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ABSTRACT

Context. Supernova (SN) 2023ixf was discovered in the galaxy M 101 in May 2023. Its proximity provided the scientific community
an extremely valuable opportunity to study the characteristics of the SN and its progenitor. A point source detected on archival images
and hydrodynamical modeling of the bolometric light curve have been used to constrain the former star’s properties. There is a
significant variation in the published results regarding the initial mass of the progenitor. Nebular spectroscopy can be used to enhance
our understanding of the SN and its progenitor.
Aims. We determined the SN progenitor mass by studying the first published nebular spectrum, taken 259 days after the explosion.
Methods. We analyzed the nebular spectrum taken with GMOS at the Gemini North Telescope. We identified typical emission lines,
such as [O i], Hα, and [Ca ii], among others. Some species’ line profiles show broad and narrow components, indicating two ejecta
velocities and an asymmetric ejecta. We inferred the progenitor mass of SN 2023ixf by comparing its spectra with synthetic spectra
and by measuring the forbidden oxygen doublet flux.
Results. Based on the flux ratio and the direct comparison with spectra models, the progenitor star of SN 2023ixf had a MZAMS
between 12 and 15 M�. We find that using the [O i] doublet flux provides a less tight constraint on the progenitor mass. Our results
agree with those from hydrodynamical modeling of the early light curve and pre-explosion image estimates that point to a relatively
low-mass progenitor.

Key words. supernovae: general – supernovae: individual: SN 2023ixf

1. Introduction

One key aspect of astrophysics is understanding the fate of
massive stars and the origin of supernova (SN) explosions.
Hydrogen-rich SNe, known as Type II SNe (SNe II), arise from
the core collapse of stars more massive than about 8 M� during
the red supergiant phase, as confirmed through direct progeni-
tor detections (Maund et al. 2005; Van Dyk et al. 2012; Smartt
2015). However, there is an apparent contradiction between the-
ory and observations in the high-end range of SN-II progenitor
masses. Direct detections appear to show a lack of progenitors
more massive than 17−18 M�, while the theoretical limit should
be around 25−30 M� (Smartt 2015). Although several explana-
tions have been proposed to explain this apparent discrepancy
(Davies & Beasor 2018), it remains of the utmost importance to
determine the masses of more SN-II progenitors.

Apart from direct detections on pre-explosions images,
which is a powerful method albeit one limited to the nearby
Universe, there are other more indirect ways to derive progen-
itor properties. One such method is through modeling of the
nebular-phase spectra. Once the plateau phase ends, most of the

SN ejecta become transparent and the spectral emission origi-
nates from regions near the former stellar core. Analysis of the
nebular spectrum reveals properties of the core, such as its mass
(Jerkstrand et al. 2012; Kuncarayakti et al. 2015; Dessart et al.
2021). The stellar-core mass is in turn indicative of the ini-
tial mass with which the star was formed. Furthermore, the
shape of the emission lines provides information about the dis-
tribution of the innermost ejecta and thus can give hints as to
the possible asymmetries that may occur during the explosion
(Taubenberger et al. 2009; Fang et al. 2022).

The Type II SN 2023ixf, discovered in the galaxy M 101,
is one of the most nearby SNe discovered in the last few
decades. Due to its proximity, it piqued the interest of pro-
fessional and amateur astronomers alike. A veritable wealth
of articles and communications have been published since its
discovery in May 2023. Part of these analyses focused on
early-time time observations across the electromagnetic spec-
trum. The presence of a dense circumstellar material (CSM)
surrounding the SN was revealed by early-on high ionization
“flash” spectral lines (Perley et al. 2023; Jacobson-Galán et al.
2023; Smith et al. 2023; Bostroem et al. 2023; Hiramatsu et al.
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2023; Teja et al. 2023), along with an early excess in the light
curve, especially in the ultraviolet range (Jacobson-Galán et al.
2023; Hosseinzadeh et al. 2023; Teja et al. 2023; Martinez et al.
2024), as well as in X-ray, radio, and polarimetry observa-
tions (Grefenstette et al. 2023; Berger et al. 2023; Vasylyev et al.
2023). Several groups analyzed pre-explosion observations of
the SN site from the Hubble Space Telescope and the Large
Binocular Telescope in the optical, and the Spitzer Space Tele-
scope in the infrared. These works find a putative progenitor
object at the SN location whose spectral energy distribution
(SED) is compatible with it being a dust-enshrouded red super-
giant star. However, estimates of the zero-age main sequence
(ZAMS) progenitor mass differ widely, from MZAMS ≈ 8 M�
to MZAMS ≈ 18 M� (Qin et al. 2023, 18.1+0.7

