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ABSTRACT

We present observations of SN 2021csp, the second example of a newly-identified type of supernova

(Type Icn) hallmarked by strong, narrow, P Cygni carbon features at early times. The SN appears as

a fast and luminous blue transient at early times, reaching a peak absolute magnitude of −20 within
3 days due to strong interaction between fast SN ejecta (v ≈ 30000km s−1) and a massive, dense,

fast-moving C/O wind shed by the WC-like progenitor months before explosion. The narrow line

features disappear from the spectrum 10–20 days after explosion and are replaced by a blue continuum

dominated by broad Fe features, reminiscent of Type Ibn and IIn supernovae and indicative of weaker
interaction with more extended H/He-poor material. The transient then abruptly fades ∼ 60 days

post-explosion when interaction ceases. Deep limits at later phases suggest minimal heavy-element

nucleosynthesis, a low ejecta mass, or both, and imply an origin distinct from that of classical Type

Ic supernovae. We place SN 2021csp in context with other fast-evolving interacting transients, and

discuss various progenitor scenarios: an ultrastripped progenitor star, a pulsational pair-instability
eruption, or a jet-driven fallback supernova from a Wolf-Rayet star. The fallback scenario would

naturally explain the similarity between these events and radio-loud fast transients, and suggests a

picture in which most stars massive enough to undergo a WR phase collapse directly to black holes at

the end of their lives.
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1. INTRODUCTION

Progenitor detections, hydrodynamic models, and ba-

sic rate calculations all suggest that most single stars

born with initial masses of 8–20M⊙ explode as red

supergiants and produce Type IIP supernovae (SNe;

Smartt 2009), but the fates of more-massive stars
(> 25M⊙) remain an open question. Such stars lose

a significant fraction of their hydrogen (H) envelopes on

the main sequence via line-driven winds even as single

stars (e.g., Vink et al. 2001), and they are also more
likely to undergo strong binary interaction (Sana et al.

2012). In either case, a predicted consequence is that

many such stars will be deficient in H by the time of

core collapse. Prior to explosion, these stars will ap-

pear as Wolf-Rayet (WR) stars; the explosion itself will
then manifest as a supernova (SN) of spectroscopic Type

IIb, Ib, or Ic (a stripped-envelope SN; for reviews, see

Filippenko 1997 and Gal-Yam 2017).

This straightforward picture faces a number of chal-
lenges, however. First, hydrodynamic models suggest

that the masses ejected by typical SNe Ib/c are only

a few M⊙, much lower than predicted for exploding

WR stars (e.g., Dessart et al. 2012). Second, no WR

star has yet been identified at the site of a SN in pre-
explosion imaging: the handful of reported SN Ib/c

progenitor candidates are too optically luminous to be

WR stars (Cao et al. 2013; Eldridge & Maund 2016;

Van Dyk et al. 2018; Kilpatrick et al. 2018, 2021), and
upper limits on the remainder are in marginal tension

with the luminosity distribution of the Galactic WR

population (Eldridge et al. 2013, although cf. Maund

2018 and Sander et al. 2019). Third, SNe Ib/c are too

abundant (by a factor of ∼ 2) to originate solely from
the WR population (Smith et al. 2011).

For these reasons, binary evolution involving pairs of

lower-mass stars undergoing a common-envelope phase

has increasingly been seen as the most likely pathway
for explaining most of the SN Ib/c population. If so,

the final outcome of stellar evolution for more-massive

stars (& 25M⊙) remains unclear. One possibility is that

very massive stars do not explode at all, and instead

collapse directly to black holes with minimal emission
of electromagnetic radiation (O’Connor & Ott 2011;

Sukhbold & Woosley 2014; Smartt 2015; Zapartas et al.

2021). This remains controversial. Some very mas-

sive stars probably explode while still in possession of
their H envelope to produce SNe IIn (Gal-Yam et al.

2007; Gal-Yam & Leonard 2009; Smith et al. 2011;

Mauerhan et al. 2013; Smith et al. 2014), although this

does not resolve the question of the fates of those mas-

sive stars that do undergo a WR phase. Some atypi-

cal SNe Ib/c do appear to be consistent with massive

WR progenitors: specifically, about 25% of broad-lined
SNe Ic (Ic-BL) show ejecta masses consistent with explo-

sions of very massive stars (Taddia et al. 2019), and the

progenitors of superluminous SNe are also likely to be

quite massive (Gal-Yam et al. 2009; Nicholl et al. 2015;
Jerkstrand et al. 2017; Blanchard et al. 2020).

Another rare stripped-envelope SN subtype that has

been suggested to be related to very massive stars is

the class of Type Ibn SNe. The velocities inferred from

the widths of the hallmark narrow helium (He) lines of
these systems — attributed to dense circumstellar mat-

ter (CSM) surrounding the progenitor star — are com-

parable to those seen in Local Group WR stars, sug-

gesting that WR stars may indeed be their progenitors
(Foley et al. 2007; Pastorello et al. 2008). However, the

pre-explosion mass-loss rates inferred from observations

of SNe Ibn are much higher than those seen in normal

WR winds, implying that any WR progenitor must en-

ter a short evolutionary phase of greatly enhanced mass
loss prior to the explosion.

The list of stripped-envelope SN subtypes continues

to expand. Gal-Yam et al. (2021b) recently presented a

detailed observational study of SN 2019hgp, a fast and
luminous transient with no known literature precedent.

Early-time spectra of this event are dominated by nar-

row lines with profiles similar to those seen in SNe Ibn

but originating from carbon (C), oxygen (O), and other

alpha elements rather than He, defining a new class of
“Type Icn” SNe that previously was only theoretical

(Smith 2017a; Woosley 2017). In their analysis of this

object, Gal-Yam et al. (2021b) point out that the dis-

tinction between SNe Ibn and SNe Icn closely mirrors
that of the WR spectroscopic subtypes (He/N-rich WN

versus He-poor, C-rich WC stars). On this basis, they

postulate that SNe Ibn/Icn represent the true outcomes

of the explosions of WR stars.

Gal-Yam et al. (2021b) also note that the proper-
ties of SN 2019hgp (fast-rising, hot, and luminous)

show some resemblance to the population of rare,

fast-evolving transients identified in photometric sur-

veys (Drout et al. 2014; Arcavi et al. 2016; Tanaka et al.
2016; Pursiainen et al. 2018; Inserra 2019; Ho et al.

2021a), sometimes referred to as fast blue optical tran-

sients (FBOTs) or rapidly evolving transients (RETs),
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indicating a possible link with this previously poorly-

explored group of objects. However, SN 2019hgp would

not itself have been classified as an FBOT/RET by the

criteria typically employed in earlier works.
In this paper, we present observations of the sec-

ond SN Icn to be discovered, SN 2021csp. The prop-

erties of this object are qualitatively similar to those

of SN 2019hgp but even more extreme. SN 2021csp is

faster and more luminous, and a far more extensive ob-
servational campaign was possible. These observations

strengthen the basic model presented by Gal-Yam et al.

(2021b) but also allow us to further extend it, with im-

portant implications for the fates of very massive stars
of all types. Indeed, we argue that the distinction be-

tween SNe Ibn/Icn and “normal” SNe Ib/Ic may involve

not only the mass and evolutionary history of the pro-

genitor, but also the nature of the underlying explosion

and the type of compact remnant that is left behind.
The paper is organized as follows. Section 2 presents

the discovery of SN 2021csp and our extensive observa-

tional campaign. We perform a more detailed analysis

of the light curve, spectra, and host galaxy in §3 to infer
some basic properties of the explosion and pre-explosion

system. In §4 we discuss the results of the analysis in

the context of the physical nature of the progenitor, its

evolutionary state prior to explosion, and the nature

of the explosion itself. Section 5 discusses the impli-
cations of these results for progenitor models, and §6

summarizes our conclusions. We use a standard cosmo-

logical model with H0 = 70 km s−1 Mpc−1, ΩΛ = 0.7,

and ΩM = 0.3, corresponding to a distance modulus of
µ = 37.91 mag at the redshift of SN 2021csp (z = 0.084;

§2.3.1). UT dates are used throughout, and times of

observations are referenced to an estimated explosion

date of MJD 59254.5 (§3.1.1) and expressed in the rest

frame. Apparent magnitudes are reported in the text in
the AB system (Oke & Gunn 1983) without an extinc-

tion correction, but for analysis and in our figures we

correct for Galactic extinction assuming a reddening of

E(B − V ) = 0.027 mag (Schlafly & Finkbeiner 2011).

