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A B S T R A C T 

We present observations of SN 2023xgo, a transitional Type Ibn/Icn SN, from −5 . 6 to 63 d relative to r-band peak. Early 

spectra show C III λ5696 emission like Type Icn SNe, shifting to Type Ibn features. The He I velocities (1800–10 000 km s−1 ) and 

pseudo-equivalent widths are among the highest in the Ibn/Icn class. The light curve declines at 0.14 mag d−1 until 30 d, matching 

SNe Ibn/Icn but slower than fast transients. SN 2023xgo is the faintest in our SN Ibn sample ( Mr = −17 . 65 ± 0 . 04) but shows 
typical colour and host properties. Semi-analytical modelling of the light curve suggests a compact CSM shell ( ∼ 1012 –1013 cm), 
mass-loss rate between 10−4 and 10−3 M� yr−1 with CSM and ejecta masses of ∼0.22 and 0.12 M�, respectively. Post-maximum 

light-curve, spectral modelling favours a ∼3 M� helium star progenitor with extended ( ∼ 1015 cm), stratified CSM (density 

exponent of 2.9) and mass-loss rate of 0 . 1 − 2 . 7 M� yr−1 . These two mass-loss regimes imply a radially varying CSM, shaped 

by asymmetry or changes in the progenitor’s mass-loss over time. This mass-loss behaviour fits both binary and single-star 
evolution. Early Icn-like features stem from hot carbon ionization, fading to Ibn-like with cooling. SN 2023xgo thus offers rare 
insight into the connection between SNe Icn, Ibn, and SNe Ibn with ejecta signatures. 

Key words: techniques: imaging spectroscopy – supernovae: general – galaxies: photometry. 
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 I N T RO D U C T I O N  

nteracting stripped-envelope (SE) supernovae (SNe) is a relatively 
ew family of SNe (see for example N. Smith (see for example N.
mith 2017 ; M. Fraser 2020 ; A. Gangopadhyay 2024 ; L. Dessart
024 ). Whereas Type Ib SNe are classified by their spectral lack of
ydrogen – and presence of helium – their interacting counterparts, 
Ne Ibn, display clear narrow helium lines, but no or weak lines
f narrow hydrogen. Type Icn SNe (A. Gal-Yam et al. 2022 ; D. A.
erley et al. 2022 ) are even rarer explosions characterized by narrow
arbon and nitrogen lines, but lack hydrogen and helium lines. 

The progenitors of Type Ib/c SNe must somehow have lost 
heir outer hydrogen envelope before explosion, and the Type Ibn 
Ne clearly interact with helium-rich circumstellar material (CSM) 
reviously lost by their progenitor stars. The rare subclasses of 
nteracting SESNe thus hold great potential to explore progenitor 
ystems and mass-loss mechanisms of massive stars (S. E. Woosley &
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. A. Weaver 1995 ). However, this picture faces challenges. First of
ll, the ejected masses deduced from comparison of SN Ib/c light
urves with hydrodynamical models are only a few solar masses, 
hich are much lower than predicted for exploding single Wolf–
ayet (WR) stars. No massive WR star has been seen in direct

maging in pre-explosion sites (C. D. Kilpatrick & R. J. Foley 2018 ;
. D. Van Dyk et al. 2018 ) of SESNe except iPTF13bvn (Y. Cao
t al. 2013 ; C. Fremling et al. 2014 ), and SNe Ib/c are too abundant
y a factor of ∼2 to originate from the WR population alone (N.
mith et al. 2011 ). For these reasons, binary evolution could be a

ikely progenitor scenario for SESNe. For SNe Ibn, the velocities 
nferred from the width of the narrow helium lines attributed to the
ense CSM surrounding the progenitor stars are comparable with 
elocities seen in the winds of local group of WR stars. However, the
nferred mass-loss rates in SNe Ibn are much higher than those seen
n WR stars, and indicate that the progenitors might have undergone
n enhanced phase of episodic mass-loss (A. Pastorello et al. 2007 ).

Type Ibn/Icn SNe often display rapid light-curve evolution, with 
 fast rise and often also a rapid decline (G. Hosseinzadeh et al.
017 ; A. Gal-Yam et al. 2022 ), and can be quite luminous ( −16
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,
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Figure 1. An image of SN 2023xgo taken with the 1.3 m Devasthal Fast 
Optical Telescope, ARIES, India in the R band on 2023 November 21. The 
SN is 2.6 kpc away from the centre of the host Galaxy and is well detected in 
the image (highlighted in the inset). 
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o −20 mag). It has therefore been argued that the underlying
owering mechanism cannot be only due to radioactive nickel as
n the non-interacting SESNe but that the CSM interaction visible
n the spectral evolution contributes to the overall luminosity. The
ast, blue, luminous nature of the light curves of these SNe show
esemblance with Fast Blue Optical Transients (FBOTs) or Rapidly
volving Transients (RETs) (M. R. Drout et al. 2014 ; A. Y. Q. Ho
t al. 2023 ). However, there are also some slow evolving Type Ibn
N candidates like OGLE-12-SN-006 (A. Pastorello et al. 2015b ),
hich shows a rise time of about 2 weeks. 
The diversity in the population and the relatively low numbers

f known objects mean that the boundaries between the subclassi-
cations are still somewhat fuzzy. Spectroscopically, even if SNe
bn show narrow emission lines of helium, some SNe Ibn have
esidual hydrogen in their spectra (e.g. ASASSN-15ed; A. Pastorello
t al. 2015c , SN 2019wep; A. Gangopadhyay et al. 2022 ). A.
angopadhyay et al. ( 2025 ) discuss the continuity between SNe IIn

with narrow hydrogen lines) and SNe Ibn (narrow He lines around
aximum light). M. Pursiainen et al. ( 2023 ) presented the case of
N 2023emq, which was initially classified as a SN Icn but shows
rominent He I lines later on. S. Schulze et al. ( 2025 ) suggest a new
ully stripped class, SNe Ien, with narrow silicon, sulphur, and argon
ines. These classes may not be distinct, but could be somehow linked
y the continuity in the properties of the outer envelopes of their
rogenitors. A detailed investigation of these SNe would be valuable
or probing how mass-loss occurs during the final stages and for
roviding insights into the chemical structure of the progenitors. 
Some SNe Ibn may show additional emission lines early on,

imilar to the flash spectroscopy lines sometimes seen in early Type
I SN spectra (A. Gal-Yam et al. 2014 ). Some examples of these are
Ne 2010al (A. Pastorello et al. 2015a ), 2019uo (A. Gangopadhyay
t al. 2020 ), and 2019cj (Z. Y. Wang et al. 2024 ). Also for SN
023emq, M. Pursiainen et al. ( 2023 ) portrays the event as a flash
onized SN Ibn because it shows the C III λ5696 feature only early
n. SNe Icn also show helium signatures, but very feeble and late
n its evolution (D. A. Perley et al. 2022 ). In this paper, we present
he analysis of SN 2023xgo, a nearby but relatively faint member of
he SN Ibn/Icn family. We discuss whether it should be regarded as
 member of the Type Icn class, although it may have some residual
elium, or if it is better characterized as a flash ionized Type Ibn SN
ith long-lived carbon emission. 
The paper is organized as follows. In Section 2 , we present

ur comprehensive set of optical photometry and spectroscopy
ogether with the data reduction procedures. Section 3 presents the
pectroscopic analysis of SN 2023xgo, matching and comparing with
 group of SNe Ibn and SNe Icn. Section 4 presents the host Galaxy
nalysis of the SN. Section 5 presents the light-curve evolution and
omparison with another group of SNe Ibn/Icn from the literature. In
articular, we investigate if CSM interaction is required to power the
ight curve (Section 6 ) by fitting analytical/semi-analytical models at
arly and late phases. We discuss our results and the general scenario
or SN 2023xgo in Section 7 and summarize our conclusions in
ection 8 . 

.1 Discovery and classification 

N 2023xgo was discovered by the Zwicky Transient Facility (ZTF)
s ZTF23abprwou on 2023 November 9 and immediately reported
o the Transient Name Server by C. Fremling ( 2023 ). The report
entions that the object at RA 05:04:19.183, DEC + 67:37:21.04

J2000.0) was first detected in the ZTF r -band at a magnitude of 18.56
n 2023 November 9 06:44:38.40 UT , while the last non-detection
NRAS 547, 1–27 (2026)
 g > 20 . 41) was from three days earlier, on 2023 November 6. SN
023xgo was initially classified as a Type Icn SN (C. Balcon 2023 )
ased on a low-resolution spectrum from a 0.41 m telescope obtained
n 2023 November 11, in the course of the Italian Supernovae Search
roject. The spectrum was reported to show a blue continuum with
robable C III emission at a redshift of z = 0 . 014, resembling SN
023emq (M. Pursiainen et al. 2023 ). We later re-classified the SN
n TNS as a Type Ibn SN based on the P200 spectrum (Section 3 )
btained on 2023 December 3 (J. Sollerman et al. 2023 ). An image
howing the precise location of the SN in its host Galaxy is shown
n Fig. 1 . 

.2 Explosion epoch 

o estimate the explosion epoch, we fitted a parabolic function to
he rising part of the g -band light curve. The early light-curve shape
s well reproduced by a parabola. We performed the fit using 50 000
terations of Markov Chain Monte-Carlo (MCMC) simulations.
sing this method, we find the explosion epoch to be MJD 60257.22
0.5, which is 0.5 d prior to the first detection. This estimate is also

onsistent with the last non-detection of the source. We thus adopt
hat the explosion occurred 0.5 d before the first detection of the SN.

.3 Extinction and distance 

he Milky Way extinction along the line of sight to SN 2023xgo is
V = 0 . 456 mag (from NASA Extragalactic Database 1 ). We adopted

his Milky Way reddening from E. F. Schlafly & D. P. Finkbeiner
 2011 ), applied an extinction law from J. A. Cardelli, G. C. Clayton &
. S. Mathis ( 1989 ) assuming an RV of 3.1. The Na ID lines are very
aint throughout the spectral evolution of SN 2023xgo. To estimate
he extinction from the host Galaxy, we estimated the equivalent

https://ned.ipac.caltech.edu
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idth of the Na ID lines in the moderate resolution DBSP spectrum
aken on 2023 November 15 ( R ∼1200–1500), where we could 
etect a line at a signal-to-noise ratio of 13 (Section 2.4 ). Using the
ormulation by D. Poznanski, J. X. Prochaska & J. S. Bloom ( 2012 ),
e estimate the extinction of the host Galaxy as AV = 0 . 043 ± 0 . 011
ag assuming RV of 3.1. The value quoted for AV from the host is

hen multiplied by 0.86 to make it consistent with the recalibration 
f the Milky Way extinction by E. F. Schlafly & D. P. Finkbeiner
 2011 ). Thus, we adopt a total AV = 0 . 49 ± 0 . 01 mag along the line
f sight, considering both the contribution from the Milky Way and 
rom the host Galaxy. 

There is no previously known redshift for the host Galaxy. We 
easure the redshift of SN 2023xgo fro 
m the narrow emission lines of the host Galaxy, which gives z =

 . 01325 (Section 2.4 ). Adopting H0 = 73 km s−1 Mpc−1 (A. G. Riess
t al. 2011 ), �m 

= 0 . 27 and �vac = 0 . 73, we obtain the distance to
e 54.4 ± 1.4 Mpc, and a distance modulus of 33.68 ± 0.06 mag.
. Carrick et al. ( 2015 ) found a peculiar velocity on the order of
00 km s−1 . The peculiar velocity associated could contribute to the 
istance uncertainty, and we consider this as part of the error in both
he distance and distance modulus. We use this value throughout the 
rticle. 

 OBSERVATIONS  A N D  DATA  R E D U C T I O N S  

.1 Optical and infrared photometry 

e observed SN 2023xgo in the uvBVRIgrizJHK bands from day 
5.6 to ∼63 d post r -band maximum (in the observer frame of

eference) (see Section 5 ). The photometry of SN 2023xgo in the
ri- bands was obtained using the ZTF camera (R. Dekany et al. 
020 ) on the Palomar 48 inch (P48) telescope and also with the
alomar 60 inch Rainbow Camera. The Zwicky Transient Facility 
E. C. Bellm et al. 2019 ; M. J. Graham et al. 2019 ) surveys the
ntire observable northern sky with a typical 2-d cadence in g-
nd r- band. The rise of the SN light curve was covered in the
TF data, and complemented this with r- band data from the P60 
ainbow Camera. The P60 data were reduced with the FPipe 
ipeline described in C. Fremling et al. ( 2016 ). The ZTF forced
oint spread function (PSF)-fit photometry was requested from the 
nfrared Processing and Analysis Center (F. J. Masci et al. 2019 )
or the P48 gri- bands. To obtain the light curve, we follow the ZTF
ata processing procedure 2 including baseline correction, validation 
f flux uncertainties, combining measurements obtained on the same 
ight, and converting the differential fluxes to the AB magnitude 
ystem. 

Optical photometric observations of SN 2023xgo in griz- bands 
ere also performed using the robotic 0.7 m GROWTH-India tele- 

cope (GIT; H. Kumar et al. 2022 ) located at the Indian Astronomical
bservatory (IAO) in Hanle, India. The observations were carried 
ut in the Sloan Digital Sky Survey (SDSS) griz- bands beginning 
023 May 20. The data were processed with the standard GIT image
rocessing pipeline described in H. Kumar et al. ( 2022 ), and the steps
ollowed are described in R. S. Teja et al. ( 2023 ). 