−1.2 M�; Van Dyk et al.
2024, 12−15 M�; Kilpatrick et al. 2023, 11±2 M�; Jencson et al.
2023, 17 ± 4 M�; Xiang et al. 2024, 12+2

−1 M�; Neustadt et al.
2024, 9−14 M�). This discrepancy can be attributed to the dif-
ferent SEDs inferred by the authors and the variety of models
employed to reproduce the progenitor star emission. More-
over, high near-infrared emission indicates the presence of
substantial amounts of dust. Its modeling and inferred param-
eters vary, leading to a discrepancy in the derived extinction
suffered by the progenitor. Additional analyses of the stellar
populations in the vicinity of the SN provided estimates of
MZAMS = 17−19 M� (Niu et al. 2023) and MZAMS ≈ 22 M�
(Liu et al. 2023). Soraisam et al. (2023) found a progenitor mass
of MZAMS = 20 ± 4 M� by interpreting the observed variability
of the pre-SN source in the infrared observations as being due
to the pulsational instability of an M-type star. Independently of
the pre-explosion observations, Bersten et al. (2024) performed
hydrodynamical modeling of the bolometric light curve and pho-
tospheric velocity evolution and were able to constrain the pro-
genitor mass to MZAMS < 15 M�.

In this work we present the first nebular spectrum of
SN 2023ixf in an attempt to constrain the progenitor mass using
independent information. The spectrum also serves to provide
some insights into the internal structure of the SN ejecta through
line profile analysis. Section 2 provides a description of the
observational data. In Sect. 3 we analyze the nebular spectrum
properties, and we estimate a progenitor mass in Sect. 4. Our
conclusions are summarized in Sect. 5.

2. Observations, reddening, and distance

The spectrum presented in this work was obtained with the
Gemini Multi-Object Spectrograph (GMOS; Hook et al. 2004)
mounted on the Gemini North Telescope (Program GN-2024A-
Q-139, PI Andrews). The observations were divided into
four 900 s exposures in long-slit mode with R400 grating.
The data were processed with standard procedures using the
Image Reduction and Analysis Facility (IRAF) Gemini pack-
age. Flux calibration was performed with a baseline standard
observation. The spectrum resolution is ≈10 Å (≈500 km s−1 at
6000 Å). Adopting the explosion time at JD = 2460083.25
(Hosseinzadeh et al. 2023), the spectrum phase is 259 days after
the explosion.

The redshift published in the NASA/IPAC Extragalactic
Database1 (NED) for the host galaxy and used in this work
is 0.0008. We additionally adopted a distance to M 101 of
6.85 ± 0.15 Mpc (Riess et al. 2022) and a Milky Way redden-
ing of E(B − V)MW = 0.008 mag (Schlafly & Finkbeiner 2011).
Reddening in the host galaxy was estimated by Lundquist et al.

1 https://ned.ipac.caltech.edu/

(2023) to be E(B − V)Host = 0.031 mag. We applied the extinc-
tion correction by using a standard extinction law (Cardelli et al.
1989) with RV = 3.1, and thus the total E(B − V)Total =
0.039 mag.

3. Spectral properties

The nebular spectrum of SN 2023ixf is presented in Fig. 1, in
comparison with two prototypical Type IIP SNe, SN 1999em at
230 d (Leonard et al. 2002) and SN 2004et at 253 d (Sahu et al.
2006). Typical spectral features of SNe II at this phase are
seen in the spectrum, most prominently the emissions from Hα,
[O i]λλ6300, 6364, and [Ca ii]λλ7291, 7324. Also identifiable
are emission lines due to Mg i]λ4571 and the Ca infrared triplet
(Ca iiλλ8498,8542,8662), and the P-Cygni profile due to the
Na i D doublet (Na iλλ5890,5895). No emission line is identifi-
able as Hβ. The [O i] feature appears stronger relative to Hα and
the [Ca ii] doublet as compared with SN 1999em and SN 2004et
(see more on this in Sect. 4). Except for the [Ca ii] doublet, the
most prominent lines appear more blueshifted in SN 2023ixf
than in its counterparts.

Compared with the sample of Type II-P SNe from
Silverman et al. (2017), we find that the emission lines appear in
general broader in SN 2023ixf than in the other objects, except
for SN 1992ad and SN 1993K. This is especially true in the case
of Hα, which in SN 2023ixf shows a complex profile. This is
discussed further in Sects. 3.1 and 3.2.