2. OBSERVATIONS

2.1. Palomar 48-inch Discovery and Photometry

The Zwicky Transient Facility (ZTF; Bellm et al.
2019a; Graham et al. 2019) is a combined public and

private time-domain optical sky survey, using a 47

deg2 field-of-view camera (Dekany et al. 2020) on the

refurbished Samuel Oschin 48-inch Schmidt telescope
(P48) at Palomar Observatory. The ZTF observ-

ing and alert system are described in previous works

(Masci et al. 2019; Patterson et al. 2019; Mahabal et al.

2019; Duev et al. 2019).

Table 1. Photometry of SN2021csp

Telescope MJD Filter AB Mag unc.

(days)

P48 59250.4258 r >21.09

P48 59250.4648 g >21.27

P48 59252.4141 i >20.72

P48 59252.5195 r >21.75

P48 59254.4219 r >20.79

P48 59254.5273 g >21.50

P48 59256.4766 i 19.05 0.06

P48 59256.5078 g 18.11 0.03

LT 59257.1992 g 17.92 0.03

LT 59257.1992 r 18.25 0.03

LT 59257.2031 u 17.53 0.03

LT 59257.2031 i 18.59 0.03

LT 59257.2031 z 18.84 0.03

UVOT 59257.9570 UVW1 17.43 0.06

UVOT 59257.9688 UVW2 17.36 0.07

UVOT 59257.9766 UVM2 17.27 0.05

LT 59258.1367 g 17.82 0.03

LT 59258.1406 i 18.43 0.03

LT 59258.1406 u 17.52 0.03

LT 59258.1406 r 18.09 0.03

LT 59258.1445 z 18.62 0.05

Note—Magnitudes are not corrected for Galactic ex-
tinction. Only the first few entries are provided here:
a complete machine-readable table is available online.

SN 2021csp (internally designated ZTF21aakilyd) was

first detected in an i-band image obtained on 2021-02-

11 (MJD 59256.4766) as part of the ZTF high-cadence
survey (Bellm et al. 2019b) and confirmed with a sec-

ond observation in the g band the same night. The

last nondetection was two days prior. It was identified

as a candidate of interest the following morning during
daily scanning of our custom alert filter (Ho et al. 2020a;

Perley et al. 2021b), owing to the fast rise (> 2.5 mag in

two days), blue colors (g−i = −1 mag), and coincidence

with an extended object (the host galaxy), motivating

a substantial follow-up campaign (§2.2–2.4).
We used the IPAC forced-photometry pipeline

(Masci et al. 2019) to obtain final P48 photometry and

pre-explosion upper limits, reported in Table 1. A long

sequence of ultra-high-cadence imaging from 2021-02-18
(100 consecutive 30 s exposures, followed by another 26

consecutive 30 s exposures) has been averaged together

into two measurements.

We also conducted a more extensive search of the
pre-explosion P48 data (extending back to the start
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Figure 1. A false-color gri image of the field from 2021-02-
11 taken with IO:O on the LT. North is up and east to the
left. SN2021csp is seen as a blue source in an outer spiral
arm of its host galaxy, northwest of the nucleus.

of the ZTF survey in 2018, 3 yr prior to the explo-

sion time) to search for precursor outbursts, following

the procedure described by Strotjohann et al. (2021).
No significant detections prior to the explosion date

were found, to typical (median) limits of ∼ 20.5 mag

(−17.5 absolute magnitude) in 1 day bins or to ∼ 22

mag (−16 absolute magnitude) in bins up to 90 days

in width. Previously-observed outbursts prior to in-
teracting SNe Ibn and SNe IIn have ranged in lumi-

nosity between −12.5 and −17 mag (Strotjohann et al.

2021), with only five previously-reported cases of out-

bursts more luminous than −16 mag among 143 SNe of
these types searched using this procedure. These lim-

its therefore rule out only the most luminous potential

outbursts.

2.2. Imaging

2.2.1. Liverpool Telescope

We obtained ugriz imaging using the Infrared/Optical

Imager (IO:O) on the 2 m robotic Liverpool Telescope

(LT; Steele et al. 2004) starting from the first night fol-

lowing the discovery and continuing until the object
faded below detection (55 days later). Data were pro-

cessed by the IO:O automatic pipeline and obtained in

reduced form from the LT archive. We subtracted refer-

ence imaging from Pan-STARRS (griz bands) or from
the Sloan Digital Sky Survey (SDSS; u band) using a

custom IDL subtraction pipeline, and performed seeing-

matched aperture photometry. A color image of the field

is shown in Figure 1.

2.2.2. Palomar 60-inch Telescope

We obtained additional ugri photometry using the

Rainbow Camera of the Spectral Energy Distribu-
tion Machine (SEDM; Blagorodnova et al. 2018) on the

robotic Palomar 60-inch telescope (P60; Cenko et al.

2006). Image subtraction and photometry was per-

formed using FPipe (Fremling et al. 2016).

2.2.3. Swift Ultraviolet/Optical Telescope

We observed the field of SN 2021csp with the Ultravi-

olet/Optical Telescope (UVOT; Roming et al. 2005) on

board the Neil Gehrels Swift Observatory (Gehrels et al.
2004) beginning 2021-02-12 and continuing until the flux

from the transient faded below detectability a month

later. An additional set of observations between 2021-

03-31 and 2021-04-21 were acquired to constrain the
host-galaxy flux. The brightness in the UVOT filters

was measured with UVOT-specific tools in the HEA-

soft1 version 6.26.1 (Blackburn 1995). Source counts

were extracted from the images using a circular aper-

ture of radius 3′′. The background was estimated over
a significantly larger area close to the SN position. The

count rates were obtained from the images using the

Swift tool uvotsource. They were converted to AB

magnitudes using the UVOT photometric zero points
of Breeveld et al. (2011) and the UVOT calibration files

from September 2020. To remove the host emission from

the transient light curves, we used templates formed

from our final observations in April and from archival

UVOT observations of the field from 2012. We mea-
sured the host contribution using the same source and

background apertures, and subtracted this contribution

from the transient flux measurements.

2.2.4. Nordic Optical Telescope

We obtained five epochs of imaging with the Alhambra

Faint Object Spectrograph and Camera (ALFOSC) on

the 2.56 m Nordic Optical Telescope (NOT). Observa-
tions were obtained on 2021-04-03, 2021-04-18, 2021-04-

20, 2021-05-07, and 2021-07-01. For the first two epochs,

gri observations were obtained; for the last three epochs

only deep r-band observations were acquired. All obser-

vations were taken under clear skies and subarcsecond
seeing except the data from 2021-04-18 which were af-

fected by thin clouds and relatively poor seeing (∼ 1.′′3).

Data were reduced with the Python package PyNOT2

(v0.9.7).
For the three sets of observations taken in April, we

employ Pan-STARRS templates for subtraction using

1 https://heasarc.gsfc.nasa.gov/docs/software/heasoft/
2 https://github.com/jkrogager/PyNOT

https://heasarc.gsfc.nasa.gov/docs/software/heasoft/
https://github.com/jkrogager/PyNOT
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the same methods used for the LT photometry. By the

time of the observation in May, the transient had faded

to a very faint level and this method was no longer

sufficient. While a secure limit of r > 23.66 mag can
be obtained from the Pan-STARRS subtraction, this is

limited entirely by the depth of the reference (the true

3σ limiting magnitude of this image, measured away

from the galaxy, is r ≈ 26.2 mag). Instead, we employ

the software utility GALFIT (Peng et al. 2002, 2010) to
model the disk of the galaxy as a Sérsic profile (con-

volved with the point-spread function) and remove it

from our images. The model provides only incomplete

removal of the inner galaxy light, and the inner spi-
ral pattern and H II regions are visible as residuals in

the subtracted image. However, the immediate vicinity

around the location of the transient does not show any

major residuals (Fig. 2), including any evidence of light

from the transient. Forced photometry at the transient
location gives r = 25.4 ± 0.15 mag, although the flux

is probably dominated by light from an unsubtracted

H II region centered just outside the aperture. As a

conservative upper limit, we report r > 24.8 mag in
our photometry table (corresponding to 5σ above the

forced-photometry value in flux units).

The observation from July is not as deep as the one ob-

tained in May, and so is not individually constraining.