SN 2023xgo was observed using the 1.3 m Devasthal Fast Op- 
ical Telescope (DFOT) in BV RI -filters. The bias and flat-field 
orrections were done following the standard procedures using 
cdproc (M. Craig et al. 2017 ), and cosmic ray removal was
one using astrosrappy (P. G. Dokkum 2001 ; C. McCully & M.
 https://irsa.ipac.caltech.edu/data/ZTF/docs/ZTF zfps userguide.pdf

6

7

(

ewes 2019 ). Image subtraction was performed using High Order 
ransform of PSF ANd Template Subtraction (HOTPANTS; A. 
ecker 2015 ) with the reference images taken after the SN had faded.
he PSF photometry on the subtracted image was performed using 
 custom PSFEx (E. Bertin 2013 ) and photutils (L. Bradley
t al. 2024 ) based pipeline. A local star sequence was calibrated
sing Landolt fields observed on the same night, which was used to
alibrate the BVRI instrumental magnitudes to apparent magnitudes. 

The SN was also monitored with the 2.0 m Liverpool Telescope
LT; I. A. Steele et al. 2004 ) using the IO:O imager at the Roque
e los Muchachos Observatory in the griz- bands. The images 
ere retrieved from the LT data archive 3 and processed through 
 PSF photometry script developed by Hinds and Taggart et al. (in
reparation), and subtracting the host Galaxy contribution from the 
mages. Each measurement was calibrated using stars from the Pan- 
TARRS (H. A. Flewelling et al. 2020 ) catalogue. 
One epoch of photometry in the gr- bands was obtained with 

he Alhambra Faint Object Spectrograph and Camera (ALFOSC) at 
he 2.56 m Nordic Optical Telescope (NOT). For the reduction, the
yNOT 4 data processing pipeline was utilized. In case of multiple 
xposures, we computed the weighted average of the magnitudes 
stimated from different images with the same filter setup. 

Imaging observations in BV RI J H K-bands were also carried out
sing the 1.5 m Kanata telescope (KT; K. S. Kawabata et al. 2008 ) of
iroshima University in Japan. We used the standard tasks available 

n the data reduction software IRAF (D. Tody 1986 ) for carrying
ut the pre-processing. Multiple frames were taken on some nights 
nd co-added in respective bands after the geometric alignment of 
he images to increase the signal-to-noise ratio, and then template 
ubtracted photometry was performed to obtain the magnitudes. A 

maller version of the photometry table in reported in Table A1 . 

.2 Ultraviolet photometry from Swift 

he Ultraviolet Optical Telescope (UVOT; P. W. A. Roming et al.
005 ) onboard the Neil Gehrels Swift Observatory (N. Gehrels et al.
004 ) monitored SN 2023xgo in four epochs. We analysed these
ata with the online tools of the UK Swift team 

5 that use the software
ackage HEASoft 6 version 6.26.1 and methods described in P. A. 
vans et al. ( 2007 , 2009 ). Since the host Galaxy was faint for SN
023xgo, we did not use the host subtracted photometry and used
he full, unsubtracted light curve for our analysis. 

.3 X-ray observations from Swift 

hile monitoring SN 2023xgo with UVOT, Swift also observed 
he field with its onboard X-ray telescope XRT between 0.3 and
0 keV in photon-counting mode (D. N. Burrows et al. 2005 ). The
-ray data was reduced using the same technique as the UV data.
N 2023xgo evaded detection at all epochs. The median 3 σ count-
ate limit of each observing block is 9 × 10−3 s−1 (0.3–10 keV). 
oadding all data pushes the 3 σ count-rate limits to 1 . 2 × 10−3 s−1 .
o convert the count-rate limits into a flux, we assume a power-

aw spectrum with a photon index 7 of � = 2 and a Galactic neutral
MNRAS 547, 1–27 (2026)

 https://heasarc.gsfc.nasa.gov/docs/software/heasoft/
 The photon index is defined as the power-law index of the photon flux density 
 N ( E) ∝ E−� ). 

https://irsa.ipac.caltech.edu/data/ZTF/docs/ZTF_zfps_userguide.pdf
https://telescope.livjm.ac.uk/cgi-bin/lt_search
https://github.com/jkrogager/PyNOT
https://www.swift.ac.uk/user_objects/
https://heasarc.gsfc.nasa.gov/docs/software/heasoft/
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Figure 2. The complete spectral evolution of SN 2023xgo from −2.35 
to 23.48 d post maximum. The phase is calculated with respect to the 
r- band maximum (MJD = 60262 . 86 ± 0 . 46). The colours represent different 
telescopes and instruments (Table A2 ). The dark coloured spectrum is the 
smoothed version of the original spectrum shown in light-shaded colours. 
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ydrogen column density of 9 . 1 × 1020 cm−2 (HI4PI Collaboration
t al. 2016 ). The coadded count-rate limit translates to an unabsorbed
ux of < 0 . 54 × 10−13 erg cm 

−2 s−1 in the range of 0 . 3 − 10 keV
nd a luminosity of < 2 × 1040 erg s −1 . 

.4 Spectroscopic observations 

n the course of our follow-up campaign of SN 2023xgo we obtained
0 spectra ranging from −2.35 to 23.48 d post r- band maximum
in the observer frame of reference). We obtained eight epochs
f spectroscopy with the Spectral Energy Distribution Machine
SEDM; N. Blagorodnova et al. 2018 ) mounted on the Palomar 60-
nch telescope. The SEDM data were reduced using the pipeline
escribed in M. Rigault et al. ( 2019 ); Y. L. Kim et al. ( 2022 ). We
sed the Double Beam Spectrograph (DBSP; J. B. Oke & J. E.
unn 1982 ; M. S. Mandigo-Stoba, C. Fremling & M. M. Kasliwal
021 , 2022a , b ) on the Palomar 200-inch telescope to obtain two
pectra of SN 2023xgo. The data reduction was done using a
ustom DBSP data reduction pipeline (A. S. Piascik et al. 2014 ;
. Roberson, C. Fremling & M. Kasliwal 2022 ) relying on Pypeit

J. X. Prochaska et al. 2019 ; J. X. Prochaska et al. 2020 , 2021 ).
e obtained two epochs of spectroscopy with the Low-Resolution

maging Spectrometer (LRIS; J. B. Oke et al. 1995 ) on the Keck
 telescope, with data reduced using lpipe (D. A. Perley et al.
019 ). We also got a single spectrum with the Spectrograph for
he Rapid Acquisition of Transients (SPRAT; A. S. Piascik et al.
014 ) on the 2.0 m Liverpool Telescope (LT). This spectrum was
educed and flux calibrated using a custom Python pipeline for the
T, utilizing the packages Astropy (Astropy Collaboration 2022 ),
atplotlib (J. D. Hunter 2007 ), NumPy (S. Walt, S. C. Colbert &
. Varoquaux 2011 ), and SciPy (P. Virtanen et al. 2020 ). Cosmic

ays were corrected using the L.A.Cosmic algorithm (P. G. Dokkum
001 ). The standard star Feige 34 (J. B. Oke 1990 ), observed on
he same night, was used for flux calibration, with differences in the
irmass of the standard star and science frames corrected by applying
able 1 from La Palma Technical Note No. 31. 8 Observations using
hese telescopes/instruments were coordinated using the FRITZ data
latform (S. J. Walt, A. Crellin-Quick & J. S. Bloom 2019 ; M. W.
oughlin et al. 2023 ). 
Additionally, spectroscopic observations were carried out using

he Himalayan Faint Object Spectrograph and Camera (HFOSC)
ounted on the Himalayan Chandra Telescope (HCT; T. P. Prabhu &
. C. Anupama 2010 ) and KOOLS-IFU (K. Matsubayashi et al.
019 ) on the Seimei Telescope. For HCT, we used a 2 arcsec wide slit
nd Grisms Gr7/Gr8 for taking optical spectra. The spectra taken with
FOSC were reduced using the twodspec package in IRAF , followed
y wavelength and flux calibration. The spectra with KOOLS-IFU
ere taken through optical fibers and the VPH-blue grism. The data

eduction was performed using the Hydra package in IRAF (S. C.
arden 1994 ) and a reduction software developed for KOOLS-IFU
ata. 9 

The slit loss corrections for all the spectra were done by scaling
he spectra with respect to the SN photometry. The collage of all the
pectra is shown in Fig. 2 , and the spectroscopy log can be found in
able A2 . 
NRAS 547, 1–27 (2026)
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he complete spectral evolution of SN 2023xgo from −2.35 to 23.48
 post r- band maximum is shown in Fig. 2 . The early spectral
equence of SN 2023xgo shows a blue continuum. The earliest
pectrum of SN 2023xgo at −2.35 d shows a number of flash
onization lines from the recombination of the CSM. Three peaks
re seen at 4655, 4685, and 5680 Å in the earliest spectrum of SN
023xgo. The bluest peak arises due to a blend of C III /N III , and the
eak at 4685 Å is due to He II λ4686. The C III /N III and He II lines
re common flash ionized lines for SNe Icn (A. Gal-Yam et al. 2022 ;
. Pellegrino et al. 2022b ) and SNe Ibn (A. Gangopadhyay et al.
020 , 2022 ). However, although the third peak at 5696 Å of C III is
ommon for SNe Icn, its strength is less for the SN Icn 2023emq (M.
ursiainen et al. 2023 ), which transitioned to SN Ibn. The feature is
arely seen in SNe Ibn with prominence. SN 2023xgo exhibits one

https://www.ing.iac.es/Astronomy/observing/manuals/ps/tech_notes/tn031.pdf
http://www.o.kwasan.kyoto-u.ac.jp/inst/p-kools
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Figure 3. The early spectral comparison of SN 2023xgo (in black) with a 
selected sample of SNe. The insets mark the unique characteristics of SN 

2023xgo, where it shows C III λ5696 as the most prominent feature in the 
spectral evolution, unlike other SNe Ibn with flash ionization signatures. The 
different colour coding are: Brown: Type IIn SNe; Blue: Ibn; Red: Icn, and 
Purple: transitional. 
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f the strongest C III λ5696 lines for the SN Ibn subtype. The flash
onization lines are seen until 2.64 d in the spectral evolution. 

The overall spectral evolution of SN 2023xgo indicates that it 
ould be a transitional SN Ibn/Icn. The SN behaved like a SN Icn
arly on with strong carbon features and then transformed to a SN Ibn
round maximum light with carbon disappearing and narrow helium 

ines appearing. It is not known whether most SNe Ibn show early
pectroscopic signatures like this, or to what time-scales SNe Ibn can 
how flash ionization signatures. 

.1 Pre-maximum spectral evolution 

e proceeded to compare the earliest spectrum of SN 2023xgo 
ith a sample of SNe IIn, Ibn, and Icn, which showed signatures
f flash ionization (A. Gal-Yam et al. 2014 ) in their early spectra.
mong the SNe Ibn, we selected SNe 2010al (A. Pastorello et al.
015a ), 2018bcc (E. Karamehmetoglu et al. 2021 ), 2019uo (A. 
angopadhyay et al. 2020 ), and 2019wep (A. Gangopadhyay et al. 
022 ). Among the SNe Icn, we compared the earliest spectrum of
N 2023xgo with SNe 2021ckj (T. Nagao et al. 2023 ) and 2021csp
D. A. Perley et al. 2022 ). We also compared SN 2023xgo with the
ash ionized Type IIn SN 1998S (A. Fassia et al. 2001 ) and with
N 2023emq (M. Pursiainen et al. 2023 ), where the latter is also a
andidate to show transitional signatures between SN Ibn and SN 

cn sub-classes. 
The early spectral comparison of SN 2023xgo is shown in Fig. 

 . All the comparison spectra were downloaded from Wiserep (O. 
aron & A. Gal-Yam 2012 ) and corrected for the redshift of the host
alaxy. All the SNe IIn, Ibn and SN 2023emq in this sample show

n emission feature around 4650 Å due to a blend of C III , N III and
e II , similar to what we observe in SN 2023xgo (shown in the left

nset of Fig. 3 ). The two peaks are not well resolved for SN 2023xgo,
ut can be seen clearly for the other SNe IIn, Ibn and SN 2023emq.
hese signatures in this phase are typical for young flash ionized 
Ne (D. Khazov et al. 2016 ; R. J. Bruch et al. 2021 , 2023 ). SNe Icn
t similar phases do not show a prominent flash ionized signature of
hese lines, however D. A. Perley et al. ( 2022 ) highlighted this as a
narrow phase’ for Type Icn SN 2021csp where a P-Cygni feature can
e seen at similar wavelengths. SN 2023xgo also shows a prominent 
mission around 5700 Å due to C III λ5696. A very faint trace of that
ine is seen for SNe 2019uo, 2019wep, and the H-rich SN 1998S,
ut not prominent in SN 2010al, possibly due to comparison with 
n earlier phase spectrum. I. Shivvers et al. ( 2016 ) also noticed a
ine at 5700 Å in the early spectrum of the Type Ibn SN 2015U, in
ddition to the blended line at 4650 Å. They suggested that the line
ossibly arises from N II λ5680 because of the presence of more N II

ines in their subsequent spectra. The C III λ5696 is one of the most
rominent lines in our SN Icn sample. Fig. 3 shows that SN 2023xgo
isplays the most prominent C III λ5696 line among SNe Ibn, even
ore prominent than SN 2023emq, which also clearly showed this 

ine but with less strength. 
Although M. Pursiainen et al. ( 2023 ) argue that the flash ionization

ignatures could possibly arise for both SNe Ibn and SNe Icn, 
he presence of long-lasting C III λ5696 signatures in the spectral 
volution of SN 2023xgo as compared with other SNe Ibn makes 
t different, which is probably a combined effect of ionization, 
bundance, density, and luminosity. A closer look at the feature 
t 4650 Å shows that the He II peak for SNe Ibn is more prominent
han for SNe Icn, which was also noticed by C. Pellegrino et al.
 2022b ). SN 2023xgo shows a more symmetric, blended He II and
 III /N III feature. Although the line at 5696 Å can be reasonably well

eproduced by N II λ5680, we do not see evidence for other N II lines
n the spectra. In this regard, SN 2023xgo seems more similar to SNe
cn, with stronger emission of C III λ5696 than SN 2023emq. 