3.1. Line profiles

As shown in Fig. 1, most emission lines appear blueshifted in
SN 2023ixf except for [Ca II] λλ7291, 7324, which is centered
nearly at rest. The line profiles of the main spectral features
are shown in detail in Fig. 2, and the following line velocities
and full widths at half maximum (FWHMs) are summarized
in Table 1. In the case of Hα, the profile can be decomposed
into two components, a wide one (with FWHM = 5300 km s−1)
centered at rest and an intermediate-width one (FWHM =
1600 km s−1) shifted by −1800 km s−1.

The [O I] λλ6300, 6364 feature exhibits the double-peak pro-
file that is typically seen in nebular spectra of core-collapse
SNe (Maeda et al. 2008; Modjaz et al. 2008; Taubenberger et al.
2009). Recent three-dimensional modeling performed by
Van Baal et al. (2023) was able to reproduce these asymmetric
line profiles based on the viewing angle. The peaks are displaced
roughly symmetrically relative to 6300 Å. Both emission peaks
appear to have complex profiles that can be decomposed into
a wider (FWHM ≈ 2000 km s−1) and a narrower (FWHM ≈

500 km s−1)2 component, as shown in Fig. 3. The centers of
the wider components are separated by ≈2500 km s−1 and are at
−1100 km s−1 and 1400 km s−1, respectively. The narrower peaks
are slightly farther apart, with a separation of ≈3000 km s−1, and
both peaks are shifted by −1700 km s−1 and 1300 km s−1, respec-
tively. We note that a separation of ≈3000 km s−1 is roughly
equal to that between the [O I] λ6300 and [O I] λ6364 lines
that produce this feature. Similar blueshifts in [O i] and Hα
were observed in SN 2007it (Andrews et al. 2011). Further-
more, a multiple-component feature in [O i] has been seen before
in SN 2016gkg, where it was attributed to multiple distinct
kinematic components of material at low and high velocities

2 The width of these narrower lines is near the spectral resolution
achieved by the data, so it may be considered an upper limit to the actual
width.
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Fig. 1. Nebular spectra of SN 2023ixf compared with those of SN 1999em (Leonard et al. 2002) and SN 2004et (Sahu et al. 2006) at similar
phases. The spectra are corrected for redshift and not extinction. Prominent emission features are indicated with gray vertical lines.

(Kuncarayakti et al. 2020). Hypotheses for the material distribu-
tion in SN 2023ixf are discussed in Sect. 3.2.

To fit the four components that we attribute to
[O I] λλ6300, 6364, we subtracted an additional set of wide
and narrow Gaussian profiles centered at 6413 Å (see Fig. 3,
left panel). This feature may also be present in the spectrum of
SN 1999em (see Fig. 1). According to the National Institute of
Standards and Technology3 (NIST) spectroscopic line atlas, it
may be attributed to Fe iiλ6456 or to O i λ6456 blueshifted by
≈2000 km s−1. However, this identification is not clear as the
profile may be affected by a redshifted remainder absorption
component of the Hα line. There is no clear explanation for this
permitted line. Furthermore, we do not recognize this feature in
the sample of nebular spectra from Silverman et al. (2017).

Two emission features appear that may be [O i]λ5577 and
O iλ7774, although with a blueshift of 1500 km s−1. This is
shown in Fig. 2 (central panel). If the identifications are cor-
rect, the blueshifts are similar to those of the [O i]λλ63006364
lines. Mg i]λ4571 and Na i D are clearly identifiable in the spec-
trum and are both blueshifted by ≈1000 km s−1, roughly similar
to the other lines. Na i D shows a broad profile and an absorption
produced by the interstellar medium on top.

3.2. Ejecta geometry

Line shifts and widths provide information on the distribution
of elements within the ejecta. For this purpose, we fit the [O i]
doublet and the Hα emissions using multiple Gaussian profiles,
as shown in Fig. 3. The [O i] double-peaked profile is an indi-
cator of an asymmetry in the ejecta (Kuncarayakti et al. 2020;
Fang et al. 2022). It is also noticeable that the [Ca ii] doublet is
centered at the rest wavelength. Thus, the disposition of the inner
material could be an axisymmetric oxygen-rich torus surround-
ing a bipolar calcium region, similar to the scenario proposed by
Fang et al. (2024, see their Fig. 3). The general blueshift com-
mon to all species supports this hypothesis, meaning that we may

3 https://www.nist.gov/

Fig. 2. Line profiles of several emission lines in 2023ixf.