To confirm the accuracy of our GALFIT subtraction,
we carried out image subtraction between the May and

July observations and obtained an upper limit (differ-

ence magnitude) of r > 25.1 mag (3σ). However, since

we cannot rule out the possibility that a small amount of
flux is present in the July observation, we will generally

use the more conservative GALFIT-based approach.

A light curve showing the P48, LT, P60, NOT, and

UVOT photometry of SN 2021csp is shown in Figure 3.

2.3. Spectroscopy

We obtained an extensive series of optical spectra be-

ginning prior to the peak of the SN and extending until

80 days post-explosion in the rest frame. A log of all

spectroscopic observations, 25 epochs in total, is pro-
vided in Table 2 and the spectra will be uploaded to

WISEREP3 (Yaron & Gal-Yam 2012). Details of the

observations are provided below. In addition, we use

our g- and r-band light curves to perform an absolute

calibration and color-correction on each spectrum. We
calculate synthetic magnitudes of each (flux-calibrated,

pre-corrected) spectrum in both filters and apply a

rescaling (to match the absolute fluxes) followed by a

3 https://www.wiserep.org

Figure 2. NOT imaging of SN 2021csp during the rapid
late-phase light-curve decline. The top row shows the images
without image subtraction; the bottom row displays images
after subtraction of the host galaxy. The center of the host
galaxy is marked with a cross and the position of the SN with
a circle of 0.′′7 radius in all images. Pan-STARRS imaging
has been used to subtract the images at +48 and +65 days,
although the subtraction at +65 days is limited by the depth
of the reference. GALFIT has been used to subtract an ax-
isymmetric model of the host galaxy to obtain the image at
lower right. No source is detected at the SN location in this
image.

power-law correction (to match the colors). At late

times (> 50 days) we apply only the absolute scaling

with no color correction. A time series including many

of the spectral observations is displayed in Figure 4.

2.3.1. Liverpool Telescope

We obtained seven sets of spectra (each 2×600 s)
spanning the first two weeks after explosion using the

Spectrograph for the Rapid Acquisition of Transients

(SPRAT; Piascik et al. 2014). We use the default re-

duction and extraction provided by the SPRAT pipeline

(Barnsley et al. 2012). The first LT spectrum immedi-
ately established the redshift and unusual nature of this

transient on the basis of the detection of several strong C

features at a common redshift of z = 0.084 (Perley et al.

2021a). The only known previous event sharing these
features is SN 2019hgp (Gal-Yam et al. 2021b), although

a third event (SN 2021ckj, also discovered using ZTF

data) was reported a few days later (Pastorello et al.

2021). The strong similarities between these events (and

their H/He-free narrow-line spectra at maximum light)
motivated us to propose these three events as the pro-

totypical members of the new class of Type Icn SNe

(Gal-Yam et al. 2021a).

2.3.2. Gemini-North
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Figure 3. The ultraviolet/optical/near-infrared light curves of SN2021csp. The transient reached a peak absolute magnitude of
Mg ≈ −20.1 mag (and a bolometric luminosity Lbol > 1044 erg s−1) within 4 days of explosion and then rapidly faded, qualifying
it as one of the most nearby examples of an FBOT. Interpolation curves for each filter band are estimated using a combination
of local regression and spline fitting. Dotted lines connect the most constraining upper limit with the first detection in the
same band, and the last detection with the first subsequent deep upper limit. Bars at the bottom indicate observation times of
spectroscopy.

One spectrum was obtained on 2021-02-12 with the

Gemini Multi-Object Spectrograph (GMOS; Hook et al.
2004) mounted on the Gemini North 8 m telescope at

the Gemini Observatory on Maunakea, Hawaii. Two

900 s exposures were obtained with the B600 grat-

ing. The GMOS data were reduced using PypeIt

(Prochaska et al. 2020).

2.3.3. Nordic Optical Telescope

We obtained nine separate epochs of spectroscopy

with the ALFOSC on the NOT spanning from 2021-

02-13 until 2021-04-03 (Table 2). Observations were

taken using Grism #4, providing wavelength coverage
over most of the optical spectral range (typically 3700–

9600 Å). The slit was aligned with the parallactic angle

(Filippenko 1982), except in the last three observations

when it also included the host, and an atmospheric dis-

persion corrector was used. Reduction and calibration
were performed using PypeIt.

2.3.4. Very Large Telescope

Spectropolarimetry of SN 2021csp was conducted with

the FOcal Reducer and low dispersion Spectrograph
(FORS2; Appenzeller & Rupprecht 1992) on Unit Tele-

scope 1 (UT1, Antu) of the ESO Very Large Telescope

(VLT). The observations were carried out in the Po-

larimetric Multi-Object Spectroscopy (PMOS) mode on

2021-02-13. Two sets of data were obtained, each con-
sisting of four 750 s exposures with the retarder oriented

at angles of 0, 22.5, 45 and 67.5 degrees. The 300V grism

and the 1′′ wide slit were used, yielding a spectral re-

solving power of R ≈ 440 at the central wavelength of
5849 Å. The GG435 order-separation filter was used to

minimize second-order contamination at redder wave-

lengths. This configuration provided a wavelength cov-

erage of about 4400–9200Å in the observer frame. The

total Stokes I spectrum was flux calibrated based on the
observation of a spectrophotometric standard star with

the polarimetric optics in place, and the retarder plate

set to 0◦.



The Type Icn SN2021csp 7

Table 2. Log of spectroscopic observations of SN2021csp

Observation date MJD Phase Facility Exp. time Grism/Grating Slit width Range

(UTC) (days) (days) (s) (arcsec) (Å)

2021 Feb 12 04:23:54 59257.183 2.475 LT/SPRAT 2× 600 Blue 1.8 4020–7994

2021 Feb 12 15:07:38 59257.630 2.888 Gemini/GMOS 2× 900 B600 1.0 3641–6878

2021 Feb 13 05:36:01 59258.233 3.444 LT/SPRAT 2× 600 Blue 1.8 4000–8000

2021 Feb 13 06:18:33 59258.263 3.471 NOT/ALFOSC 1800 Grism#4 1.0 3852–9681

2021 Feb 13 07:18:40 59258.305 3.510 VLT/FORS2 8× 750 300V 1.0 4400–9200

2021 Feb 14 03:54:36 59259.163 4.302 LT/SPRAT 2× 600 Blue 1.8 4000–8000

2021 Feb 15 03:30:05 59260.146 5.208 LT/SPRAT 2× 600 Blue 1.8 4000–8000

2021 Feb 15 05:17:55 59260.221 5.277 NOT/ALFOSC 2× 900 Grism#4 1.3 3501–9635

2021 Feb 16 04:40:52 59261.195 6.176 LT/SPRAT 2× 600 Blue 1.8 4000–8000

2021 Feb 17 05:24:30 59262.225 7.127 NOT/ALFOSC 2× 1800 Grism#4 1.3 3504–9635

2021 Feb 18 12:09:43 59263.507 8.309 HST/STIS 2100 G230L 0.2 1570–3180

2021 Feb 18 13:12:00 59263.550 8.349 Lick/Kast 1× 3660 600/4310 2.0 3632–10340

3× 1200 300/7500

2021 Feb 18 20:05:29 59263.837 8.614 HST/COS 4243 G140L 3.0 1230–2050

2021 Feb 19 03:57:39 59264.165 8.916 LT/SPRAT 2× 600 Blue 1.8 4000–8000

2021 Feb 20 02:16:36 59265.095 9.774 NOT/ALFOSC 2× 1800 Grism#4 1.3 3501–9631

2021 Feb 22 01:58:28 59267.082 11.607 HST/STIS 2030 G230L 0.2 1570–3180

2021 Feb 23 05:15:11 59268.219 12.656 LT/SPRAT 2× 600 Blue 1.8 4000–8000

2021 Feb 24 15:58:17 59269.665 13.990 HST/COS 4003 G140L 3.0 1230–2050

2021 Feb 27 02:19:35 59272.097 16.233 NOT/ALFOSC 2× 1800 Grism#4 1.0 3753–9683

2021 Mar 09 05:19:36 59282.222 25.574 NOT/ALFOSC 2× 1800 Grism#4 1.3 3752–9620

2021 Mar 16 03:18:45 59289.138 31.954 NOT/ALFOSC 3× 1500 Grism#4 1.0 3701–9683

2021 Mar 23 01:48:34 59296.075 38.354 NOT/ALFOSC 3× 1500 Grism#4 1.0 4001–9685

2021 Apr 03 02:42:56 59307.113 48.536 NOT/ALFOSC 3× 1500 Grism#4 1.0 4003–9677

2021 Apr 07 14:32:41 59311.606 52.681 Keck/LRIS 850+750 B600/4000 1.0 3134–10284

750+670 R400/8500

2021 Apr 09 10:28:48 59313.437 54.370 Palomar/DBSP 1200 B600 1.5 3400–10000

1200 R316

2021 Apr 14 11:32:20 59318.481 59.023 Keck/LRIS 450 B400/3400 1.0 3000–10306

450 R400/8500

2021 May 10 10:56:35 59344.456 82.985 Keck/LRIS 3× 900 B400/3400 1.0 3000–10306

3× 903 R400/8500

2021 May 16 07:52:14 59350.328 88.402 Keck/LRIS 3× 900 B400/3400 1.0 3000–10306

3× 903 R400/8500

Note—The phase is calculated with respect to MJD 59254.5 (the estimated explosion date) and is given in the rest frame.