We measure the pseudo-equivalent width (EW) of the C III λ5696
eature for SN 2023xgo at −2.35 and −0.82 d past maximum (see Fig.
 ). The estimated values are 40 ± 5 and 25 ± 5 Å. The pseudo-EW of
he emission line for SN 2023xgo at this phase matches very well with
he pseudo-EW measurements for SNe Icn 2019hgp and 2021csp. 
n contrast, the pseudo-EWs of C III for both SNe Ibn 2023emq
nd 2015U at similar phases are lower, at approximately 11 Å. The
rominence of this line could be the result of a combination of high
onization conditions, carbon abundance, and elevated temperatures 
nd densities in the emitting region. At this phase, SN 2023xgo shows
imilarity with SNe Icn. 

.1.1 Comparing the flash ionized spectrum with Boain and Groh 
odels 

ig. 5 shows the comparison of the early time spectra of SN 2023xgo
ith a set of models by I. Boian & J. H. Groh ( 2019 ). They use the ra-
iative transfer code CMFGEN to build an extensive library of spectra
imulating the interaction of SN ejecta with their progenitor’s wind 
r CSM. A range of progenitor mass-loss rates (Ṁ = 5 × 10−4 –10−2 
MNRAS 547, 1–27 (2026)
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Figure 4. Pseudo-Equivalent Width measurements of C III λ5696 for a group 
of SNe Ibn and SNe Icn compared to the values measured for SN 2023xgo. 
The equivalent width values of SN 2023xgo show similarity with those of 
SNe Icn from the comparison sample. The red and the blue colours represent 
the SNe Icn and SNe Ibn, respectively. 
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� yr −1 ), abundances (solar, CNO-processed, and He-rich), and SN
uminosities ( L = 1 . 9 × 108 − 2 . 5 × 1010 L�) were considered in
hese models. The models simulate events approximately one day
fter explosion, and assume a fixed location of the shock front at
in = 8.6 × 1013 cm. We have continuum-normalized our earliest

pectrum ( −2.35 d) and convolved it with the resolution of the
vailable models ( R ∼1000). The left panel of Fig. 5 shows that
he C III /N III , the He II features and the He II /H are well reproduced
round 4600 and 6500 Å assuming a luminosity of 1.5 × 109 L�, a
ass-loss rate of 10−3 M� yr −1 , radius of 16 × 1013 cm, and solar

bundance. Since H is absent throughout the spectral evolution of SN
023xgo, the feature at 6500 Å is most likely due to He II . This gives
s good confidence in our line identifications. However, these set of
alues do not reproduce the strength of the C III λ5696 feature, which
s stronger than in the model. When we tried to match our spectrum
ith the higher luminosity model of L = 3 . 1 × 109 L�, a mass-loss

ate of 3 × 10−3 M� yr −1 and radius of 32 × 1013 cm, the strength of
he C III λ5696 is well reproduced, but all other flash ionized lines are
verestimated. The luminosity at which we underestimate the C III

5696 feature matches with our observed bolometric luminosity at
NRAS 547, 1–27 (2026)

igure 5. Comparisons of the earliest spectrum having flash ionization signature
 set of radiative transfer codes ( CMFGEN ) which generate a set of spectra over d
eproduced by spectral model of mass-loss rate 10−3 M� yr −1 and increase in flux 
his phase ( L = 5 . 22 × 1042 erg s−1 ). Although a stronger C III λ5696
rofile might suggest a luminosity effect, luminosity is most likely
ot the primary driver here, as this SN is the least luminous in the
bn/Icn sample (see Section 5 ). Instead, factors such as ionization,
emperature, and density that themselves influence luminosity play
 more significant role in shaping the observed carbon feature. 

We want to remark that the models do not have radiation hy-
rodynamics that is post-processed by CMFGEN , so they assume a
emperature of the radiation field and calculate the spectrum between
in and Rout for a fixed shock velocity. So, the radius values can vary
p to two orders in real time-scale. However, these models typically
ive us a mass-loss rate of 10−3 M� yr −1 for SN 2023xgo. 

.2 Post-maximum spectral evolution 

round maximum light, from 0.53 to 4.75 d in observer frame, we
ee narrow P-Cygni lines of He I λ5876 persisting in the spectral
volution of SN 2023xgo. Narrow P-Cygni He I λ5876 lines are a
ommon feature seen in many SNe Ibn (G. Hosseinzadeh et al. 2017 ).
n addition, He I λλ6678,7065 start appearing at 4.75 d. From 5.34
 to about 10.97 d, the spectra show a transformation from narrow
-Cygni He I λ5876 to an intermediate width feature. During this
hase, the features of Ca II , Si II , and Na ID also start appearing in the
pectral evolution of SN 2023xgo (see Fig. 2 ). 

Fig. 6 shows the spectral comparison, after maximum, of SN
023xgo with a number of SNe Ibn (marked in blue) and SNe
cn (marked in red). The comparison sample is similar to the one
sed in Fig. 3 complemented with other spectra of SNe Ibn from
. Hosseinzadeh et al. ( 2017 ). The middle epoch comparison with
Ne Ibn and Icn shows that SN 2023xgo has developed narrow P-
ygni feature of He I λ5876 at this phase, similar to SN 2019uo. The
rominent lines of carbon have vanished during this phase. Although
ome very narrow helium is noticed for all the SNe Icn, it is much
ore significant in all SNe Ibn, as shown in the right zoomed-in

anel of Fig. 6 . Following the suggestion by G. Hosseinzadeh et al.
 2017 ), the line evolution of SN 2023xgo shows that it belongs to the
P-Cygni’ subclass in the same way as SN 2019uo. The P-Cygni He I
eatures are narrow but gradually broaden over time. The physical
xplanation could possibly be that an optically thick shell is lit up by
he explosion, and the narrow P-Cygni features transition to broader
mission as the shell is swept up by the SN ejecta. According to G.
osseinzadeh et al. ( 2017 ), this is mostly an effect of the optical
s of SN 2023xgo with models by I. Boian & J. H. Groh ( 2019 ). These are 
ifferent luminosity and mass-loss rates 1 d after explosion. Our spectra are 
reproduces the C III λ5696 feature. 

 user on 16 April 2026
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Figure 6. The mid epoch (3 − 10 d) spectral evolution of SN 2023xgo, 
compared with a set of SNe Ibn (blue) and SNe Icn (red). The right panel 
of the figure shows the inset region of the 5000 to 6000 Å region where we 
could detect both the ‘P-Cygni’ and ‘emission’ sub-class of He I λ5876. 
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Figure 7. The late epoch (23.48 d) spectral comparison of SN 2023xgo with 
a group of SNe Ibn (blue), Icn (red), and Ib (brown). SN 2023xgo shows 
striking similarity with ASASSN-15ed at this phase, with broad P-Cygni 
features, and is also similar to some SNe Ib. 
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epth giving rise to both the P-Cygni and emission line profiles for
Ne Ibn. The viewing angle dependence also determines whether 
 profile looks like ‘P-Cygni’ or ‘emission’, depending on whether 
t is viewed edge on or face on, which is not relevant if we already
ave an approximation of spherical symmetry. However, this scenario 
as questioned by E. Karamehmetoglu et al. ( 2021 ), who suggest

hat the line formation is instead largely dependent on the density, 
emperature, and optical depths. In their spectral modelling of SN 

bn 2018bcc (also shown in Fig. 6 ), they found that their observed
rofiles are a mix of both P-Cygni and emission profiles of helium as
 result of high optical depths and densities in the CSM. They found
hat at late times, the emission lines of helium are still optically
hick, but they are emission dominated because they lack other lines
o branch into it. Helium ionization and recombination are mostly 
aused by UV and X-ray emission, occurring at the shock boundary 
eep in the interacting regions. Although most of the emission and 
he electron scattering are produced by the ionized region outside 
he shock, P-Cygni features usually originate from optical depths 

1. X-rays penetrating further into the P-Cygni producing regions 
ill fill in the absorption and lead to emission features. Thus, this
rovides an alternative scenario to the spectral profiles. This marks 
he phase when SN 2023xgo has transformed from a SN Icn to a SN
bn with prominent lines of He I . 

.3 Late-time evolution 

rom 10.97 d to 23.48 d, the spectra of SN 2023xgo transform, and
he He I features have developed significantly (see Fig. 7 ). Apart from
he He I λλ5876, 6678 and 7065 features, some ejecta lines like the
a NIR triplet are also seen in the spectral evolution of SN 2023xgo
t this phase (see Fig. 2 ). Fig. 7 shows the comparison of SN 2023xgo
ith a group of SNe Ibn (blue), SNe Icn (red), and SNe Ib (brown), at

ate epochs. The spectral evolution of SN 2023xgo shows remarkable 
imilarity with ASASSN-15ed, which had full width at half maxima 
FWHM) velocities of the He I λ5876 line in the order of 5000 −
000 km s−1 , whereas the FWHM velocity for SN 2023xgo is 6300
1000 km s−1 . This is less than the typical velocity for SNe Ib which

ave absorption trough velocities between 7000 − 9000 km s−1 , as 
een in the brown-coloured spectra of our comparison sample (Fig. 
 ). For the other SNe Ibn (2010al, 2018bcc, 2019wep, and 2023emq),
e do see absorption dips for He I λ5876, but less prominent than for
N 2023xgo. It is interesting to note that SN 2019hgp, which is a SN
cn, also shows a similar absorption profile at 5800 Å as the helium
eature in SNe Ibn, but for the SN Icn this is most likely due to an
djacent C II line. The major difference observed between SN Ibn
nd SN Ib spectra is that SNe Ibn have more symmetric line profiles,
hile in SNe Ib the absorption part dominates over the emission.
e note that, the absorption components of the He I lines in SN

023xgo are similar to those in SN Ib spectra, suggesting a higher
inetic energy per mass unit in the SN ejecta. This is seen especially
n the late phases of SNe Ibn that develop broad lines (A. Pastorello
t al. 2015c ). The simultaneous presence of a very narrow feature at
arly phases and a transition to broader features later on suggests that
hese features arise from different emitting regions: the broader He I
-Cygni features are likely a signature of the SN ejecta, while the
MNRAS 547, 1–27 (2026)
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Figure 8. The best match of our observed (23.48 d) spectrum with the models 
by L. Dessart et al. ( 2022 ). We find that a low mass He star model of 3 M�
best reproduces our observed He I spectral features. 
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arrow He I P-Cygni lines are generated in the unperturbed, He-rich
SM. 

.3.1 Late phase spectral matching 

o investigate the behaviour of SN 2023xgo during the nebular
hases, we compare our last epoch spectrum (23.48 d) with a set
f nebular phase spectral models by L. Dessart, D. J. Hillier &
. Kuncarayakti ( 2022 ), who performed numerical simulations for

adiation hydrodynamics of the ejecta and CSM as well as non-
ocal thermodynamic equilibrium (non-LTE) radiative transfer in a
-free, He-rich dense shell powered by interaction. We compare the

ast spectrum of SN 2023xgo with the models by L. Dessart et al.
 2022 ), both for binary and single He star explosion models, with the
ass of the star ranging between 2.9 M� and 12 M�, and assuming

wo shells corresponding to ejecta and CSM, respectively, taken from
he models by T. Ertl et al. ( 2020 ). Comparing with a grid of He-
tar mass models having a CDS velocity of 2000 km s−1 , a grid of
uminosity between 2 − 10 × 1042 erg s−1 and different mixing, we
nd the best fit match with a model of 3 M� He star. The best-matched
odel spectrum (Fig. 8 ) has a luminosity of 2 × 1042 erg s−1 , higher

han our observed bolometric luminosity of 6 . 0 × 1041 erg s−1 at
imilar phases. We applied Gaussian smoothing to match the model
esolution to the spectral resolution of our data. The prominent He I
ines at λλ4471, 5876, 6678, 7065, and 7281 are well reproduced. The

odel also captures several O, Si, and Mg emission features across
he optical range. Despite strong emission in the blue, this region is
eavily suppressed by Fe line blanketing (L. Dessart et al. 2022 ).
ome of the Mg lines are well matched, while Ca is underestimated,
ossibly due to differences in the structure of the density of CDS
nfluenced by turbulence, temperature and ionization, as seen also
n SN 2006jc (L. Dessart et al. 2022 ). The mismatch also reflects
ncertainties in the progenitor shell compositions. L. Dessart et al.
 2022 ) have shown that Mg emission dominates in the ONeMg shells,
hereas Ca dominates in the Si/S and Fe/He shells. Thus, O I , Mg II ,

nd Ca II line strengths are highly model dependent, distinguishing
nteracting SNe from normal Type Ibc models. Overall, the observed
e features are consistent with those in the model of a 3 M� He star
ith a CDS at 2 × 1015 cm. In contrast, SN 2020nxt showed a late-

ime increase in the Ca II NIR triplet strength as the shell ionization
ropped (Z. Y. Wang et al. 2024 ), an effect not captured in L. Dessart
t al. ( 2022 ), suggesting an ionization rather than abundance origin.
NRAS 547, 1–27 (2026)
otably, the models by L. Dessart et al. ( 2022 ) overpredict flux of
he Mg II lines at 7896, 8234, and 9218 Å at all epochs, which we do
ot observe prominently in our spectra. 