be mostly seeing the torus’s near side, with the far side being
mostly obscured. From this line of sight, the calcium presents a
symmetric distribution at a nearly perpendicular plane, produc-
ing a rest-centered feature in the spectrum. In addition to this,
an outer, roughly spherical, high-velocity H-rich material must
be responsible for the wide, rest-centered Hα component. Nev-
ertheless, the two global, intrinsically different emitting regions
of the ejecta, associated with the low and high velocities, may
be challenging to explain in the context of the mechanism of the
explosion, which takes place deep in the core. Here we highlight
that the double-component (broad + narrow) line profile possi-
bly occurs in all ejecta layers, from the outermost parts (H) down
to the inner layers (O, Na, and Mg) and the core (Ca).

Another hypothesis that may explain these peculiar line
profiles is the presence of an asymmetric or clumpy CSM
that slows parts of the ejecta and thus produces narrow,
blueshifted line components. Moreover, the presence of CSM
surrounding the SN has already been proposed for SN
2023ixf (e.g., Bostroem et al. 2023; Jacobson-Galán et al. 2023;
Martinez et al. 2024). The extended, H-rich envelope is mainly
unaffected and is seen as a rest-centered profile, while a small
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Table 1. Details of the line shifts and FWHMs measured for the main emission lines.

Ion Component Peak velocity [km s−1] FWHM [km s−1]

Mg i] 4571 – −1000 2000
[O i] 5577 – −1500 1800
Na I D – −1000 –
[O i] 6300 Narrow blue −1700 500

Wide blue −1100 2000
Narrow red 1300 500
Wide red 1400 2000

Hα Wide rest 0 5300
Intermediate blue −1800 1600

[Ca ii] 7300 – 0 4000
O i 7774 – −1500 –

Notes. Na i D and O iλ7774 features are contaminated by nearby emissions, and thus the FWHM is not measured.

Fig. 3. Fitting of the [O I] doublet and Hα profiles. Dashed blue lines
indicate the rest wavelength for 6300 Å and 6564 Å in the left and right
panels, respectively, and the dashed gray line indicates the rest wave-
length for 6456 Å, which could be associated with O i or Fe ii. The thin
lines show the individual Gaussian components. See Sect. 3.2 for the
interpretation of the line components.

part of the hydrogen and the regions rich in other elements are
mostly affected by the CSM slowdown.

4. Progenitor mass

Nebular SN spectra are useful indicators of the progenitor mass.
The flux of the [O i]λλ6300, 6364 feature has been proposed
as an indicator of CO core mass by proxy of the O mass
in the core (Uomoto 1986; Jerkstrand et al. 2014). Given that
absolute fluxes can be affected by errors in the spectral cali-
bration or in the distance and extinction estimations, the flux
ratios of [O I] λλ6300, 6364 over [Ca II] λλ7291, 7324 have
been proposed as more robust indicators of the progenitor mass
(Fransson & Chevalier 1989; Fang et al. 2022). The relation
between the [O I]/[Ca II] flux ratio and the progenitor ZAMS
mass is seen in the model nebular spectra from Jerkstrand et al.
(2014). We derived a progenitor mass estimate by means of line
fluxes and flux ratios, and by direct comparison with available
model spectra.

In Fig. 4 we show the 259 d spectrum of SN 2023ixf and
the modeled spectra computed by Jerkstrand et al. (2014) for
SNe II at a similar age and for varying progenitor masses. The
model spectra were scaled to match the distance to SN 2023ixf.
A scaling factor of 1.15 was applied to the observed spectrum in
order to match the synthetic VRI magnitudes with the observed

Fig. 4. SN 2023ixf at 259 d compared to nebular spectra models from
Jerkstrand et al. (2014) at 250 d.

ones available from the American Association of Variable Star
Observers (AAVSO4) International Database. The value was cal-
culated by taking an average of the scaling factor for each fil-
ter. The figure shows that the observed spectrum has suppressed
emission of permitted lines from Hα and the Ca II infrared triplet
as compared with all of the modeled spectra. Nevertheless, if
one compares the emissions due to [O I] and [Ca II], the mod-
eled spectra from 12 to 15 M� progenitors provide the closest
matches to the observations.

In terms of the [O I]/[Ca II] flux ratio, the value obtained
from the observed spectrum is 0.51. Compared with the ratios
of 0.35, 0.60, 1.18, and 1.74 obtained from the modeled spectra
with 12, 15, 19, and 25 M�, respectively, the result is indicative
of a ZAMS progenitor mass between 12 and 15 M�. Further-
more, high-mass progenitors with MZAMS & 19 M� are disfa-
vored based on this comparison.