The data were bias subtracted and flat-field cor-

rected. For each individual exposure, the ordi-

nary (o) and extraordinary (e) beams were extracted

and wavelength-calibrated separately following standard

procedures within IRAF (Tody 1986). After removing
the instrumental polarization of FORS2 (Cikota et al.

2017), we derived the Stokes parameters, the bias-

corrected polarization, and the associated uncertain-

ties using our own routines, following the procedures
of Patat & Romaniello (2006), Maund et al. (2007),

Simmons & Stewart (1985), and Wang et al. (1997). A

detailed description of the reduction of FORS spectropo-

larimetry is given by Yang et al. (2020, their Appendix

A).

The Stokes parameters computed for each set of four

exposures are consistent with each other. We further

combined the two beams for o-ray and e-ray at each
retarder angle and derived the Stokes parameters. The

intensity-normalized Stokes parameters (I, Q, U) are

in 50 Å wide bins (∼ 22 pixels) to further increase the

signal-to-noise ratio (S/N). The results are presented in
Figure 5.

2.3.5. Lick 3m Telescope
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Figure 5. Spectropolarimetry of SN2021csp at ∼ 3.5 days
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(a) the scaled total-flux spectrum with C III, C IV, [O I], and
He I lines labeled at zero velocity relative to the SN; (b) the
polarization spectrum (p); and (c) the polarization position
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improve the S/N.

A single optical spectrum of SN 2021csp was obtained

with the Kast double spectrograph (Miller & Stone

1993) mounted on the 3 m Shane telescope at Lick Ob-

servatory. The spectrum was taken at or near the par-

allactic angle (Filippenko 1982) to minimize slit losses
caused by atmospheric dispersion. Data were reduced

following standard techniques for CCD processing and

spectrum extraction (Silverman et al. 2012) utilizing

IRAF routines and custom Python and IDL codes4.
Low-order polynomial fits to arc-lamp spectra were used

to calibrate the wavelength scale, and small adjustments

derived from night-sky lines in the target frames were

applied. Observations of appropriate spectrophotomet-

ric standard stars were used to flux calibrate the spectra.

2.3.6. Hubble Space Telescope

We obtained two sets of observations of SN 2021csp

with the Hubble Space Telescope (HST ), using both the

4 https://github.com/ishivvers/TheKastShiv
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Cosmic Origins Spectrograph (COS; Green et al. 2012)

and the Space Telescope Imaging Spectrograph (STIS;

Woodgate et al. 1998)5. The COS observations em-

ployed the G140L grating and the STIS observations
used the G230L grating. The first set of observations

was taken at 8.31 and 8.61 rest-frame days after our as-

sumed explosion time (for STIS and COS, respectively);

the second set was taken at 11.61 days (STIS) and 13.99

days (COS).
We use the pipeline reductions from the HST archive.

The first STIS spectrum has S/N about a factor of 10

lower than expected, likely due to a guiding problem.

This problem is not seen in the second STIS exposure or
with COS. The UV spectra are shown alongside optical

spectra obtained at similar times in Figure 6.

2.3.7. Palomar 200-inch Telescope

One spectrum of SN 2021csp was acquired with the

Double Beam Spectrograph (DBSP; Oke & Gunn 1982)

on the 5 m Hale telescope at Palomar Observatory

(P200). Observations were taken on 2021-04-09, using
the 600/4000 grating on the blue side and the 316/7150

grating on the red side. Data were reduced using the

DBSP-DRP fully-automated pipeline6.

2.3.8. Keck Observatory

Spectra of SN 2021csp were acquired on four separate

occasions with the Low Resolution Imaging Spectrome-

ter (LRIS; Oke et al. 1995) on the Keck I 10 m telescope.
The first observation was obtained on 2021-04-07 using

the B600/4000 blue-side grism and the R400/8500 red-

side grating; the remaining three observations (on 2021-

04-14, 2021-05-10, and 2021-05-16) were taken with the

B400/3400 grism and the R400/8500 grating. Weather
conditions were generally good except for the observa-

tion on 2021-05-10, which was taken under clear skies

but very poor seeing (2–3′′). Because of the different

readout times, the exposure durations on LRIS vary be-
tween the red and blue sides; in Table 2 we represent the

individual exposures with average exposure time (over

all exposures on both sides) for simplicity.

All spectra were reduced with LPipe (Perley 2019).

The two LRIS spectra in May do not show any dis-
cernible trace from the SN in the two-dimensional (2D)

frames. For the spectrum taken on 2021-05-16, we de-

termine the position of the SN along the slit via its offset

from the host nucleus (this slit was oriented across the
nucleus at a PA of −50◦) and extract the flux at this lo-

cation. We also separately extract the flux of the entire

5 program ID GO#16212 (PI Perley)
6 https://github.com/finagle29/dbsp drp

host galaxy along the slit for spectroscopic analysis of

the host. (For the observation on 2021-05-10, the seeing

is too poor to attempt separate site and host extrac-

tions, so we simply extract the host, but we do not use
this spectrum in our subsequent analysis.)

2.4. Multiwavelength

2.4.1. Swift/XRT

We observed the field with Swift ’s onboard X-ray Tele-
scope (XRT; Burrows et al. 2005) in photon-counting

mode, simultaneously with each set of UVOT observa-

tions (§ 2.2.3). There is no detection of the SN in any

of these observations. Using the online tool7 provided

by the UK Swift team (Evans et al. 2007, 2009), we in-
fer a median upper limit of ∼ 0.006 ct s−1 per epoch

at 3σ confidence. Stacking all data decreases the up-

per limit to 0.0008 ct s−1. Assuming a Galactic neutral

hydrogen column density of n(H) = 2.4 × 1020 cm−2

(HI4PI Collaboration et al. 2016) and a power-law spec-

trum with a photon index of 2, the count rates corre-

spond to an unabsorbed flux limit of 2.2 × 10−13 (for

the median visit) and 3.1 × 10−14 erg cm−2 s−1 (for the

stacked observation) in the bandpass 0.3–10 keV. At the
distance of SN 2021csp, this corresponds to luminosity

L < 3.8 × 1042 erg s−1 and L < 5.4 × 1041 erg s−1 at

0.3–10 keV, respectively.

2.4.2. Very Large Array

We obtained three epochs of Very Large Array (VLA)

observations of SN 2021csp: one each on 2021-02-17,

2021-03-10, and 2021-07-108 using the X-band receiver.
The correlator was set up in 3-bit mode with frequency

coverage from 8 GHz to 12 GHz. In each observation the

phase calibrator was J1430+1043 and the flux calibrator

was 3C286. Data were calibrated using the automated

pipeline available in the Common Astronomy Software
Applications (CASA; McMullin et al. 2007) and addi-

tional flagging was performed manually. Data were im-

aged using the clean algorithm (Högbom 1974) with

a cell size 1/10 of the synthesized beamwidth, and
a field size of the smallest magic number (10 × 2n)

larger than the number of cells needed to cover the

primary beam. The three observations all resulted in

no detection of the counterpart, with root-mean-square

(RMS) values of 5µJy, 5µJy, and 7µJy for the Febru-
ary, March, and July observations (respectively). The

equivalent 3σ limits on the source luminosity (Lν) are

2.6 × 1027 erg s−1 Hz−1 at 7 and at 26 rest-frame days

7 http://www.swift.ac.uk/user objects/
8 Program IDs 20B-205 and 21A-308; PI Ho

https://github.com/finagle29/dbsp_drp
http://www.swift.ac.uk/user_objects/
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Figure 6. Combined UV-optical spectral series showing the relative strengths of the narrow emission features at various
approximately coeval epochs (all times are rest-frame days from the assumed explosion time). Identified transitions are marked
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post-explosion, and 3.6 × 1027 erg s−1 Hz−1 at 104 rest-

frame days post-explosion.