.4 Velocities and pseudo-equivalent width evolution 

ig. 9 shows the pseudo-EW and the velocity evolution of three
elium lines in the spectra of SN 2023xgo, compared with the
easurements from other members of the SN Ibn sample from
. Hosseinzadeh et al. ( 2017 ). We see that the velocities and
seudo-EWs for SN 2023xgo increase drastically for all He I lines.
he emission lines of He I were fit using a Gaussian on a linear
ontinuum. The estimates of the pseudo-EW involve the calculation
f the integral of the flux normalized to the local continuum. In
his estimate, we do not measure the pseudo-EW of the absorption
omponent of the P-Cygni lines. The velocities are estimated from
he FWHM of the emission component of the He I profile. We see
n increasing trend in both the line velocities and pseudo-EWs of
he He lines. The velocity estimates of SN 2023xgo lie at the upper
ange of what is found for SNe Ibn and show a faster evolution. In
N 2023xgo, the broad features seen are wider than typical emission
elocities for SNe Ibn around maxima. The FWHM velocity of He I
5876 for SN 2023xgo is much broader than most of the SNe Ibn
f our comparison sample. It is important to note that the measured
WHM of He I λ5876 may be affected by contamination from Na I
, particularly at certain phases, which could influence the line width
easurements. In our comparison sample, ASASSN-15ed and SN

019wep lie in the higher velocity end of SNe Ibn; however, SN
023xgo shows an even higher FWHM velocity at later phases.
. Hosseinzadeh et al. ( 2017 ) claimed that the ‘P-Cygni’ subclass

howed a faster evolution in line velocities reaching broader emission
rofiles while the emission subclass shows less evolution in line
elocities. The pseudo-EWs of the He I lines for SN 2023xgo are at
n the very high end compared to the normal SNe Ibn. This indicates
hat the late time behaviour of SN 2023xgo is similar to what is seen
n SNe Ibn, which shows ejecta signatures at late phases reaching
elocities of almost the same high velocities as SN Ib do at this phase.

 H O S T  G A L A X Y  

.1 Observations 

e retrieved science-ready coadded images from the Panoramic
urvey Telescope and Rapid Response System (Pan-STARRS, PS1)
R1 (K. C. Chambers & Pan-STARRS Team 2016 ), the Two Micron
ll Sky Survey (2MASS; M. F. Skrutskie et al. 2006 ), and WISE

mages (E. L. Wright et al. 2010 ) from the unWISE archive (D. Lang
014 ). 10 that include WISE data from the NEOWISE-Reactivation
ission 1 − 7 (A. Mainzer et al. 2014 ; A. M. Meisner, D. Lang &
. J. Schlegel 2017 ). We used the software package LAMBDAR

Lambda Adaptive Multi-Band Deblending Algorithm in R) (A. H.
right et al. 2016 ) and tools presented in S. Schulze et al. ( 2021 ),

o measure the brightness of the host Galaxy. To expand the spectral
nergy distribution (SED) we use the Swift data obtained between
ecember 2023 and January 2024 and measured the brightness using
 slightly larger aperture than in the optical to account for differences
n the point spread function. All measurements are summarized in
able 1 . We also observed the host Galaxy spectrum of the SN using
CWI. The observations made on 2024 August 10, and 2025 January

http://unwise.me
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Figure 9. The velocity and equivalent widths of the He I λλ5876, 6678 and 7065 lines of SN 2023xgo compared with the values from a group of SNe Ibn from 

G. Hosseinzadeh et al. ( 2017 ). 

Table 1. Photometry of the host Galaxy of SN 2023xgo. 

Survey/ Instrument Filter Brightness (mag) 
Telescope 

Swift UVOT w2 20 . 49 ± 0 . 12 
Swift UVOT m 2 20 . 58 ± 0 . 14 
Swift UVOT w1 19 . 86 ± 0 . 17 
Swift UVOT u 18 . 85 ± 0 . 17 
Swift UVOT v 16 . 96 ± 0 . 13 
PS1 – g 17 . 36 ± 0 . 04 
PS1 – r 16 . 79 ± 0 . 05 
PS1 – i 16 . 49 ± 0 . 04 
PS1 – z 16 . 30 ± 0 . 04 
PS1 – y 16 . 11 ± 0 . 10 
2MASS – J 16 . 00 ± 0 . 07 
2MASS – H 15 . 78 ± 0 . 10 
WISE – W1 16 . 91 ± 0 . 09 
WISE – W2 17 . 53 ± 0 . 07 

Note. All magnitudes are reported in the AB system and are not corrected for 
reddening. 
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. The original observations were reduced using the official pipeline. 
osmic ray rejection was performed using a modified version of 

he KcwiKit pipeline, 11 sky background subtraction was done with 
AP and inverse sensitivity and telluric fitting were handled with 
SkyWizard. 12 The frames were then stacked using an inverse- 
ariance weighted average. The elliptical aperture is defined using 
1 https://github.com/yuguangchen1/KcwiKit
2 https://github.com/zhuyunz/KSkyWizard 

t
S
a
m
p

ne-sigma isophotal fitting from photutils, and the host spectra were 
xtracted using aperture sizes of 1 ×, 1.5 ×, and 2 × the fitted size. 

.2 Spectral energy distribution modelling 

e model the observed SED with the software package Prospec-
or (B. D. Johnson et al. 2021 ) version 1.4. 13 We assume a Chabrier

nitial-mass function (IMF; G. Chabrier 2003 ) and approximate the 
tar-formation history (SFH) by a linearly increasing SFH at early 
imes followed by an exponential decline at late times. To account for
ny reddening between the expected and the observed SED, we use
he Calzetti attenuation model (D. Calzetti et al. 2000 ). The priors of
he model parameters are set identical to those used by S. Schulze
t al. ( 2021 ). 

Fig. 10 shows the observed SED and its best fit. The SED is

dequately described by a Galaxy template with a mass of 109 . 31+ 0 . 13 
−0 . 22 

�, and a star-formation rate of 0 . 05+ 0 . 02 
−0 . 01 M� yr −1 . The mass and

tar-formation rate are similar to those of the SN host galaxies from
he Palomar Transient Factory (grey contours; S. Schulze et al. 2021 ),
Ne Ibn and SNe Icn (colour-coded; the values of the SNe Icn were

aken from A. Gal-Yam et al. 2014 ; D. A. Perley et al. 2022 ; C.
ellegrino et al. 2022b ). 
MNRAS 547, 1–27 (2026)

he underlying physical model and python-fsps (D. Foreman-Mackey, J. 
ick & B. Johnson 2014 ) to interface with FSPS in python . The FSPS code 
lso accounts for the contribution from the diffuse gas based on the Cloudy 
odels from N. Byler et al. ( 2017 ). We use the dynamic nested sampling 

ackage dynesty (J. S. Speagle 2020 ) to sample the posterior probability. 

https://github.com/yuguangchen1/KcwiKit
https://github.com/zhuyunz/KSkyWizard
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Figure 10. Spectral energy distribution (SED) of the host Galaxy of SN 

2023xgo from 1000 to 60 000 Å (black data points). The solid line displays the 
best-fitting model of the SED. The red squares represent the model-predicted 
magnitudes. The fitting parameters are shown in the upper-left corner. The 
abbreviation ‘n.o.f’. stands for number of filters. 

Table 2. Emission line fluxes measured from the host Galaxy spectrum of 
SN 2023xgo. 

Line Flux (10−16 erg cm−2 s−1 ) 

[O III] λ4960 18 . 81 ± 0 . 94 
[O III] λ5007 59 . 10 ± 1 . 59 
H γ 8 . 82 ± 1 . 27 
H β 35 . 48 ± 5 . 45 
H α 126 . 95 ± 2 . 80 
[N II] λ6549 6 . 24 ± 1 . 01 
[N II] λ6585 17 . 39 ± 1 . 18 
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Figure 11. The host galaxies of SN 2023xgo and the other Type Ibn/Icn 
SNe in the context of all core-collapse SN host galaxies from the Palomar 
Transient Factory (PTF). The grey contours are data from PTF (S. Schulze 
et al. 2021 ), SNe Ibn and SNe Icn (colour-coded; the values of the SNe Icn 
were taken from A. Gal-Yam et al. 2014 ; D. A. Perley et al. 2022 ; C. Pellegrino 
et al. 2022b ). The host of SN 2023xgo has fairly common properties for Type 
Ibn/Icn SNe. 
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After tying the flux calibration of the host spectra to the host
hotometry, we could measure the line fluxes from a simple emission
ine analysis, measuring the line fluxes of [O III ] λ4960, 5007, H α,
 β, and [N II ] λ6549, 6585 lines reported in Table 2 . The values

eported are not corrected for extinction. 
The MW-extinction corrected H β/H α flux ratios are ≈ 3 . 6, differ-

ng from the theoretically predicted value of 2.86, assuming Case B
ecombination, electron temperature of 104 K, and electron density
f 102 cm−3 (D. E. Osterbrock & G. J. Ferland 2006 ). The excess in
he flux ratio translates to Ehost ( B − V ) = 0 . 06+ 0 . 13 

−0 . 06 mag, assuming
he Calzetti attenuation model with RV = 4 . 05. Using this O3N2
iagnostic together with the parametrization from M. Curti et al.
 2017 ), we infer a gas-phase metallicity of 0 . 7 ± 0 . 1 solar. The H α

uminosity and the level of star formation are tightly correlated R. C.
. Kennicutt ( 1998 ). The attenuation-corrected star-formation rate is
 . 05 ± 0 . 02 M� yr −1 using R. C. J. Kennicutt ( 1998 ) and P. Madau &
. Dickinson ( 2014 ) to convert from the Salpeter IMF (assumed in
. C. J. Kennicutt 1998 ) to the Chabrier IMF (assumed in our Galaxy
ED modelling). 
The host Galaxy of SN 2023xgo is a low-mass ( ∼ 109 . 3 M�),
oderately star-forming ( ∼ 0 . 05 M� yr −1 ), and subsolar-metallicity

 ∼ 0 . 7 Z�) dwarf system. These characteristics closely match ob-
erved host environments of Type Ibn SNe that have been linked
o interacting binary progenitors via observational and modeling
tudies (e.g. N.-C. Sun et al. 2019 ; Y.-J. Qin & A. Zabludoff 2024 ; Z.
. Wang et al. 2024 ; T. J. Moriya et al. 2025 ). In particular, systems

ike SN 2006jc and SN 2015G show direct evidence for surviv-
NRAS 547, 1–27 (2026)
ng companions in low-metallicity hosts, and population synthesis
upports ultrastripped helium stars in compact binaries as plausible
rogenitors in such galaxies. A more pictorial representation of the
FR of SN 2023xgo with other SNe Ibn and Icn is shown in Fig. 11 .

 PHOTOMETRI C  E VO L U T I O N  

he complete light-curve evolution of SN 2023xgo is shown in Fig.
2 . Although we probably missed the peak in the UV light curves and
ther broad-band filters, we can trace the maxima in the gri- bands.
he light curves of SN 2023xgo were observed in the near-infrared
ands of zJ H K as well. To estimate the peak date and magnitude, we
se the Gaussian Process (GP) interpolation, utilizing the PYTHON
ackage GEORGE (S. Ambikasaran et al. 2015 ) with a Matern 3/2
ernel (see Fig. 13 ). We used the interpolated r- band light curve to
stimate the peak magnitude and to define the rise time as the time
etween the explosion epoch and the epoch of maximum. The r- band
aximum is estimated to be MJD 60262.86 ± 0.46 at 16.43 ± 0.12
ag. Assuming the explosion epoch as inferred in Section 1.2 , we
nd that the rise time of SN 2023xgo from explosion to maximum is
.14 ± 2.30 d. This is well within the estimated values of rise times
een for a sample of SNe Ibn (G. Hosseinzadeh et al. 2017 ) and SNe
cn (C. Pellegrino et al. 2022b ). 

The g and r- band light curves between 0 and 30 d showed decline
ates of 0 . 141 ± 0 . 003 and 0 . 139 ± 0 . 004 mag d−1 , respectively. The
ample of SNe Ibn in G. Hosseinzadeh et al. ( 2017 ) are fast-evolving
ith a typical decline rate of 0.1 mag d−1 during the first month
ost-maximum. SN 2023xgo follows the same decay rate, but on the
aster end of the distribution. We also notice a late-time flattening
n all the light curves of SN 2023xgo, which is most likely due to a
ombination of CSM interaction and radioactivity (or some central
owering source) contributing at late times. 
Fig. 14 shows the absolute magnitude light curve of SN 2023xgo

long with those of other SNe Ibn and Icn. The absolute magnitude of
N 2023xgo is −17.65 ± 0.04 mag (corrected for host and galactic
xtinction), making it one of the faintest members among the SN Ibn
nd SN Icn comparison sample used in the paper. It is also ∼1.9 mag
ainter than the normalized SN Ibn light curve. The blue band in Fig.
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Figure 12. uvBgVRIrizJHK light-curve evolution of SN 2023xgo. The light curves show a fast early rise to peak, a decline consistent with those of most SNe 
Ibn, and then a flattening at late times. All magnitudes are plotted in AB. The vertical lines on top denote the phases at which spectra have been observed. 

Figure 13. Figure shows the Gaussian process interpolation to estimate the 
time of maximum and the peak magnitude in g and r bands. 
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4 shows the average light curve (comprising 95 per cent of the SN
bn data) taken from G. Hosseinzadeh et al. ( 2017 ). The average light
urve was generated using a Gaussian process to fit a smooth curve
o the combined light curves of the sample of G. Hosseinzadeh et al.
 2017 ). The fit was performed in log–log space to ensure consistency
nd smoothness between the early and late-time light curves. 

The lower panel of Fig. 14 shows the colour evolution of SN
023xgo compared with all other SNe Ibn/Icn in the comparison 
ample. SN 2023xgo shows an initial blue-to-red transition in 
he colours. The ( g /B − R /r- ) colour evolution of SN 2023xgo
ncreases from r- 0 . 01 mag up to 0.59 mag ∼15 d post r- band max,
ubsequently remains flatter till ∼50 d. Even though the early colour 
volution of SN 2023xgo is similar to most SNe Ibn, the trend in the
olour evolution of SN 2023xgo at late phases is similar to that of
N 2019wep, which is a SN showing Ibn-like features early on but
ooks like SN Ib at later stages. The colour behaviour of SN 2023xgo
s quite different from that of SN 2006jc, which shows a late-time
attening in the colour curve. All SNe Icn in our sample also show
lmost similar evolution in the colour as does SN 2023xgo. 

