak in polarization, as
the region producing this dip in flux blocks or redirects
unpolarized light from the central source and thereby increases
the fractional polarization. This phenomenon has been seen
previously in two Type II SNe, SN 1999em (D. C. Leonard
et al. 2001) and SN 2021yja (S. S. Vasylyev et al. 2024).
Simply put, these inverse P Cygni profiles are likely due to the
intervening material associated with the remaining CSM, which
both scatters unpolarized light into our sight line and obscures
our view of the emission region. However, the lack of a strong
PA rotation across these lines suggests that the remaining CSM
during the plateau phase is axisymmetrically distributed with
respect to the ejecta (D. J. Jeffery 1991). This is consistent with
our picture of the remnant CSM at this stage being aligned with
the “waist” of the photosphere.

4. Comparison with Other SNe

We compare the polarization behavior of SN 2023ixf with
other Type II SNe in Figures 6 and 7. In Figure 6, we compare
the polarization evolution of SN 2023ixf from this work as well
as values reported in S. S. Vasylyev et al. (2023) and A. Singh
et al. (2024) along with SN 2004dj (D. C. Leonard et al. 2006),
SN 2012aw (L. Dessart et al. 2021), and SN 2013ej

Figure 5. Relative flux (black) and polarization (red, binned to 20 Å) of SN
2023ixf in the region near Hα from our SPOL observation +14.50 days post-
explosion. The comparison contrasts the P Cygni profile in the flux spectrum
with the inverse P Cygni profile in polarization.
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(T. Nagao et al. 2021). In this figure, the phases are days since
the fall from the plateau, or Tpt, as described in S. Valenti et al.
(2016). We chose to present these three because they show a
rise in polarization when they fall from the plateau. For both
SN 2004dj and SN 2012aw, there are no polarization
observations during the very early phase when the brightness
is increasing. Thus, we cannot assess whether these SNe
showed an initial polarization peak similar to SN 2023ixf.
However, for SN 2013ej, T. Nagao et al. (2021) attribute the
early polarization detection to CSM interaction.

During the plateau phase, the observed polarization behavior
of SN 2023ixf and SN 2004dj is similar and very close to no
intrinsic polarization. However, SN 2012aw and SN 2013ej
behave differently, with polarization increasing with time and
reaching the peak when the light curve falls from the plateau.

We note that we do not have data between +31.57 days and
+73.19 days, hence the behavior of SN 2023ixf could be
similar to SN 2012aw and SN 2013ej.
T. Nagao et al. (2024) examined 15 different Type II SNe

and grouped them into three different categories based on
polarization values during the photospheric phase. T. Nagao
et al. (2024) compares various properties of the SNe in their
sample with the characteristic property of the continuum
polarization, which is calculated by normalizing the time of the
polarization rise to the length of the photospheric phase
(tpol = T(polarizationrise)/T(photosphericphase) = 0.52). The
authors found a clear correlation between the timing of the
polarization rise and the explosion energy, indicating that the
explosion asphericity is proportional to the explosion energy.
SN 2023ixf falls into the Group 1 category, comprised of SNe
which also show a low polarization level at the photospheric
phase and an increase in the value during the transitional phase
from the photospheric to the tail. According to these criteria,
SNe 2008bk, 2007aa, 2006ov, and 2004dj fall in the same
category in their sample. However, SN 2012aw falls in Group 2
in T. Nagao et al. (2024), where the polarization increases
during the photospheric phase, indicating that the SNe has an
aspherical structure in general and not just the He core. We
present the relation of the SN explosion energy with respect to
tpol in Figure 7, where the red points are from the sample of
T. Nagao et al. (2024) and the black point is SN 2023ixf. We
use an explosion energy of 1.5 × 1051 erg, the midpoint of the
range from A. Singh et al. (2024), for SN 2023ixf, and find
behavior consistent with respect to the sample.
Overall, SN 2023ixf behaves similarly to other H-rich SNe,

as seen in Figure 7. However, due to its proximity and early
follow-up, we detect a high level of polarization in the very
early phase where the CSM interaction is dominant; such a
signature has not been seen before for other normal Type II
SNe. The observed early polarization behavior of SN 2023ixf is
reminiscent of Type IIn SNe which have longer-lasting CSM
interaction. The polarization of these Type IIn SNe is relatively
high and persistent, but eventually drops at later times (e.g.,
J. L. Hoffman et al. 2008; C. Bilinski et al. 2024).