2.4.3. High-Energy Counterpart Search

We searched the Fermi Gamma-ray Burst Monitor
(GBM) Burst Catalog (Narayana Bhat et al. 2016)9,

the Fermi-GBM Subthreshold Trigger list10, the Swift

Gamma-Ray Burst (GRB) Archive11, the Interplanetary

Network master list12, and the Gamma-Ray Coordinates
Network archives13 for a GRB between the last ZTF

nondetection and the first ZTF detection. The closest

event was one Fermi burst (GRB 210210B) 16◦ away,

but the association is unlikely given the size of the lo-

calization region. There was one IceCube event in the
relevant time interval, but owing to the 10◦ separation

we consider the association unlikely.

2.5. Host-Galaxy Photometry

We retrieved science-ready coadded images from SDSS
Data Release 9 (Ahn et al. 2012), UKIRT Infrared Deep

Sky Survey DR11Plus (Lawrence et al. 2007), and pre-

processed WISE (Wright et al. 2010) images from the

unWISE archive (Lang 2014). The unWISE images are

based on the public WISE data and include images
from the ongoing NEOWISE-Reactivation mission R3

9 https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
10 https://gcn.gsfc.nasa.gov/fermigbm subthresharchive.html
11 https://swift.gsfc.nasa.gov/archive/grb table/
12 http://ipn3.ssl.berkeley.edu/masterli.txt
13 https://gcn.gsfc.nasa.gov/gcn archive.html

(Mainzer et al. 2014; Meisner et al. 2017). In addition

to this, we use the UVOT observations that were ob-

tained either before the explosion of SN 2021csp or after

the SN had faded from visibility. The brightness in the
UVOT filters was measured with UVOT-specific tools in

HEAsoft. Source counts were extracted from the images

using a region of radius 10′′. The background was esti-

mated using a circular region with a radius of 33′′ close
to the SN position but not overlapping it. Count rates

were obtained from the images using uvotsource. They

were converted to AB magnitudes using the UVOT cal-

ibration file from September 2020.

We measured the brightness of the host using LAMB-
DAR (Wright et al. 2016), uvotsource, and the meth-

ods described by Schulze et al. (2021). Table 3 provides

the measurements in the different bands.

3. ANALYSIS

3.1. Light Curve

3.1.1. Explosion Time

SN 2021csp was identified prior to peak brightness and

upper limits shortly prior to discovery are available, per-
mitting a reasonably tight constraint on the time of first

light (defined here as the moment when optical photons

in excess of the progenitor luminosity are first able to

escape and travel freely toward the observer). We will
refer to this as the “explosion time” for simplicity, al-

though we emphasize that the data cannot actually sep-

arately distinguish the time of core collapse or shock

breakout.

https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
https://gcn.gsfc.nasa.gov/fermi gbm_subthresharchive.html
https://swift.gsfc.nasa.gov/archive/grb_table/
http://ipn3.ssl.berkeley.edu/masterli.txt
https://gcn.gsfc.nasa.gov/gcn_archive.html
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Table 3. Photometry of the
SN2021csp host galaxy

Survey/ Filter Magnitude

Telescope

Swift/UVOT UVW2 20.52± 0.16

Swift/UVOT UVM2 20.47± 0.07

Swift/UVOT UVW1 20.08± 0.10

SDSS u 19.51± 0.11

SDSS g 18.59± 0.03

SDSS r 18.11± 0.02

SDSS i 17.86± 0.03

SDSS z 17.64± 0.10

PS1 g 18.47± 0.04

PS1 r 18.06± 0.03

PS1 i 17.83± 0.05

PS1 z 17.75± 0.06

PS1 y 17.59± 0.17

UKIDSS J 17.66± 0.03

UKIDSS H 17.57± 0.07

WISE W1 18.06± 0.05

WISE W2 18.56± 0.06

Note—All magnitudes are reported in
the AB system and not corrected for ex-
tinction.

The most recent ZTF/P48 upper limit prior to the
discovery is from an observation at MJD 59254.52578

(g > 21.50 mag, 2.5σ), which is 1.94 days before the first

detection in the i band and 1.97 days prior to the first

detection in the g band. Assuming an early-time flux
evolution following F ∝ t2, the earliest explosion time

consistent with the g-band limit is MJDexp > 59254.0.

This limit is likely to be conservative, since the flux was

already turning over from a t2-like early behavior at the

time of the initial detections.
No upper limit can be formally placed on the time of

explosion other than the time of the first detection itself

since the rising phase is too short and poorly sampled

to be modeled effectively. The (very conservative) upper
limit is thus MJDexp < 59256.47. Given that the source

was already quite bright at this time, our general expec-

tation (supported by the blackbody modeling; §3.1.3) is

that the explosion time is probably closer to the begin-

ning of the constrained window.
Throughout the remainder of the paper we will ex-

press observation times in the rest frame relative to

MJD 59254.5, the approximate time of the last upper

limit and a reasonable guess of the time of explosion.
Expressed in this system, our constraint on the actual

time of explosion is −0.46 d < texp < 1.82 d.

3.1.2. Characteristic Timescale

To better quantify the rapid evolution of SN 2021csp
and compare it to other optical transients, we perform

a basic measurement of the characteristic evolutionary

timescales.

The rise time (trise, defined as the rest-frame time from

explosion to peak brightness) depends on the band, with
redder filters showing later peaks (and therefore longer

rise times). In the (observed) g band where the early

light curve is best sampled, the rise time is 1.8–4.0 rest-

frame days, with the large uncertainty originating pri-
marily from the uncertainty in the explosion time itself

(although following the arguments in § 3.1.1, times to-

ward the upper end of this range are likely more plau-

sible). The rise time is ∼ 1 day longer in r and ∼ 1.5

days longer in i and z.
For comparison to the light curves of other SNe, a

standard metric is the half-maximum time (t1/2), the

amount of time (rest frame) which the transient spends

at a flux level more than half of its maximum in some
wavelength band. This can be decomposed into sep-

arate half-rise (t1/2,rise) and half-fade (t1/2,fade) times,

the intervals over which the transient rises from half-

maximum to maximum brightness and fades from max-

imum to half-maximum brightness (respectively). The
smoothed interpolation of our g-band light curve gives

a half-rise time of t1/2,rise = 2.5 ± 0.5 days and a half-

fade time of t1/2,fade = 8.3 ± 1 days, for a total time

above half-max of t1/2 = 10.8 ± 1.2 days. (The r-band
timescale is somewhat slower, with t1/2 ≈ 15 days).

A comparison between the characteristic timescales

and luminosities of SN 2021csp and similarly-measured

estimates for a variety of other “fast” transients is

shown in Figure 7. SN 2021csp is much more extreme
than SN 2019hgp and fits in well with the population

of spectroscopically-unclassified fast and luminous opti-

cal transients from the works of Drout et al. (2014) and

Pursiainen et al. (2018) (gray circles).
More recently, Ho et al. (2021a) compiled a large cat-

alog of rapidly-evolving events with spectroscopic clas-

sifications from the ZTF high-cadence surveys (1 day

cadence or faster), and Perley et al. (2020) produced

a spectroscopically-complete catalog of events from the
ZTF public Bright Transient Survey (3 day cadence).

The samples from these two surveys are added to Fig-

ure 7 for comparison. Consistent with its spectroscopic

properties, SN 2021csp is sited in the same region of pa-
rameter space occupied by interaction-dominated tran-

sients (primarily SNe Ibn and fast SNe IIn; see Ho et al.

2021a). However, it is among the most luminous ex-

amples of this group and also one of the fastest-rising,
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Figure 7. Characteristic timescales for SN2021csp compared to the known population of core-collapse transients from the
ZTF Bright Transient Survey (Perley et al. 2020) and to fast transients (t1/2 < 12 days) from the literature (Drout et al. 2014;
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bringing it closer to the “Cow-like” radio-loud popula-
tion in the top left of Figures 7a-b.

3.1.3. Blackbody modeling

To obtain common-epoch spectral energy distribu-

tions (SEDs), we define a set of standardized epochs

(chosen to be close in time to actual multiband mea-

surements) and use a combination of local regression
smoothing and spline fitting to obtain interpolated light-

curve measurements for all available filters at each point.