Fast transients are a group of objects that rise and fade in brightness
n time-scales much shorter than those of typical SNe (M. R. Drout
t al. 2014 ; K. Maeda & T. J. Moriya 2022 ; C. Pellegrino et al. 2022b ).
he progenitor systems include massive WR stars undergoing core 
ollapse, compact object mergers such as neutron star–black hole 
nteractions, and ultrastripped SNe resulting from binary evolution. 
hese scenarios reflect the diversity of mechanisms leading to rapidly 
volving luminous events, and they display spectra with a featureless 
lue continuum similar to those of most SNe Ibn/Icn. A. Y. Q. Ho
t al. ( 2023 ), using the sample of fast transients from ZTF, found an
nteresting connection between these fast transients and SNe Ibn/Icn. 

e therefore made the comparison of SNe Ibn with a group of
ast transients. Fig. 15 shows the time-scales and luminosities of 
Ne Ibn/Icn and fast transients, where 
 m15 (which is the decay
ate from peak to 15 d post-maximum) and absolute magnitude are
lotted against the rise time. The rise time, here, is calculated as
he time between explosion and maximum light. The SNe for which
xplosion epochs are not constrained, we estimate the time as the
ifference between discovery and the maximum light, which gives 
 lower limit on the rise times typically. The plot indicates that the
ise time of SN 2023xgo is longer than the fast transients but is
ell consistent with the rise time estimates of other SNe Ibn and
Ne Icn. The 
 m15 value matches well with SN 2014av and is on

he higher end of SNe Ibn/Icn. Although rise times indicate that SN
023xgo lies at the faster end of the SNe Ibn/Icn sample, still, the
MNRAS 547, 1–27 (2026)
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Figure 14. Upper panel of the Figure shows the r- band light curve com- 
parison of SN 2023xgo with a sample of SNe Ibn (blue)(G. Hosseinzadeh 
et al. 2017 ). The SN Ibn comparison sample includes SNe 2006jc (R. J. 
Foley et al. (A. Pastorello et al. 2007 ; R. J. Foley et al. 2007 ), 2010al 
(A. Pastorello et al. 2015a ), OGLE-SN-006 (A. Pastorello et al. 2015b ), 
2011hw (A. Pastorello et al. 2015a ), iPTF14aki (G. Hosseinzadeh et al. 
2017 ), 2015U (I. Shivvers et al. 2016 ; G. Hosseinzadeh et al. 2017 ), 2015G 

(G. Hosseinzadeh et al. 2017 ), 2019uo (A. Gangopadhyay et al. 2020 ) and 
2019wep (A. Gangopadhyay et al. 2022 ). Phase is plotted in observer-frame 
days with respect to maxima for all the panels. The SN Icn sample (red) has 
been taken from D. A. Perley et al. ( 2022 ); C. Pellegrino et al. ( 2022b ); T. 
Nagao et al. ( 2023 ). Lower panel shows the colour of SN 2023xgo plotted 
with the comparison sample. 
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ost remarkable feature is still that it is among the faintest of our
Ne Ibn/Icn comparison sample. In fact, SN 2023xgo is fainter than
or most of the fast transients. SN 2023xgo, thus, stands out to be
east luminous but fast decaying member of SNe Ibn/Icn among our
omparison sample. 

We also compare the time above the half-maximum with the peak
bsolute magnitudes for all the groups of SNe from the Bright
ransient Survey sample taken from the BTS explorer (SNe IIn,
Ib, Ib, Ic, Ibn, Icn; D. A. Perley et al. 2020 ) to see where it stands
ut in that space (see Fig. 16 ). Motivated by the fact that the SN
023xgo shows a fast rise and decay observationally, and also shows
ow ejecta masses and Ni masses (from light-curve modelling; see
ection 6 ), we also compare it with the sample of fast transients that
ould be ultrastripped from K. K. Das et al. ( 2024 ). SN 2023xgo also
hows a very unique behaviour in this space. Even though it is less
uminous than all the interacting SNe of our comparison sample, the
ime above maximum are similar to those of SNe Ibn/Icn except SN
005la. SN 2023xgo is slower than most of the usual ultrastripped
ast transients, but is faster than almost the entire stripped envelope
opulation and most SNe IIn. This hints towards the possibility that
ven if the SN is powered by CSM interaction, the contribution of
SM is not as much as seen in other SNe Ibn, and it could also
NRAS 547, 1–27 (2026)
e a little bit of radioactivity contributing to the light curve of SN
023xgo. 

 BOLOMETRI C  A N D  M U LT I BA N D  

I G H T- C U RV E  M O D E L L I N G  

o construct the (pseudo-)bolometric light curve of SN 2023xgo
rom UV to IR, we used the SuperBol code (M. Nicholl 2018 ).
he missing UV and NIR data were supplemented by extrapolating

he SEDs using the blackbody approximation, and then we used the
irect integration method as described in J. A. Lusk & E. Baron
 2017 ). The UV extrapolation on the blue end was restricted up to a
avelength of 3000 Å. 
Typically, as the SN ejecta expand, the shock breakout from the

urface of the progenitor is followed by a rapid cooling phase due to
he rapid expansion driven by the shock (S. W. Falk, J. M. Lattimer &
. H. Margolis 1977 ). This would lead to a increasing photospheric
adius and a decrease in the temperature of the SN ejecta within
 couple of hours of the explosion. However, for interacting SNe
his is not always the case as the ejecta are masked by the CSM (I.
rani et al. 2024 ). Fig. 17 shows the radius and temperature evolution
f SN 2023xgo. The temperature and radius are obtained from the
lackbody fits, including the UV to NIR data. The Stefan–Boltzmann
aw was used to estimate the luminosity, temperature and radius. SN
023xgo first shows a constant temperature varying between 14 500
nd 15 500 K till maximum light. Following maximum light, the
emperature declines to approximately 9500 K and subsequently
emains roughly constant within the uncertainties. However, the
ncreasing scatter and deviation from a smooth evolution suggest
hat the spectrum deviates from a simple blackbody approximation
t these phases. The early high temperature indicates an injection of
nergy in the cooling ejecta, perhaps due to interaction with a dense
SM. 
The blackbody radius of SN 2023xgo increases from approxi-
ately 6200 R� to 12 000 R� at maximum light. From maximum

ight until 24 d past maximum, the radius decreases from about
2 000 R� to 5000 R�. 

.1 Semi-analytical modelling 

hile the decay of radioactive nickel synthesized in the explosion
s the dominant powering mechanism for the light curves of most
ESNe, that is not always the case for SNe Ibn. This is obvious for
bjects with extremely long-lived light curves (e.g. E. Karamehme-
oglu et al. 2017 ; E. C. Kool et al. 2021 ), but is also generally true for
he more luminous and rapidly evolving population (C. Pellegrino
t al. 2022b ; A. Y. Q. Ho et al. 2023 ). SN 2023xgo is, however, among
he least luminous SNe Ibn/Icn, and therefore an investigation on how
uch radioactivity or interaction contributes to the overall light curve

s warranted. We fitted the multiband light curves of SN 2023xgo
ith a suite of different models, to probe the powering mechanisms

t play. The modelling was carried out with REDBACK , the Bayesian
nference package for modelling transients (N. Sarin et al. 2024 ). In
he subsequent modelling, we used a Gaussian likelihood. We fitted
 CSM interaction-powered semi-analytic model (E. Chatzopoulos,
. C. Wheeler & J. Vinko 2012 ; E. Chatzopoulos et al. 2013 ), as well
s a combination of that model with a radioactivity-powered analytic
odel (W. D. Arnett 1982 ). Each model was fitted to the entire

hotometric data set (UV/optical/IR), corrected for extinction using
he estimated AV = 0 . 49 ± 0 . 01 mag (Section 1.3 ). We explored the
arameter space with the nested sampling package dynesty (G.
shton et al. 2019 ; J. S. Speagle 2020 ). 
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Figure 15. The 
 m15 versus rise time (left panel) and absolute magnitude versus rise time (right panel) correlation plots of SN 2023xgo with a sample of SNe 
Ibn, Icn and fast transients. The sample of SNe Ibn is from G. Hosseinzadeh et al. ( 2017 ), the SNe Icn are taken from C. Pellegrino et al. ( 2022b ), and the sample 
of fast transients is taken from M. R. Drout et al. ( 2014 ). The objects with ‘0’ values, have possibly no estimation of rise times. 

Figure 16. We compare the time above half maximum and peak absolute 
magnitude of SN 2023xgo with all other interacting and stripped-envelope 
SNe from the BTS experiment (D. A. Perley et al. 2020 ). For sources with 
two peaks in the r- band light curve, the second peak is used. We also compare 
SN 2023xgo with a group of fast-evolving transients that are thought to be 
ultrastripped SNe, and the comparison sample used is same as from K. K. 
Das et al. ( 2024 ). The dashed vertical line indicates SN 2023xgo in that 
phase-space. 
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Figure 17. The radius and temperature evolution of SN 2023xgo. SN 

2023xgo shows a temperature variation between 14 500 and 15 500 K, till 
maximum light, and then the temperature decreases to 9500 K and becomes 
flatter thereafter. The radius follows the same pattern as light-curve evolution 
with some phase offset, i.e. increasing to maximum light and decreasing 
thereafter. 

Table 3. Table shows the best-fitting values obtained by fitting the equational 
form of W. D. Arnett ( 1982 ) assuming blackbody approximation. We see that 
radioactivity fairly reproduces our observed light curves in all the bands. 

Parameters Priors Best fitted values 

z 0.01325 0.01325 
κo (cm2 s−1 ) 0.07 0.07 
κγ (cm2 s−1 ) 0.03 0.03 
fNi log U [10−3 , 0 . 999] 0 . 83+ 0 . 01 

−0 . 01 

Mej (M�) log U [0 . 25 , 15] 0 . 35+ 0 . 01 
−0 . 01 

vej (km s−1 ) log U [103 , 5 × 104 ] 17241 . 5+ 210 . 3 
−206 . 5 

Tfloor (K) log U [103 , 105 ] 15215 . 8+ 56 . 7 
−53 . 2 

t0 (MJD) U [ tdetection − 70 , tdetection − 1] 60255 . 81+ 0 . 02 
−0 . 02 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/547/3/staf1517/8250641 by Sarah D
akin user on 16 April 2026
.1.1 Radioactivity 

he main source driving the luminosity of a SN is often the
adioactive decay of 56 Ni to 56 Co to 56 Fe. We started by assuming 
he radioactive decay of 56 Ni as the dominant source of energy. We 
tted an W. D. Arnett ( 1982 ) model to the multiband light curves.
he Arnett model assumes spherical symmetry and a homologous 
xpansion of the ejecta. Table 3 contains the priors used for the
nference. We fixed the optical (electron scattering), and gamma-ray 
pacities to the fiducial values of κo = 0 . 07 cm2 g−1 (S. Valenti et al.
MNRAS 547, 1–27 (2026)
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Figure 18. Multiband light-curve fitting of SN 2023xgo with radioactivity powered model by W. D. Arnett ( 1982 ) using REDBACK . We see that radioactivity 
fairly reproduces our observed light-curve evolution. 
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008 ) and κγ = 0 . 03 cm2 g−1 (S. A. Colgate & C. McKee 1969 ),
espectively. 

The free parameters of the 56 Ni model are the ejecta mass Mej and
he 56 Ni mass MNi . Following W. D. Arnett ( 1982 ), τm 

determines the
idth of the bolometric light curve, which is also a free parameter

nd can be expressed in terms of the optical opacity κo , ejecta mass
ej , and the photospheric velocity at luminosity peak vph : 

m 

=
√ 

2 

(
κo 

βc 

) 1 
2 
(

Mej 

vph 

) 1 
2 

, (1) 

where β = 13 . 8 is a constant of integration (W. D. Arnett 1982 )
nd c is the speed of light. The kinetic energy for spherically
ymmetric ejecta with a uniform density is 

k = 3 

10 
Mej v

2 
ph . (2) 

Fig. 18 shows the best-fitting Arnett model to the multiband light
urves of SN 2023xgo and the cornet plot is shown in Fig. A1 . It
an account for the peak but slightly overestimates the decline rate.
evertheless, the model of plain radioactive decay is good enough

o approximate the entire light curve. Under the assumptions of
he model, the inferred explosion parameters are listed in Table 3 .
he Arnett model yields an ejecta mass of Mej � 0 . 35 M� with
Ni � 0 . 29 M�. A significant fraction of the ejected mass is thus

equired to be nickel (exceeding 50 per cent) for the Arnett model
lone to reproduce the light curve. Although the multiband light
urves are fairly well reproduced by this 56 Ni model, this very high
raction of nickel and the fact that we do see interaction signatures in
he spectral evolution of SN 2023xgo make us consider other models.
NRAS 547, 1–27 (2026)
n particular, we also fitted a model with CSM-interaction in addition
o radioactivity to the multiband light curves. 

.1.2 CSM 

ince we wanted to infer whether our light curves are driven by
SM interaction only, we try to model our light curves with the

emi-analytic model for CSM interaction from E. Chatzopoulos
t al. ( 2012 ). We restricted the parameter space of our Bayesian
nference in accordance with the following constraints: (i) the CSM
hotosphere would always be inside the CSM envelope and (ii) the
iffusion time-scale would always be smaller than the shock crossing
ime-scale (two central assumptions in the work by E. Chatzopoulos
t al. 2012 ). 