5. Discussion and Conclusions

In this Letter, we present R-band imaging polarimetry and
spectropolarimetry observations (and MOPTOP B, V, and I
data in Section 3.2) of the nearby Type II SN 2023ixf. Our first
imaging polarimetric data were taken +2.33 days after the
explosion when flash features are present in the spectra and the
light curve is rising to the peak, and the last data point was
taken around the time when the photospheric phase ends and
the fall from the plateau phase begins, i.e., +76.19 days. The
first spectropolarimetric observation was done on +12.40 days
and the last was taken on +31.57 days after the explosion.
These data provide us with the following main takeaways:

1. During the initial phase (+2.33 days), we detect an
intrinsic polarization value of 1.02% ± 0.12% and a PA
of 152° ± 14°. At this phase there is also strong evidence
of CSM interaction from spectroscopic and photometric
data. Our detection of intrinsic polarization at this time
confirms that the CSM is aspherical, as suggested earlier
by N. Smith et al. (2023), S. S. Vasylyev et al. (2023),
A. Singh et al. (2024), L. Ferrari et al. (2024), and
Q. Fang et al. (2025).

Figure 6. Evolution of the polarization level for various Type II SNe as a
function of phase with respect to the fall from plateau (+81.50 days). For SN
2023ixf, different symbols signify data from different instruments: MOPTOP
(circle), SPOL (square), and Kast (star; S. S. Vasylyev et al. 2023). Red, blue,
and yellow points refer to SN 2004dj, SN 2012aw, and SN 2013ej from
D. C. Leonard et al. (2006), L. Dessart et al. (2021), and T. Nagao et al. (2021),
respectively.

Figure 7. Explosion energy of SNe 2012aw, 2017gmr, 2007aa, 2006ov, and
2004dj from T. Nagao et al. (2024, red) along with SN 2023ixf (black) with
respect to tpol (as defined in Section 4). For SN 2023ixf the explosion energy
has been estimated to be 1–2 × 1051 erg (D. Hiramatsu et al. 2023; A. Singh
et al. 2024), hence we use the center of this range as our explosion energy value
and the error bar spans these two values. The calculated value of SN 2023ixf
follows the relation seen for other Type II SNe in the literature.
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2. Our next data set starts at +12.40 days, which is close to
the maximum in the light curve going to the photos-
pheric phase. The intrinsic continuum polarization is
(∼0.26% ± 0.07%) and there is a rotation in PA by 90°
compared to the +2.33 phase. This could indicate that as
the photosphere expands during the rise phase, it is
constrained by the CSM and becomes elongated
perpendicular to the initial axis in a “pinched waist”
geometry. After the peak at +12.40 days, the photosphere
gradually engulfs the CSM and becomes more and more
spherical, causing the continuum polarization to decrease
toward the ISP value as the CSM is swept away. In
addition, during the plateau phase, we see inverse P
Cygni behavior in the H and He lines, and the PA around
these lines is consistent with the continuum PA. These
inverse P Cygni profiles can be attributed to intervening
remnant material that is obscuring our view from the
emission region.

3. At day +73.19 of our observations, when the light curve
falls from the plateau, we measure an increase in
polarization to 0.45% ± 0.08% and an increase in PA
to 22° ± 10°. A similar jump in polarization during this
phase has also been seen for other type II SNe in the
literature. This jump can be explained in two different
ways. First, the H envelope becomes optically thin and
we see an aspherical He core. Alternatively, the optical
depth of the scattering medium decreases to the point
where single scattering is dominant, which in turn
increases the polarization. We have a change in PA
during the fall from the plateau, and this could indicate
that we are observing a scattering medium (possibly the
inner He core) that is not in the same orientation as the
scattering medium producing light during the plateau
phase.

4. We also compare SN 2023ixf imaging polarimetry
behavior in the R band with other Type II SNe. We find
that from the photospheric phase to the plateau falloff
phase, SN 2023ixf behaves similarly to other Type II SNe
from the literature. However, the early high level of
polarization during the rise phase has not been seen
before for Type II SNe that are not Type IIn.

To encapsulate the information gathered from our multi-
epoch polarimetry data set, we present a simplified sketch of
the temporal evolution of SN 2023ixf in Figure 3. The initial
polarization peak can be attributed to an aspherical CSM where
electron scattering produces a polarization signal perpendicular
to the scattering medium. This marks the first detection of high-
level polarization at such an early time for any Type II SNe to
date. As the photosphere expands, the PA rotates by 90°
between the light-curve rise and the light-curve plateau. Apart
from the early high level of polarization, we find the general
correlation between explosion energy and tpol seen in other
observational studies (e.g., T. Nagao et al. 2024) holds for SN
2023ixf. In particular, the behavior from the plateau phase to
the fall from the plateau is similar to that previously seen in SN
2004dj. Our work shows that polarimetric observations can
provide complementary information to spectroscopic and
photometric observations about the SN, its mass-loss history,
and its explosion mechanism. Additionally, we show that early
polarimetry observations give additional information about the
mass loss from massive stars during their final stages of
evolution before the explosion. Together, these findings

motivate the need for more rapid polarimetry follow-up
observations of Type II SNe.
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