After correcting for Galactic extinction, we then fit a

Planck function to each set of fluxes to determine the
effective temperature, photospheric radius, and lumi-

nosity. The host-galaxy extinction EB−V,host is initially

assumed to be zero (based on the face-on geometry of

the host, the outlying location of the event, and the lack

of narrow absorption lines from the interstellar medium
in the spectra), but we later repeat the procedure under

different assumptions about the host reddening. The

SED fits are shown in Figure 8.

The physical parameters (blackbody luminosity, ra-
dius, and temperature) derived from these fits are shown

in Figure 9 (and provided in Table 4), where they are

compared with a variety of other fast and/or luminous

transients measured using similar approaches. The fast

rise to peak brightness implies an initial velocity that
is very high (∼30000km s−1), akin to what is seen in

SNe Ic-BL.

The subsequent evolution is generally normal, in the
sense that the luminosity and temperature decline while

the photospheric radius increases, reaches a maximum,

and then recedes into the cooling ejecta. The final two

points should be treated with caution, since at this point

the spectrum has heavily diverged from a simple black-
body (Fig. 4) and the UV emission is weak or absent.

We examined whether the possibility of host extinc-

tion would alter any of the above conclusions. For a

Milky Way-like reddening law (Fitzpatrick 1999), the
maximum potential extinction permitted by our SED

models is EB−V,host = 0.15 mag (higher extinction val-

ues lead to poor fits at early times because the corrected

fluxes become too blue for a blackbody model.) The

inferred luminosity and temperature both increase sig-
nificantly at early times in this scenario, but the radius

measurements are affected by only 10–20% (see dotted

lines in Fig. 9). For the remainder of the discussion we

will continue to assume EB−V,host = 0.
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Figure 8. Blackbody fits to interpolated SEDs at various post-explosion rest-frame times. Error bars show 2σ uncertainties.

Table 4. Results of blackbody modeling

MJD t log10(L) log10(R) log10(T )

(d) (erg s−1) (cm) (K)

59257.20 2.49 44.33+0.17
−0.28 14.88+0.10

−0.06 4.45+0.07
−0.12

59258.00 3.23 44.17+0.15
−0.02 14.98+0.01

−0.07 4.37+0.07
−0.00

59259.00 4.15 44.00+0.04
−0.03 15.06+0.02

−0.03 4.28+0.02
−0.01

59260.00 5.07 43.86+0.04
−0.02 15.12+0.02

−0.03 4.21+0.02
−0.01

59261.00 6.00 43.74+0.04
−0.02 15.15+0.03

−0.03 4.17+0.02
−0.02

59262.00 6.92 43.62+0.03
−0.02 15.18+0.02

−0.03 4.13+0.02
−0.01

59264.00 8.76 43.46+0.02
−0.02 15.21+0.03

−0.03 4.07+0.02
−0.01

59268.00 12.45 43.23+0.03
−0.02 15.25+0.03

−0.03 4.00+0.02
−0.02

59271.00 15.22 43.13+0.03
−0.03 15.25+0.03

−0.03 3.97+0.02
−0.02

59285.00 28.14 42.80+0.04
−0.03 15.10+0.04

−0.04 3.96+0.02
−0.02

59293.00 35.52 42.55+0.06
−0.04 15.04+0.05

−0.06 3.93+0.05
−0.03

Note—Uncertainties are statistical only and do not include
systematic effects associated with the unknown host ex-
tinction (AV = 0 is assumed) or deviations of the true
spectral shape from a single-temperature blackbody.

3.2. Spectral analysis

The spectroscopic sequence in Figure 4 shows two dis-

tinct regimes. At 2–10 days, the spectra are character-

ized by a hot, blue continuum superimposed with strong,

narrow P Cygni features (“narrow phase”). After 16

days, the narrow lines have disappeared completely and
a series of broad features with velocities characteristic

of SN ejecta emerge instead (“broad phase”). The spec-

trum in between these two periods (i.e., 10–16 days)

exhibits a brief transitional state in which most of the
narrow optical features have vanished but C II remains

and the UV P Cygni features also remain very strong,

and whereas broad features are becoming evident in the
spectrum they are still weak and indistinct. We summa-

rize the key features of the two spectral regimes below.

3.2.1. Narrow-phase spectra

All identified strong lines spanning the UV to 8000 Å

are shown in Figure 6 (and listed in Table 5), with
close-up views of various strong features presented in

Figure 10. Almost all of the identifiable lines are as-

sociated with oxygen, carbon, silicon, or magnesium.

He II λ4686 may be present in a blend with the C III

λ4656 feature, although because of the high veloci-

ties this cannot be conclusively established. However,

He Iλ5876 is clearly seen. Some of the later spectra

show a P Cygni feature close to the position of Hαλ6563,

although more likely this feature originates from a com-
bination of C IIλ6580 (which persists longer than the

other lines) and host-galaxy narrow emission. Most line

profiles have a P Cygni shape, with blueshifted absorp-

tion and emission that may be either net blueshifted or
net redshifted depending on the line and phase. The far-

UV Si lines are seen only in emission, as is C IIIλ5696.

Despite being qualitatively characterized as narrow

lines, the velocities inferred from these features are quite
high. The deepest point of absorption in the strong

lines from the early, high-S/N optical spectra is at

−2200 km s−1, with a maximum blueshift (blue edge) of

−3000 km s−1. The inferred velocities in the UV (where
the transitions are much stronger) are even higher; the

C IVλ1548 line shows almost-total absorption out to

−2000 km s−1 but weaker absorption out to a maximum

blueshift of approximately −4500 km s−1.
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Figure 9. Evolution of photospheric parameters estimated
from blackbody fits to the UV-optical SED of SN 2021csp
during the first month. The solid black curves show re-
sults assuming no host-galaxy extinction; the solid gray
curves assume EB−V,host = 0.15 mag. Various compar-
ison objects with fast early evolution from the literature
are shown for comparison: SN2008D, a “normal” SN Ib
(Modjaz et al. 2009), SN2020bvc, a “normal” SN Ic-BL
(Ho et al. 2020b), SN2018gep (a strongly interacting SN Ic-
BL; Ho et al. 2019a; Pritchard et al. 2021), and AT2018cow
(an extreme FBOT which did not develop any late-time SN;
Perley et al. 2019). The radii of all of these explosions are
similar at ∼ 5 days post-explosion, indicating similar ejecta
velocities (v ≈ 0.1c). Different evolution sets in at later
phases. (Note: the late-time rapid downturn is not shown
here owing to the lack of UV photometry to constrain the
temperature after 35 days.)

Table 5. Spectral Lines

Line Rest wavelength

(Å)

C II 1036

Si IV 1062

Si IV 1073

C III 1175.7

C III 1247.38

O Ia 1302

C IIa 1335

Si IV 1393.76

Si IV 1402.77

C IV 1548

Al III 1854.73

Al III 1862.79

C III 1908

C III 2010.1

C III 2296.87

C II 2324

C IV 2404.77

He II 2511.4

Mg II 2800

C IV 3765

C III 4658

He II 4686

O I 5577

C IV 5801

C III 5695.92

He I 5876

C II 6580

C II 7234

Note—Narrow (CSM)
lines identified in the UV
and optical spectra of
SN2021csp and shown in
Figures.

aUncertain line association

A comparison between the peak-light spectra of

SN 2021csp, the prototypical Type Icn SN 2019hgp, and

two SNe Ibn (SN 2019uo and SN 2010al) is displayed

in Figure 11. The spectrum of SN 2019uo is the clas-
sification spectrum from the Transient Name Server

(Fremling et al. 2019); the spectrum of SN 2010al is

taken from Pastorello et al. (2015a). The spectrum of

SN 2021csp strongly resembles that of SN 2019hgp, al-
though it lacks some of the transitions seen in that SN

(e.g., O III). The line widths in SN 2019hgp are some-

what broader. The features in the SNe Ibn originate

from different transitions (mainly He I) and are much
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assumed explosion epoch.)
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Figure 12. UV spectra of SN2021csp compared with those of two SNe Ibn. The early-time spectrum of SN2021csp is compared
to the Type Ibn SN2020nxt (Fox et al. 2021, in prep.); the later spectrum is compared to the (later-phase) observation of the
Type Ibn SN2010al (Kirshner et al. 2010).
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weaker than those of either SN Icn, although the line

profiles are qualitatively similar.