In the csm interaction model (the REDBACK implementa-
ion of the E. Chatzopoulos et al. 2012 treatment), it is assumed
hat the SN luminosity results from the conversion of kinetic energy
rom both the forward and reverse shock into heating. We fixed the
pacity κo = 0 . 07 cm2 g−1 and the gamma-ray opacity to κγ = 0 . 03
m2 g−1 . We take the rest of the parameters as fitting parameters. 

For the ejecta mass (CSM mass), we consider uniform priors from
.1 to 15 M� (0 . 001 − 15 M�) based on the values obtained by
. Pellegrino et al. ( 2022a ) for a sample of SNe Ibn. For the inner

adius of the CSM ( R0 ), we consider a uniform prior from 0.1 to 100
U, and for the CSM density at the inner radius ( ρ), we consider
 log-uniform prior for densities from 10−15 to 10−9 g cm−3 . The
rior on the CSM density profile index, η, was chosen as a uniform
istribution between η = 0 (shell-like) and η = 2 (wind-like). 
The best-fitting parameters are listed in Table 4 and the best fit

ightcurves are shown in Fig. 19 . The 1 σ errors listed represent only
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Table 4. Table shows the best-fitting light-curve parameters from the CSM 

model. 

Parameters Priors Best-fitting values 

Mej (M�) log U [0 . 1 , 15] 1 . 0005+ 0 . 0001 
−0 . 0001 ×

10−1 

vej (km s−1 ) log U [103 , 5 × 104 ] 4966 . 2+ 7 . 1 
−17 . 6 

MCSM 

(M�) log U [0 . 001 , 15] 0 . 435+ 0 . 005 
−0 . 001 

Tfloor (K) log U [102 , 104 ] 9971 . 3+ 22 . 2 
−56 . 8 

t0 (MJD) U [ tdetection − 6 , tdetection ] 60251 . 220+ 0 . 001 
−0 . 001 

η U [0 , 2] 1 . 7+ 2 . 3 
−1 . 2 × 10−3 

ρ (g cm−3 ) log U [10−15 , 10−9 ] 6 . 58+ 0 . 07 
−0 . 04 × 10−12 

r0 (AU) log U [10−1 , 102 ] 1 . 01+ 0 . 01 
−0 . 01 × 10−1 
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he statistical uncertainty associated with the fitting and therefore 
re not indicative of the model uncertainties. It is important to note
hat some parameters (like Mej and r0 ) are ‘pushing’ the limits of the
arameter space (see Table 4 and Fig. A2 ). The inference prefers a
odel with parameters outside the realistic ranges provided in the 

riors. Nevertheless, interpretation of the inferred parameters should 
e taken with caution in such cases. 
We see that about 0.435 M� of CSM mass reproduces our observed 

ight curves with an ejecta mass of 0.10 M� and a radius of
SM at 0.10 AU. Previous theoretical and observational studies of 
ltrastripped SNe have shown such low ejecta and CSM masses, as
ell as small CSM radii mostly for low-mass He stars in binary

ompanion (S. C. Wu & J. Fuller 2022 ; K. K. Das et al. 2024 ) 
The mass-loss rate estimated using the best fit parameters for our 
odel is given by 

˙
 = 4 πR2 

CSM 

ρCSM 

vw , (3) 

where Ṁ is the mass-loss rate, RCSM 

is the radius of the CSM, 
CSM 

is the density of the CSM, and vw is the wind velocity. Using
he values from Section 3.4 , the vw = 1800 km s−1 as measured from
he spectrum around maximum light (see Subsection 3.4 ), the mass-
oss rate is estimated to be 5.3 × 10−4 M� yr −1 . This is consistent 
ith what we obtain by matching our values from the models of

. Boian & J. H. Groh ( 2019 ) in Subsection 3.1.1 . The light-curve
odelling favours a shell like scenario (see η from Table 4 ) here
ith shell expelled few hours before explosion. This time-scale is 

stimated from the radius and velocity listed in Table 4 . Since this
t was not able to reproduce the late-time light-curve, and we see
jecta signatures start appearing in the spectra at 23.48 d, we further
nvestigated whether radioactivity also plays a role in governing the 
ight-curve evolution of SN 2023xgo. 

.1.3 CSM + Ni 

iven the emergence of broad P-Cygni features in the spectral 
volution of SN 2023xgo and the inability of a pure CSM interaction
odel to reproduce the late-time light curve, we adopted a hybrid 

pproach combining the Arnett model (W. D. Arnett 1982 ) with 
he semi-analytic CSM interaction framework from E. Chatzopoulos 
t al. ( 2012 ). The Arnett model assumes that the main source driving
he luminosity of a SN is the radioactive decay of 56 Ni to 56 Co to 56 Fe,
ssumes spherical symmetry, and a homologous expansion of the 
jecta. Thus, along with the assumptions referred in Subsection 6.1.2 , 
e included radioactivity as a powering source to reproduce the 
verall light curve of SN 2023xgo. 
While fitting the combined radioactivity and the CSM interaction 
odel, we find that when the data are fitted with prior parameters

ot restricted further than the fiducial ranges that they can take, the
adioactive model dominates the luminosity output. We therefore 
ecided to constrain MNi to allow for some appreciable contribution 
rom the E. Chatzopoulos et al. ( 2012 ) model. We assumed that MNi 

annot take values larger than 0.04 M�, motivated by the typical
alues of MNi reported for the sample of C. Pellegrino et al. ( 2022a ).
he chosen priors and the best-fitting values of the model’s free
arameters are listed in the second and third columns of Table 5 ,
espectively. 

We fitted the multiband light curves of SN 2023xgo with the
sm nickel model. All the priors for the CSM interaction models 
re same as in Subsection 6.1.2 . In addition, we consider a uniform
rior from 0 . 002 − 0 . 6 for the nickel fraction in the ejecta ( fNi 

 MNi / Mej ). 
The best-fitting parameters are listed in Table 5 and the best-fitting

ight curves are shown in Fig. 20 . The 1 σ errors listed represent only
he statistical uncertainty associated with the fitting and therefore are 
ot indicative of the model uncertainties. 
From our estimated parameters, with the maximum allowed Ni 
ass of ∼0.04 M�, we obtain a CSM mass of ∼0.22 M�. We also

btain a small ejecta mass of 0.12 M�. The constraint on the nickel
56 Ni) mass was overly prescriptive, resulting in an inferred value 
hat was not constrained by the observational data. Consequently, 
he rest of the inferred parameters should be taken with a grain of
alt. None the less, this modelling can serve as a comparison with
tudies using the same prescription for a combination of CSM and
adioactivity powered SNe. The mass-loss rates estimated using the 
CSM 

of 0.10 AU, vw of 1800 km s−1 , and density of ρCSM 

of 4.8
10−12 g cm−3 , is 3.9 × 10−4 M� yr −1 . In their sample study 

f five SNe Ibn, C. Pellegrino et al. ( 2022a ) found that their light
urves were well reproduced by ejecta masses between 0.7 and 3
�, CSM masses of 0 . 2 − 1 M�, and CSM radii between 20 and

5 AU. Our obtained values of CSM mass of 0.22 M� is consistent
ith the lower end of the CSM masses obtained by C. Pellegrino

t al. ( 2022a ), but our ejecta mass and radius are much lower than
hose found for the sample of SNe Ibn in C. Pellegrino et al. ( 2022a ).
he fits associated with both models infer that for the case of SN
023xgo, 56 Ni plays a role in powering the late-time light curve. 
ince we do observe interaction signatures throughout the spectral 
volution of SN 2023xgo, we introduce the CSM interaction in the
ight-curve modelling and find that both the CSM mass and the radius
f the CSM are the lowest among the group of interacting SNe Ibn
C. Pellegrino et al. 2022a ). As mentioned earlier, MNi was con-
trained to values ≤ 0.04 M� in order for the csm interaction 
odel to become non-neglible. The corner plots for both the 
SM and the Ni + CSM models are shown in Figs A2 and A3 ,

espectively. 
Very low ejecta masses have also been seen for ultrastripped SNe

S. C. Wu & J. Fuller 2022 ; K. K. Das et al. 2024 ), but the rise
ime for SN 2023xgo is slower than for ultrastripped SNe (see Fig.
6 ). Recently, T. J. Moriya et al. ( 2025 ), through their theoretical
odeling have found that in some cases ultrastripped SNe can result

n Type Ibn SNe. The progenitors of the ultrastripped SNe can induce
iolent silicon burning phase just before the core-collapse that results 
n a dense CSM. They suggest that because the dense CSM is more

assive than the SN ejecta, the ejecta is immediately decelerated and
he light curve is powered mainly by the interaction due to which the
ltrastripped SN is observed as a Type Ibn SN. 
There are some caveats associated with the semi-analytical light- 

urve modelling and the parameters estimated. The simplifications 
MNRAS 547, 1–27 (2026)
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Figure 19. Multiband light-curve modelling using the CSM model by E. Chatzopoulos et al. ( 2012 ) as implemented in REDBACK . We see that SN 2023xgo is 
well reproduced using a CSM mass of 0.43 M� and a ejecta mass of 0.10 M�. However, the model was not able to reproduce the late-time light-curve after 30 
d past maximum. 

Table 5. Table shows the best-fitting light-curve parameters from the 
CSM + Ni model. We note that the light curves are fairly reproduced by 
a high Ni mass and low ejecta and CSM masses than other SNe Ibn/Icn. 

Parameters Priors Best-fitting values 

fNi log U [0 . 002 , 0 . 6] 0 . 324+ 0 . 001 
−0 . 002 

Mej (M�) log U [0 . 1 , 15] 0 . 1230+ 0 . 0002 
−0 . 0002 

fNi · Mej (M�) log U [0 . 001 , 0 . 04] 3 . 99+ 0 . 01 
−0 . 03 × 10−2 

Ekin (erg) log U [5 × 1049 , 1052 ] 5 . 005+ 0 . 068 
−0 . 037 × 1049 

MCSM 

(M�) log U [0 . 001 , 15] 22 . 147+ 0 . 003 
−0 . 004 ×

10−2 

Tfloor (K) log U [102 , 104 ] 7127 . 0+ 90 . 6 
−98 . 1 

t0 (MJD) U [ tdetection − 6 , tdetection ] 60254 . 03+ 0 . 01 
−0 . 01 

η U [0 , 2] 3 . 3+ 4 . 4 
−2 . 4 × 10−3 

ρ (g cm−3 ) log U [10−15 , 10−9 ] 4 . 8+ 0 . 1 
−0 . 1 × 10−12 

r0 (AU) log U [10−1 , 102 ] 0 . 104+ 0 . 006 
−0 . 003 
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ssociated with the model and their possible implications are
iscussed further in Section 7.4 . Also, the models by E. Chat-
opoulos et al. ( 2012 ) assume a constant efficiency. Subsequently,
e employ a non-equipartition light-curve model that incorporates

he time-dependent evolution of radiative efficiency, accounting
or the varying fraction of kinetic energy converted into observ-
ble radiation throughout the post-shock interaction and expansion
hases. 
NRAS 547, 1–27 (2026)
.2 Non-equipartition light-curve model 

ven though the semi-analytical models did give us an estimate of
SM mass, radius and mass-loss rates, it did not take into account a

ime-varying efficiency conversion. We therefore also adopt a non-
quipartition analytical light-curve model based on the formulation
y K. Maeda & T. J. Moriya ( 2022 ) to reproduce our observed light
urve. 

The hydrodynamic evolution of the SN-CSM interaction, char-
cterized by a forward shock (FS), contact discontinuity (CD), and
 reverse shock (RS), is a classical problem with a well-developed
olution. The evolution can be described by a self-similar solution
s long as each of the ejecta and CSM structures is described by
 single power law as a function of radius (which is the case
hen the reverse shock has not yet reached the inner, flat part of

he ejecta). This hydrodynamic behaviour, or a simplified version
hereof, is frequently used in light-curve calculations, where it is
lso often assumed that the post-shock regions quickly reach thermal
quilibrium. K. Maeda & T. J. Moriya ( 2022 ) pointed out that the
atter is not always the case; they modelled the light curves of
 sample of SNe Ibn, including the physical processes in which
igh-energy photons created initially at the post-shock regions are
ventually degraded to optical photons. They found that the flatter
ight-curve evolution is followed by a steeper evolution in the post-
eak LCs, characterized by the transition of the shock properties
rom radiative to adiabatic. They consider the processes by which
igh-energy photons produced at the shocks are degraded to optical
avelengths, incorporating the effects of radiative cooling and the

volving optical depth of the CSM. In general, for a given CSM
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Figure 20. Multiband light-curve modelling using CSM + Ni by E. Chatzopoulos et al. ( 2012 ) using REDBACK . We see that SN 2023xgo is well reproduced 
using a 56 Ni mass of 0.04 M� (fixed), a CSM mass of 0.22 M�, and a ejecta mass of 0.12 M�. 
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ensity the optical luminosity in the model by K. Maeda & T.
. Moriya ( 2022 ) is smaller than in models like the one by E.
hatzopoulos et al. ( 2012 , 2013 ) (i.e. the derived mass-loss rate

s higher for any given LC data) since the conversion efficiency in
ost situations is found to be much lower than often assumed. 
Given the limitations of the analytical CSM + Ni model, we are
otivated to apply this more physically self-consistent LC model to 
N 2023xgo. In the model, the SN ejecta are described by a broken
ower law in the density structure, where the inner density is constant
nd the outer part is given as ρSN ∝ ν−n (e.g. R. A. Chevalier 1982 ;
. Moriya 2013 ). Here, n = 7 is fixed in the model, which is within

he range expected for an explosion of a compact He star progenitor
C. D. Matzner & C. F. McKee 1999 ). The ejecta properties were
escribed by the ejecta mass ( Mej ) and the kinetic energy ( Ek ), which
re varied as input parameters. For the CSM structure, a power- 
aw distribution is assumed and the normalization constant of the 
istribution is set to 1 for a density of ρCSM 

= 10−14 g cm−3 and
 radius of 5 × 1014 cm. The detailed set of equations relating the
ensities to the mass-loss rates of the progenitor is explained in K.
aeda & T. J. Moriya ( 2022 , their section 3.1). 
The models assume a He-rich composition for both SN ejecta and 

he CSM. Our best matched model parameters using the equations of
he modelling section of K. Maeda & T. J. Moriya ( 2022 ) are 

Mej = 2 . 0 M� (fixed ) , 

Ek = 1 . 7 × 1051 erg , 

Ejecta slope ( n ) = 7 (fixed ) , 

CSM slope ( s) = 2 . 9 , 

D′ = 1 . 5 , 
here D′ is the normalization constant in the best matched density 
rofile given by 

CSM 

= 10−14 D′ 
(

r 

5 × 1014 cm 

)−s 

g cm 

−3 . (4) 

The model LC is shown in Fig. 21 . We do not fit the early part of
he light curve of SN 2023xgo, as diffusion is not taken into account
hile modelling the early part of the light curve of SN 2023xgo. The

haracteristic break at ∼ 10 − 20 d since the explosion is explained
y a transition in the shock properties (radiative to adiabatic) in this
odel, without introducing a change in the CSM density slope. The

erived CSM density slope s ∼ 3 is typical for SNe Ibn (as seen
rom the comparison of observational parameters by K. Maeda & 

. J. Moriya 2022 ), indicating increasing mass-loss rate close to the
xplosion. 