We also considered the nebular spectra models from
Dessart et al. (2021) to double-check this result. Although the
epochs differ by about 100 days, as the available models are cal-
culated for 360 days post-explosion, the oxygen-to-calcium ratio
in the spectra models from Jerkstrand et al. (2014) does not show
a significant time variation. The measured ratio value for SN
2023ixf is also consistent with progenitors with a ZAMS mass
below 15 M� based on measurements performed on the models

4 https://www.aavso.org
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from Dessart et al. (2021). The direct comparison also suggests
a relatively low-mass progenitor, but we do not show it here as
the nebular spectrum evolves significantly within 100 days. Fur-
ther observations will enable us to use these models with more
accuracy.

Another way of estimating the progenitor mass comes from
the direct measurement of the [O i] doublet flux, which con-
strains the minimum oxygen mass responsible for such emission.
This mass is linked to the progenitor mass by theoretical oxygen
production yields. This procedure is detailed in Jerkstrand et al.
(2014) and has been used as an independent way of estimating
the progenitor mass (e.g., Sahu et al. 2011; Kuncarayakti et al.
2015). As mentioned before, the main uncertainties of this
method lie in the absolute flux calibration (affected by the red-
dening correction and photometry scaling).

Assuming the emission with a peak at 5550 Å is [O i]λ5577
blueshifted by ≈1500 km s−1, we can establish only a lower limit
for the flux, as the continuum is not clear and the line might be
blended with the [Fe I]λ5501 line. The lower limit for the mate-
rial temperature in this case would be 3700 K (Jerkstrand et al.
2014). The oxygen doublet flux is 2.38 × 10−13 erg s−1 cm−2,
giving an oxygen mass of 0.5 M�. We assume this is the total
mass that produces the measured flux. According to the oxy-
gen production yields published by Nomoto et al. (1997) and
Limongi & Chieffi (2003), the progenitor must have been a star
with a mass of less than 17 M�. If we consider the production
yields provided by Rauscher et al. (2002) and Sukhbold et al.
(2016), the progenitor mass is well below 15 M�. Because of the
uncertainties involved in this last method (in the absolute flux
calibration and the temperature determination; see Jerkstrand
2017), we prefer the former approach (i.e., the one based on
direct model comparison and flux ratios) to constrain the pro-
genitor mass. We thus conclude that the progenitor must have
been a star with a ZAMS mass between 12 and 15 M�.

5. Conclusions

We present the first nebular spectrum of SN 2023ixf published
in the literature, taken 259 days after the explosion. The obser-
vations were obtained with the Gemini North Telescope using
GMOS. The spectrum was used to examine the inner regions
of the ejecta through line profiles and to determine the progeni-
tor mass following a procedure independent of those previously
published for this SN.

The spectrum shows the typical emission lines seen in a Type
II SN resulting from the elements hydrogen, oxygen, calcium,
sodium, and magnesium. In comparison with other Type II SNe,
SN 2023ixf presents a weaker Hα emission, and no Hβ is rec-
ognizable. The [O i] doublet is blueshifted and shows a double-
peaked profile. This is a sign of a nonspherical ejecta and may be
interpreted as a torus-shaped emitting region. By fitting the line,
we distinguished two wide components and two narrow com-
ponents, also distinguishable as intermediate line peaks in the
Hα profile and other lines as well. This feature, also detected
in Mg i]λ4571 and Na i D, is attributed to a low-velocity ejecta
component, caused either by two distinct ejecta regions or by
parts of the material being partly slowed by an asymmetric or
clumpy CSM. A wide Hα component is rest-centered and must
be produced by an outer, roughly spherical, H-rich material.

The main result of our work is the estimation of the progen-
itor mass from the nebular spectrum. Via spectral comparison
with models by Jerkstrand et al. (2014), we find that the progen-
itor mass was between 12 and 15 M�. We confirmed this by com-
paring the [O i]/[Ca ii] flux ratio of the SN 2023ixf spectrum and

those of the models. We also derived an upper limit of 15−17 M�
for the progenitor mass based on the [O i] flux. However, this
result is less constraining and less reliable than the compari-
son with model spectra. Our derived mass is in agreement with
the estimates of Bersten et al. (2024) based on hydrodynami-
cal modeling and those of Kilpatrick et al. (2023), Xiang et al.
(2024), Van Dyk et al. (2024), and Neustadt et al. (2024) based
on pre-explosion images.
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