A comparison with two SNe Ibn in the UV

(SN 2020nxt and SN 2010al; Fox et al. 2021, in prep.;
Kirshner et al. 2010) is provided in Figure 12. Some

common transitions are apparent at these wavelengths,

most notably the resonance lines of Si IVλ1402 and

C IVλ1548, which have similar strengths and profiles.

The remaining features are quite different: SN 2021csp
shows a number of carbon features absent in SNe Ibn,

while the very strong doublet N Vλλ1238,1242 is seen

in both SNe Ibn but is absent entirely in the Type Icn

SN 2021csp. Also, while the characteristic velocities are
similar, the high-velocity component (4000 km s−1) in

absorption and emission seen in SN 2021csp is not clearly

visible in either of the SNe Ibn — although the issue

is somewhat confused by contamination with other fea-

tures and the different phases of the observations.

3.2.2. Broad-phase spectra

The broad lines are somewhat indistinct at 10–15
days, but by 16 days the characteristic late-time spec-

trum has clearly emerged. The flux is strongest in the

blue, with maxima at 4600 Å, ∼ 5300 Å, and ∼ 6400 Å.

The relative strength of these features increases grad-

ually with time, but neither their shapes nor central
wavelengths change much. A notable exception is the

Ca II near-infrared triplet at ∼ 8540 Å: not apparent

at all prior to ∼ 30 days, it rapidly rises to become

the dominant emission feature in our final spectrum at
53 days. The maximum velocity (at zero intensity) of

this feature on the blueshifted side is ∼ −10000km s−1,

characteristic of nebular-phase stripped-envelope SNe.

The identity of the remaining features is less clear.

While the late-phase spectra show some similarities to
those of SNe Ic, the strong blue and near-UV contin-

uum differs dramatically from the line-blanketed post-

peak spectra of any normal member of this class (in-

cluding SNe Ic-BL). Instead, the continuum strongly re-
sembles those of SNe Ibn at similar phases, although

the narrow He I lines characteristic of SNe Ibn at these

phases are absent. A comparison between SN 2021csp,

SN 2019hgp, and two late-phase SNe Ibn (SN 2006jc

from Pastorello et al. 2007 and SN 2020eyj from Kool
et al. 2021, in prep.) is shown in Figure 13. The blue

pseudocontinuum seen in SNe Ibn has been attributed

to a forest of blended Fe II lines provided by fluores-

cence in the inner wind or post-shock gas (Foley et al.
2007; Chugai 2009; Smith et al. 2009; Pastorello et al.

2015b), and its presence here suggests that strong CSM

interaction is continuing even after the narrow lines have

faded.

3.3. Polarimetry

An upper limit on the interstellar polarization (ISP)

induced by dichroic extinction of Milky Way-like dust

grains is given by pISP < 9 × EB−V (Serkowski et al.

1975). Therefore, we set an upper limit on the ISP
from the Galactic component as 0.24%. We assume a

host AV = 0 mag (§3.1.3). We evaluated a continuum

polarization level of ∼ 0.3% by computing the error-

weighted Stokes parameters in the optical range after

excluding the prominent spectral features and telluric
ranges. Therefore, without a careful determination of

the ISP from the SN host, we suggest that the contin-

uum polarization of the SN is less than ∼ 0.5%.

There is no strong polarization signal associated with
any of the narrow-line features, although the wavelength

bins in the vicinity of flash-ionized narrow P Cygni fea-

tures of ionized C III and C IV (labeled in Fig. 5) do

show a polarization excess of ∼ 0.4% above the contin-

uum level at ∼ 5σ significance, which may be an indica-
tor of some (limited) asymmetry in the explosion and/or

CSM.

Assuming a limiting polarization of 0.5%, the axis ra-

tio of the photosphere can be limited to . 1.3 assuming
an ellipsoidal surface with a Thomson optical depth of

5 and a radial CSM density profile of n(r) ∝ r−n, with

an index n in the range 3–5 (Höflich 1991).

3.4. Radio Analysis

SN 2021csp was not detected in any of our radio ob-

servations. The radio limits do not rule out a light curve

similar to that seen in ordinary SNe, but the luminosity
limits derived from the second and third measurements

are significantly below the light curves of AT 2018cow or

AT 2020xnd at comparable epochs (Ho et al. 2021a). A

comparison between the upper limits and some previous

SN radio light curves is shown in Figure 14.

3.5. Host Galaxy

We modeled the host-galaxy SED with the software
package prospector (Leja et al. 2017) using the proce-

dures of Schulze et al. (2021). We assumed a Chabrier

initial mass function (Chabrier 2003), approximated the

star-formation history (SFH) by a linearly increasing

SFH at early times followed by an exponential decline
at late times (functional form t× exp (−t/τ)), and used

a Calzetti et al. (2000) attenuation law.

Figure 15 shows the observed SED and its best fit.

The SED is adequately described by a galaxy template
with a mass of log(M/M⊙) = 9.67+0.13

−0.23 and a star-

formation rate of 0.69+0.53
−0.16M⊙ yr−1.

Emission-line fluxes were extracted from the late-time

Keck spectrum (using the observation from 2021-05-16,
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Figure 13. The late-time spectrum of SN 2021csp (from Keck/LRIS) compared to Type Icn SN2019hgp (Gal-Yam et al. 2021b)
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Figure 14. 3σ upper limits on the radio luminosity
of SN2021csp, compared to rapidly-evolving transients re-
ported by Ho et al. (2021a) and other events from the lit-
erature: the radio-loud (“Cow-like”) FBOTs AT2018cow
(Coppejans et al. 2020), AT2020xnd (Ho et al. 2021b), and
AT2021lug (Ho et al. 2020a); the GRB-associated broad-
lined SN Ic-BL 1998bw (Kulkarni et al. 1998; Wieringa et al.
1999); the “normal” Type Ic-BL SN2020bvc (Ho et al.
2020b, and work in prep.), the strongly-interacting Type Ic-
BL SN2018gep (Ho et al. 2019a); and the “normal” Type Ic
SN2020oi (Horesh et al. 2020). A radio counterpart as lumi-
nous as that seen in radio-loud FBOTs can be ruled out, but
not a fainter source such as what was observed in SN2020oi
or SN2020bvc.

Figure 15. SED of the host galaxy of SN2021csp (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.

which covered the host nucleus and was taken after the
transient had faded; we use a custom extraction covering

the entire host). We measure the following line fluxes

for Hα, Hβ, [O III]λ5007, [O III]λ4959, and [N II]λ6584

of 42.2 ± 0.4, 10.8 ± 0.7, 14.1 ± 0.8, 4.3 ± 0.6, and

11.0 ± 0.4, respectively (units of ×10−16 erg cm−2 s−1;
no extinction correction has been applied). We estimate

the metallicity at the galaxy center using the O3N2 in-

dicator with the calibration reported by Marino et al.
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(2013). The oxygen abundance of 12 + log(O/H) =

8.35 ± 0.01 translates to a moderately low metallicity

of (0.46± 0.01)Z⊙ (assuming a solar oxygen abundance

of 8.69; Asplund et al. 2009).

3.6. Summary of Observational Properties

The key observational features of SN 2021csp are sum-
marized below.

• SN 2021csp exhibits three distinct phases. At early

times (< 10 days), the temperature is very high

but rapidly cooling, and the spectra are domi-

nated by strong, narrow P Cygni features of C
and O. At 20–60 days, the spectra are dominated

by broad features and there is comparatively little

color evolution; the light curve declines gradually.

After 60 days, the light curve fades very rapidly

and the transient disappears (absolute magnitude
Mr > −13) by 80 days.

• The spectra are dominated by C and O, with Si

also evident in the UV and an Fe pseudocontinuum

visible in the broad-component phase in the blue.
Compared with SNe Ibn, He is weak while N and

H are absent. The strength of the narrow lines is

greater than in any known SN Ibn close to peak

brightness, but narrow lines are lacking entirely at
late times.

• Several characteristic velocities are evident. The

“narrow” features show maximum absorption

at 2000 km s−1 with a maximum velocity of

4500 km s−1, indicative of the velocity of the CSM.
The early photospheric modeling indicates the ex-

istence of a high-velocity ejecta component with

30000 km s−1. Late-phase optical spectra suggest

a characteristic ejecta velocity of 10000km s−1.