We note that the sample used in K. Maeda & T. J. Moriya ( 2022 ) is
omewhat underluminous as compared to the larger SNe Ibn sample 
f G. Hosseinzadeh et al. ( 2017 ). SN 2023xgo falls in the low
uminosity regime of the models by K. Maeda & T. J. Moriya ( 2022 ).
onsidering the best-fitting value of D′ and using vw = 1800 km 

−1 , the mass-loss rate is estimated to be very high at ∼2.7 M� yr −1 

at 0.082 yr or 32.2 d before the explosion). 
We note that the flatter light-curve tail could be fit by the 56 Co

ecay represented by the dashed line in Fig. 21 , assuming MNi 

 0.05 M� and taking into account the gamma-ray escape. Although 
his light-curve flattening could also be attributed to the CSM 

istribution being flattened in the outer regions, we mention the 
o decay interpretation because of the spectral transition of SN 

023xgo from a SN Icn/Ibn with clear interaction signatures in the
arly phases (powered by the interaction) to a ‘SN Ibn’ without
MNRAS 547, 1–27 (2026)
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M

Figure 21. Fitting the light curve of SN 2023xgo with the models by K. 
Maeda & T. J. Moriya ( 2022 ). The grey shaded region shows the template 
light curve of SNe Ibn (G. Hosseinzadeh et al. 2017 ) while the red line shows 
the best-fitting model to the data of SN 2023xgo. The maximally allowed 
56 Ni contribution is described by the black dashed line. 
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arrow lines in the late phase and even broad features (could be
owered by radioactive decay) at even later times as discussed in
he late phase spectral comparison in Subsection 3.3 . The mass of
6 Ni in this scenario, 0.05 M�, is similar to the values found for SNe
IP (M. Hamuy 2003 ), but smaller than those found for SNe Ibc (K.

aeda & T. J. Moriya 2022 ), and larger than the sample of SNe Ibn
C. Pellegrino et al. 2022a ). We see that both our semi-analytical
nd non-equipartition light-curve model use 0 . 04 − 0 . 05 M� of Ni
o reproduce the late-time light curve. SN 2023xgo may thus be a
ink to investigate further a relation between interacting and non-
nteracting SESNe. However, using the semi-analytical model, the
ickel mass (0.04 M�) is set by the typical value from C. Pellegrino
t al. ( 2022a ). In the non-equipartition model by K. Maeda & T. J.
oriya ( 2022 ), the nickel mass is only estimated from the tail. This

ntroduces a large uncertainty, so the interpretation of the nickel mass
hould be treated with caution. 

 DISCUSSION  

e have presented the photometric and spectroscopic analysis of
N 2023xgo, and hereafter we discuss the main properties of the
N and summarize our results. We divide the SN evolution into three
ifferent phases: (a) pre-maximum time ( −2.35 to 0 d), (b) maximum
o late (before 23.48 d), and (c) late time (after 23.48 d), and briefly
escribe in each subsection the behaviour of the SN. 

.1 Pre-maximum times 

N 2023xgo is spectrally similar to a SN Icn, with prominent narrow
 III lines at pre-maximum times. The early time spectral comparison
f SN 2023xgo with other SNe Ibn and SNe Icn shows that the C III

mission is stronger than for all SNe Ibn and also stronger than in
he transitional SN 2023emq. While flash ionization may account for
he observed features in SN 2023xgo, such an interpretation would
equire it to exhibit the strongest carbon signatures observed among
NRAS 547, 1–27 (2026)
ll known SNe Ibn. The pseudo-EW measurements of the C III feature
lso highlights that this SN most likely belongs to the transitional SN
cn to SN Ibn category and is similar to a SN Icn at this early phase.

S. I. Blinnikov & E. I. Sorokina ( 2010 ) showed that the light
urves of some Type I SNe can be modelled as a shock wave
ropagating in C-O-rich CSM material. SN 2023xgo probably has a
-O-He rich CSM. Assuming that part of the C III emission line
nhancement arises from recombination or cascading transitions
rom C IV , we note that such processes typically involve ionization
otentials exceeding 47 eV. This corresponds to a characteristic
emperature above 50 000 K, indicating the presence of a high-
nergy radiation field or a hot ionizing source. This is the max-
mum temperature with the blackbody approximation. In reality,
hotoionization from non-thermal radiation fields (like UV/X-rays
rom shocks or interaction zones) can ionize carbon even at lower gas
emperatures (C. Fransson & R. A. Chevalier 1989 ). Thus, in realistic
N environments, ionization can be driven by non-thermal radiation
elds, allowing for significant C III populations even when the local
as temperature is substantially lower than 50 000 K. F. Martins & D.
. Hillier ( 2012 ) investigated the formation processes of C III λ5696
nd C III λ4650 in the atmosphere of O stars using the non-LTE
tmosphere code CMFGEN at two effective temperatures (30500 K
nd 42 000 K). The formation of the C III λ5696 line is governed
y radiative interactions with nearby UV transitions (C III λ386, 574,
nd 884), which regulate the population levels of the lower and upper
tates involved. Line overlaps with metallic species such as Fe IV
386, 574 and S V λ884 strongly influence emission strength through
hoton draining or enhancement. Variations in effective temperature,
urface gravity, mass-loss rate, and metallicity further modulate the
ine profile, making C III λ5696 a very critical line profile derived
rom abundance diagnostic. 

From Fig. 17 we see that the temperature for SN 2023xgo at
arly times is quite high, varying from 14 500 to 15 500 K, and then
ecomes constant at 9500 K a few days after maximum light, albeit
ith larger error bars associated with it. The temperature around
aximum for SN 2023xgo is consistent with most SNe Ibn, but,

till on the higher end (A. Gangopadhyay et al. 2020 ; T. Ben-Ami
t al. 2023 ; S. J. Brennan et al. 2024 ; Y. Dong et al. 2024 ). The
rolonged presence of carbon features in the spectra of SN 2023xgo,
ompared to typical SNe Ibn, may be attributed to a combination of
levated carbon abundance and sustained ionization driven by high
emperatures in the early ejecta or CSM. The models by I. Boian &
. H. Groh ( 2019 ) show that the C III feature is better matched when
he luminosity increases from 1.9 to 3.1 × 109 L�. But, being a low
uminosity member among the class (see Section 5 ), the temperature,
lemental abundance and density must play the most important role
or the case of SN 2023xgo in generating the C III λ5696 feature. The
ass-loss rate of 10−3 M� yr −1 reproduces our observed spectral

eature of C III at this phase. 
Photometrically, SN 2023xgo behaves at this phase like a fast

ising SN Ibn/Icn. The rise time of 5 d is consistent with all the SNe
bn/Icn and shorter than that of Type II and Type Ib/c SNe. However,
ven if it photometrically resembles both SNe Ibn and SNe Icn at
his phase, spectroscopically it is more similar to a SN Icn. If instead
nterpreted as a flash ionized SN Ibn, SN 2023xgo would be unique
mong its class with such a strong carbon emission. 

.2 From maximum to about 20 d past max 

rom maximum light, we see a transformation in the spectrum
f SN 2023xgo. The C III λ5696 signature completely vanish and
arrow He I lines develop throughout the evolution. The spectral
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omparison at this epoch shows a strong similarity with SNe Ibn (G.
osseinzadeh et al. 2017 ) and the spectra are also very similar to the

ransitional Type Ibn/Icn SN 2023emq (M. Pursiainen et al. 2023 ). 
his phase shows increasing velocities of the emission lines of He I
5876, from 1800 km s−1 to about 10 000 km s−1 . This is also the
hase when the P-Cygni He I signatures broaden and are taken over
y emission with time. 
At peak, SN 2023xgo is among the faintest events ( Mr = −17.65 ±

.04 mag) within the SN Ibn/Icn population, exhibiting a decline rate 
f 0.14 mag d−1 , which is typical of this class. In Section 5 we show
hat SN 2023xgo is one of the lowest luminosity members of the SN
bn/Icn family. As the luminosity declines, the temperature decreases 
ccordingly, leading to recombination of carbon and the subsequent 
mergence of emission features of He I characteristic of typical SNe 
bn. At this phase, temperature also drops to 9500 K, leading to
imultaneous emergence of emission signatures from He I , which 
equire lower ionization energies. This spectroscopic transition, 
long with the coexistence of ionized and neutral features over time, 
ay suggest a CSM with varying density and temperature structures. 

.3 Late-time emission 

fter 24 d, SN 2023xgo enters a phase in which both the ejecta and
he CSM is optically thin. Spectral comparison with the models by L.
essart et al. ( 2022 ) reproduce our late-phase spectrum with a low-
ass He-star model of 3 M� assuming the CDS is at 2 × 1015 cm

nd we see spectral signatures of both ejecta and CSM at this phase.
e also see a possible evidence of eruptive mass-loss activity from

ate-time light-curve and spectral modelling. Concurrently, the light 
urve exhibits a late-phase flattening, which might be explained by 
adioactive decay from ∼0.04 to 0.05 M� of synthesized 56 Ni. This 
stimated Ni mass is comparable to values typically inferred for core- 
ollapse SNe II and SNe Ib/c, indicating a substantial contribution 
rom radioactive heating. However, additional contributions from 

ngoing ejecta–CSM interaction cannot be ruled out, particularly 
iven the asymmetry suggested by the spectral modelling. The 
pectral and photometric features at these phases collectively suggest 
he presence of a dense, extended CSM component indicative of an 
ruptive pre-SN mass-loss episode, further supported by the high 
ass-loss rates required by both light-curve and spectral models. 

.4 Caveats associated with the light-curve and spectral models 

e have used a number of spectral and photometric models to try
o draw conclusions about the nature of the transitioning SN Ibn/Icn 
023xgo. From the I. Boian & J. H. Groh ( 2019 ) spectral models
see Subsection 3.1.1 ) were able to reproduce the observed flash
onized lines of carbon, nitrogen, and helium. Increase in luminosity 
trengthened the C III λ5696 emission line. Since SN 2023xgo is one
f the lowest luminosity members in the subclass (see Section 5 ),
here must be other factors like density, temperature, and abundance 
hich play an important role in the formation of the strong carbon

ignature. The model with a mass-loss rate of 10−3 M� yr −1 best 
atches our observed spectrum when the inner radius of the CSM

s fixed at 8.6 × 1013 cm. However, the models by I. Boian & J. H.
roh ( 2019 ) are not radiatively post-processed and assume a fixed
SM inner radius at a fixed time. Thus, the estimates are valid only

or these simplistic assumptions. 
Late-time spectral comparison with models of L. Dessart et al. 

 2022 ) indicates that the model from a low mass He star of 3 M�
nd a spectral model luminosity of 2 × 1042 erg s−1 best matches our 
bserved spectral feature of C III , while the observed luminosity is
ower (6 . 0 × 1041 erg s−1 ) at similar phases. However, this assumes
hat the CDS is located at 2 × 1015 cm. Also, the best matched

odel by L. Dessart et al. ( 2022 ) assume a CDS mass of ∼0.97 M�
nd an ejecta mass of 1.5 M�. This corresponds to a mass-loss
ate of approximately 0.16 M � yr−1 , assuming vw = 1800 km s−1 ,
onsistent with an eruptive mass-loss scenario (N. Smith 2017 ). 

We perform semi-analytical light-curve modelling using red- 
ack in Subsections 6.1.1 , 6.1.2 , and 6.1.3 , assuming radioactivity,
SM interaction and both radioactivity + CSM driving the light- 
urve evolution of SN 2023xgo. The mass-loss rates (10−4 –10−3 

� yr −1 ) and the radius of the CSM ( ∼ 1012 –1013 cm) that we
et from semi-analytical models are similar to the values in the
. Boian & J. H. Groh ( 2019 ) models. If we consider an eruptive
ass-loss case, then assuming a wind velocity of 1800 km s−1 and

adius from Table 5 , we would find that the shell would be ejected
pproximately few hours before the explosion. The semi-analytical 
odels, however, assume spherical symmetry and homologous 

xpansion, which may not fully represent the complexity of the 
SM geometry. Viewing angle effects and 2D/3D structure could 

ignificantly alter the obtained parameters (A. Suzuki, T. J. Moriya &
. Takiwaki 2019 ; B. F. A. Baal et al. 2023 ). 
In the semi-analytical light-curve modelling, the time-varying 

onversion of efficiency is not taken into account. So, we also
erform late-time light-curve modelling following K. Maeda & T. J. 
oriya ( 2022 ), which calculates a time varying efficiency throughout 

he light-curve evolution. For a given CSM density, the optical 
uminosity in the model by K. Maeda & T. J. Moriya ( 2022 ) is smaller
han in models by E. Chatzopoulos et al. ( 2012 , 2013 ). This gives us
 higher mass-loss rate since the conversion efficiency at each time
nterval is much lower than often assumed in the semi-analytical 
pproach. Using this model, we obtain a mass-loss rate of 2.7 M�
r−1 which suggests intense eruptive mass-loss occurring shortly 
efore core collapse. While this value aligns with the upper limits
f the eruptive scenarios modelled by L. Dessart et al. ( 2022 ), it still
epresents one of the most extreme cases in terms of pre-SN mass-loss
ates. This model is not able to reproduce the early part of the light
urve as diffusion was not taken into account (pre-maximum times). 

E. Sorokina et al. ( 2016 ) performed STELLA models for the light
urves of superluminous SNe I and found significant differences in 
he numerical model parameters as compared to E. Chatzopoulos 
t al. ( 2012 ) (see fig. 14 of E. Sorokina et al. 2016 ). They quote
hat this is probably due to very different diffusion time-scales and
nvelope masses in their light-curve modelling. We note that neither 
he CSM nor the SN ejecta can be approximated by a single zone
elocity (T. J. Moriya et al. 2017 ). Thus, there are caveats associated
ith these models, but we do infer some constraints on the geometry

nd the physical parameters of SN 2023xgo by combining them 

hich we describe in detail in Subsection 7.5 . 

.5 Implications on geometry and possible progenitor 

he early-time characteristics, when interpreted using the flash 
onization models of I. Boian & J. H. Groh ( 2019 ) for the spectra
nd the semi-analytical framework of E. Chatzopoulos et al. ( 2012 )
or the light curve, indicate the presence of a compact CSM confined
ithin a radius of ∼ 1012 –1013 cm. The inferred mass-loss rates in 

his phase are modest, on the order of 10−3 –10−4 M� yr−1 , consistent 
ith a relatively quiescent, wind-driven phase prior to explosion. 

n contrast, modelling of the late-time light-curve following the 
pproach of K. Maeda & T. J. Moriya ( 2022 ), along with spectral
ynthesis model comparisons by L. Dessart et al. ( 2022 ), reveals the
MNRAS 547, 1–27 (2026)
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resence of an extended, dense CSM reaching out to ∼ 1015 cm, with
ignificantly higher mass-loss rates ranging from 0.1 to 2.7 M� yr−1 .
hese findings may suggest a structured and possibly asymmetric
SM, composed of both compact, low-density material and a more
xtended, high-density component. However, such interpretations
re model-dependent and could also arise from variations in the
ass-loss history or radial density structure of the CSM, without

ecessarily invoking strong asymmetry. Multiple mass-loss episodes
ith differing energetics and geometries – potentially shaped by
inary interaction, rotationally driven outflows, or eruptive events –
ould contribute to this complex CSM morphology. 

The high mass-loss rates inferred from late-time modelling are
onsistent with eruptive phases in luminous blue variable stars
ransitioning to the WR phase (N. Smith 2017 ), which could indicate
 single massive star as the progenitor of SN 2023xgo. However, if the
SM is asymmetric as indicated above with potential disc- or torus-

ike morphology, then it may also point toward a binary system.
he modest helium-rich shell mass, likely originating from He-C
nd He-N layers, aligns with the 0.97 M� He-shell mass typically
ssumed in the models of L. Dessart et al. ( 2022 ). These constraints
imit the pre-SN mass to 3 − 4 M� and suggest a ZAMS mass not
xceeding 18 M�. Given that the 3 M� model best matches the
ebular spectrum, a binary origin involving low-mass stars such as He
tars, becomes more plausible, as stellar winds from red supergiants
t these masses are insufficient to fully strip the hydrogen envelope
E. R. Beasor et al. 2020 ). 

Furthermore, theoretical predictions suggest that standard WR
xplosions with decelerated inner shells (2000 km s−1 ) should yield
uperluminous SNe (L. Dessart et al. 2016 , 2022 ). However, as shown
n Section 5 , SN 2023xgo is among the least luminous events within
he SN Ibn/Icn population. This again supports progenitor scenarios
nvolving binary systems, such as nuclear flashes in low-mass helium
tars (S. E. Woosley 2019 ; L. Dessart et al. 2022 ; Z. Y. Wang et al.
024 ), or repeated mass-transfer episodes in compact binaries (N.
anger 2012 ; T. M. Tauris et al. 2013 ). Furthermore, the similarity in
jecta mass between SN 2023xgo and ultrastripped SNe reinforces
he hypothesis of a low-mass helium star (ZAMS mass ≤10 M�) in a
lose binary configuration, as proposed for SN 2023zaw (K. K. Das
t al. 2024 ). The progenitor properties are further supported by the
ost Galaxy’s stellar mass and star formation rate, which are similar
o that of the general properties observed for the broader SN Ibn/Icn
opulation. 

 SUMMARY  

(i) SN 2023xgo is a unique member of the interacting SN Ibn/Icn
lass. It shows a prominent C III λ5696 spectral feature until maxi-
um light, similar to what is seen for SNe Icn, but spectrally behaves

ike a typical SN Ibn with narrow helium lines post maximum light. 
(ii) Comparison of the early spectrum ( −2.35 d) with models by

. Boian & J. H. Groh ( 2019 ) indicates that even if the other flash
eatures matches when L = 1 . 5 × 109 L�, the C III λ5696 feature
nly matches if L is increased to 3.1 × 109 L�, with a mass-loss rate
f 10−3 M� yr −1 . 
(iii) Early spectral comparison ( −2.35 d) and pseudo-equivalent

idth measurement of this C III λ5696 line indicates that the strength
nd evolution of this line behaves similarly to what is seen for other
Ne Icn. If SN 2023xgo is classified as a SN Ibn with flash ionized
ignatures, the sustained detection of C III emission until maximum
ight suggests either a comparatively enhanced carbon abundance
r temperatures capable of sustaining significant carbon ionization
hroughout the early evolution 
NRAS 547, 1–27 (2026)
(iv) The mid-spectral epoch (just after maximum light) marks the
hase when SN 2023xgo behaves like a normal SN Ibn with narrow
-Cygni He I λ5876 and other helium lines with typical FWHM
elocities starting around 1800 km s−1 . Spectral comparison at this
hase with other SNe Ibn and SNe Icn also shows that it belongs to
he ‘P-Cygni’ subclass according to G. Hosseinzadeh et al. ( 2017 ). 

(v) After 10 d, ejecta signatures start appearing in the spectral
volution of SN 2023xgo. Late-time spectral comparison shows sim-
larities with SN 2019wep, ASASSN-15ed, and some other SNe Ib. 

(vi) Comparison of the 23.48 d spectrum with the models by L.
essart et al. ( 2022 ) favours a 3 M� He-star model with the CDS

ocated at 2.1 × 1015 cm. 
(vii) The pseudo-equivalent widths of the He I lines in SN 2023xgo

hows an increase up to 30 Å in 10 d, and velocities varying
etween 1800 and 10 000 km s−1 in 25 d. This value is higher
han SN 2019wep and ASASSN-15ed and is similar to the velocity

easurements for some SNe Ib at this phase. 

(viii) The host Galaxy mass of 109 . 31+ 0 . 13 
−0 . 22 M�, metallicity of 0 . 7 ±

 . 1 solar and the star-formation rate of 0 . 05 ± 0 . 02 M� yr −1 is similar
o that of the sample of SNe Ibn/Icn. 

(ix) Photometrically, SN 2023xgo behaves like a traditional SN
bn/Icn with a rise time of 5.14 ± 2.30 d and decline rate (0 − 30 d) of
.14 mag d−1 , similar to that of the values estimated from the larger
ample of SNe Ibn/Icn (G. Hosseinzadeh et al. 2017 ; C. Pellegrino
t al. 2022a , b ). 

(x) Comparisons between rise times, 
 m15 and absolute mag-
itudes with a group of fast transients, SNe IIn, Ibn, Icn, and
ltrastripped SNe indicate that the decline rates of SN 2023xgo are
imilar to that of those of SNe Ibn/Icn and are slower than the decline
ates of fast transients and ultrastripped SNe. 

(xi) The absolute magnitude of Mr = −17.65 ± 0.04 places SN
023xgo among the faintest members of the Type Ibn/Icn subclass,
imilar to SNe Ib. 

(xii) Multiband modelling (semi-analytic) of SN 2023xgo indi-
ates that CSM interaction fairly reproduces the early light curve, but
adioactivity plays a role in reproducing the overall light curve of SN
023xgo, specially at late times. The light curve seems to be driven
y a CSM mass of ∼0.22 M�, and a small ejecta mass of 0.12 M�,
ssuming its radioactivity driven with Ni mass of 0.04 M�. A shell-
ike CSM with a radius of 1012 cm is favoured by our observed data.

(xiii) Late-time bolometric light-curve modelling fairly repro-
uces the light curve with a density exponent of 2.9, CSM extent at
015 cm and mass-loss rates of 2.7 M� yr −1 . A Ni mass of 0.05 M�
eproduces the late-time light-curve if we assume radioactivity to be
owering the light curve. 
(xiv) Overall,the inferred mass-loss rates suggest two distinct

SM components: a compact, low-density region ( ∼ 10−3 M� yr−1 

t 1012 –1013 cm) and an extended, dense region (0 . 1 − 2 . 7 M� yr−1 

t ∼ 1015 cm). This structure may result from asymmetric geometry
r reflect temporal and radial variations in mass-loss history, though
uch interpretations remain model-dependent. 

(xv) The combination of a likely asymmetric CSM structure and
pectral characteristics is similar to that of a binary progenitor system
or SN 2023xgo, potentially involving a ∼3 M� helium star. None the
ess, the observed indications of eruptive mass-loss do not exclude a
ingle-star origin, especially in the context of advanced evolutionary
hases that may produce non-steady outflows. 
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Figure A1. The corner plot showing the posterior of the parameters
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Figure A2. The corner plot showing the posterior of the parameters of SN 2023xgo in the CSM interaction model (E. Chatzopoulos et al. 2012 , 2013 ). 
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Figure A3. The corner plot showing the posterior of the parameters of SN 2023xgo in the Ni + CSM model (W. D. Arnett 1982 ; E. Chatzopoulos et al. 2012 ). 
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Table A1. A small section of the photometric observations of SN 2023xgo. The full table is added in machine readable 
format in supplementary material. 

MJD Mag Filter Instrument/Telescope 
(d) (mag) 

60257.28 18.69 ± 0.07 r ZTF/P48 
60257.37 18.52 ± 0.03 g ZTF/P48 
60258.20 17.34 ± 0.09 r SEDM/P60 
60258.24 17.26 ± 0.03 r SEDM/P60 
60258.36 17.18 ± 0.01 g ZTF/P48 
60259.39 16.65 ± 0.01 g ZTF/P48 
60259.43 16.66 ± 0.01 g ZTF/P48 
60259.45 16.74 ± 0.01 r ZTF/P48 
60260.71 16.47 ± 0.04 g GIT 

60260.71 16.52 ± 0.01 r GIT 

60260.71 16.60 ± 0.03 i GIT 

60260.72 16.69 ± 0.06 z GIT 

60260.85 16.69 ± 0.03 uvot:uvw1 UVOT/Swift 
60260.85 16.26 ± 0.04 uvot:u UVOT/Swift 
60260.85 16.11 ± 0.05 uvot:b UVOT/Swift 
60260.85 17.11 ± 0.03 uvot:uvw2 UVOT/Swift 
60260.86 16.68 ± 0.09 uvot:v UVOT/Swift 
60260.86 17.05 ± 0.03 uvot:uvm2 UVOT/Swift 
60261.19 16.52 ± 0.02 r SEDM/P60 
60261.22 16.49 ± 0.01 r SEDM/P60 
60261.43 16.39 ± 0.01 g ZTF/P48 
60261.45 16.49 ± 0.02 r ZTF/P48 
60261.63 16.71 ± 0.07 z GIT 

60261.64 16.58 ± 0.03 i GIT 

60261.64 16.47 ± 0.02 r GIT 

60261.64 16.44 ± 0.03 g GIT 

Table A2. Log of spectroscopic observations of SN 2023xgo. The phase (rest frame) is measured with respect to r-band 
maximum (MJDrmax = 60262 . 86). 

Date Phase Instrument Telescope Range 
(d) (Å) 

20231112 −2.35 KOOLS-IFU 3.8 m Seime 4000–8000 
20231113 −1.66 SEDM Palomar 60 3650–10000 
20231113 −0.82 SPRAT Liverpool Telescope 4020–8100 
20231114 −0.54 HFOSC HCT 3800–8350 
20231114 −0.07 SEDM Palomar 60 3650–10000 
20231115 0.53 SEDM Palomar 60 3650–10000 
20231115 0.53 DBSP Palomar 200 3000–11000 
20231117 2.64 KOOLS-IFU 3.8m Seimei 4000–8000 
20231117 3.07 HFOSC HCT 3800–8350 
20231119 4.75 HFOSC HCT 3800–8350 
20231120 5.34 LRIS KECK 3500–11000 
20231120 5.39 SEDM Palomar 60 3650–10000 
20231122 7.63 SEDM Palomar 60 3650–10000 
20231123 8.64 KOOLS-IFU 3.8 m Seimei 4000–8000 
20231124 9.30 SEDM Palomar 60 3650–10000 
20231125 10.97 HFOSC HCT 3800–8350 
20231202 17.31 SEDM Palomar 60 3650–10000 
20231203 18.42 DBSP Palomar 200 3000–11000 
20231206 21.48 SEDM Palomar 60 3650–10000 
20231207 23.48 LRIS KECK 3500–11000 
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