• The very fast rise (3 days) and high peak luminos-

ity (Mg ≈ −20 mag) are consistent with common

definitions for an “FBOT”, but these values are

not unusual for SNe Ibn, many of which have also
been shown to be “FBOTs” (Ho et al. 2021a).

• There is no detection of a radio or X-ray counter-

part. The limits rule out an AT 2018cow-like event

or GRB, but not most classes of normal SNe.

• The transient occurred in the outer regions of a

moderately low-mass, star-forming spiral galaxy.

Key observational parameters are summarized for con-

venience in Table 6.

Table 6. Key properties of SN2021csp

Property Value Description

z 0.084 Redshift

trise 1.8–4.0 days Rise time to peaka

t1/2,rise 2.5± 0.5 days Time from half-max to peaka

t1/2,fade 8.3± 1 days Time to decay to half-maxa

Mg,peak −20.1 Peak g absolute magnitude

Mr,peak −19.8 Peak r absolute magnitude

Lbol,peak 2×1044 erg s−1 Peak observed UVOIR luminosity

Erad 1050 erg Total UVOIR radiative output

vCSM −2200 kms−1 Velocity of deepest absorption

vmax −4500 kms−1 Max. blueshift of narrow lines

vphot −30000 km s−1 Photospheric expansion velocity

M∗,host 4.7×109 M⊙ Host stellar mass

SFRhost 0.69 M⊙yr−1 Host star-formation rate

12+log[O/H] 8.35± 0.01 Host oxygen abundance

aTimes are in the rest-frame and are in the observed g-band (λrest ∼

4500 Å).

In the following section we interpret these observations

in the context of the progenitor star, its CSM, and the
nature of the explosion itself.

4. DISCUSSION

4.1. A Highly Chemically-Evolved Progenitor

The spectra reveal a progenitor star that has lost all

of its H, and which is also depleted in He and N. These
properties describe both the narrow (CSM) features and

the broad (ejecta) features, and it is clear that the SN

represents the explosion of a heavily stripped star into

a dense nebula of material recently expelled from its

surface.
An important question is whether the weak He fea-

tures indicate a qualitatively distinct composition from

SNe Ibn or merely a difference in ionization. Helium

can be a notoriously difficult element to interpret in
SN spectra, since non-LTE effects are required for He

features to be observable (Li et al. 2012; Dessart et al.

2012). The almost complete lack of N (alongside that

of He) supports the case that the composition is gen-

uinely distinct from that of SNe Ibn. In H-burning mas-
sive stars, the CNO cycle continuously converts H to He

but also converts most existing C and O to N; CNO-

processed material is expected to have XN/XC & 10

(Gamow 1943; Crowther 2007). In contrast, during the
He-burning phase, He is converted to C and O via the

triple-alpha process, but N is simultaneously consumed

by conversion to Mg and Ne, leaving it heavily depleted.

The absence of detectable N in the UV provides evidence
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that by the time of explosion virtually the entire remain-

ing star (including its surface, as revealed by the CSM)

had experienced triple-alpha processing.

As noted by Gal-Yam et al. (2021b), the velocities and
abundance patterns in SNe Ibn vs. SNe Icn strongly par-

allel what is seen in WR (WN vs. WC) stars. This does

not guarantee that the progenitors are WR stars similar

to the ones seen in the Milky Way and nearby galaxies;

indeed, in §4.2 we demonstrate that the properties of
the SN Ibn/Icn progenitor stars shortly before explosion

must be quite different from known WR stars. However,

these properties do suggest that the SN Ibn/Icn progen-

itors must share two essential characteristics with WR
stars: surface abundance patterns from envelope strip-

ping, and high-velocity mass loss.

4.2. Dramatically Enhanced Pre-explosion Mass Loss

The fast evolutionary timescale SN 2021csp (a very

fast rise, followed by a rapid decline) can only be prac-

tically explained by CSM interaction, for reasons de-
tailed in previous works on similarly rapid and lumi-

nous objects (e.g., Rest et al. 2018): the decline is too

fast if radioactive decay of heavy elements is responsi-

ble for the heating, but the rise is too slow (and the

peak too luminous) to be shock cooling of a super-
giant envelope. Qualitatively, this is consistent with the

spectroscopically-inferred notion of a CSM-interacting

transient, and indeed our early-time observations pro-

vide some of the most direct evidence yet that fast-rising
blue transients (of all spectroscopic types) do indeed re-

sult from strong CSM interaction. However, the prop-

erties of the CSM are quite extreme for a WR wind.

The SN reaches a peak luminosity of ∼ 2×1044 erg s−1

on a timescale of only 3 days, and over the course of
the first 10 days (when interaction is the only viable

source of energy deposition) the radiative energy release

is ∼ 1050 erg. While this is only a few percent of the

kinetic-energy budget of a typical SN, substantial CSM
is required to decelerate the ejecta over this timescale.

For a SN powered by CSM interaction, the pre-SN

mass-loss rate can be related to the observed bolometric

luminosity in a simple way assuming basic physical prin-

ciples (see also Smith 2017b). A star losing mass isotrop-
ically at a constant velocity vCSM but potentially vari-

able mass-loss rate Ṁ will produce a wind nebula with

density profile ρ(r) = Ṁ/(4πr2vCSM). The SN shock

then expands into this nebula at a speed vej, sweeping
up matter at a rate dM/dt = vejρr

2 = vejṀ/(4πvCSM).

In the SN shock frame, this matter is suddenly deceler-

ated and its kinetic energy is converted to heat; some

fraction ǫ of this energy is then released as thermal ra-

diation. Thus, the luminosity is related to the mass-loss

rate as

Lbol =
1

2
ǫṀ

(

v3ej
vCSM

)

.

For a variable mass-loss rate, the SN luminosity at

post-explosion time t probes the mass-loss rate at pre-

explosion time −t(vej/vCSM).
For SN 2021csp, we have vCSM ≈ 2000 km s−1 (from

early-time spectra), and vej ≈ 30000km s−1 (from pho-

tospheric modeling). For these parameters the mass-loss

rate is

Ṁ = 0.24

(

L

1044 erg s−1

)

( ǫ

0.1

)−1

M⊙ yr−1.

Thus, at a time mapping to the bolometric peak of
the light curve (+3 days post-explosion, probing mass

loss −45 days pre-explosion), the equivalent mass-loss

rate of the star must have been close to 0.5M⊙ yr−1.

This is ∼ 4 orders of magnitude higher than what is
seen in typical WR stars (e.g., Barlow et al. 1981; Smith

2017a) — or, indeed, any stars other than luminous blue

variables (LBVs) undergoing giant eruptions.

The narrow lines largely disappear by 16 days, al-

though we have reason to believe (§4.3) that interaction
continues to be the dominant power source of the light

curve over the remainder of the evolution of the SN. Un-

der the simplistic assumptions above, the mass-loss rate

1 yr prior to explosion was ∼ 0.02M⊙ yr−1 while 3 yr
prior to explosion it was 0.005M⊙ yr−1, which is still a

factor of 100 greater than for typical WR stars.

Based on this, we conclude that the dense and fast

CSM indicated by our spectroscopy originates from a

pre-explosion giant eruption rather than a WR wind.
The very close separation in time between this eruption

and the explosion (10−4 of the lifetime of the WR phase)

is unlikely to be a coincidence and suggests that the star

was undergoing a period of extreme instability, possibly
brought on by late stages of nuclear burning, as has been

inferred indirectly from observations of a variety of SNe

(Yaron et al. 2017; Bruch et al. 2021; Strotjohann et al.

2021) including at least one SN Ibn (Foley et al. 2007;

Pastorello et al. 2007).
This is not in contradiction to the notion that a WR

star is responsible for the explosion. The light curves

and spectra of SN 2021csp show that the interaction

phase is very short-lived: once the zone of CSM orig-
inating from the pre-explosion eruption has been tra-

versed by the shock, the interaction signatures disap-

pear and the optical luminosity plummets, consistent

with the explosion expanding into a more tenuous wind
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Figure 16. The optical (r-band) light curve of SN 2021csp
compared to those of several other transients likely arising
from stripped-envelope stars: SN1998bw (Patat et al.
2001; Clocchiatti et al. 2011), SN2018gep (Ho et al.
2019a), SN1994I (Richmond et al. 1996), ASASSN-15ed
(Pastorello et al. 2015b), and AT2018cow (Perley et al.
2019). The dotted segment connects the final detection with
the deep late-time upper limit.

from that point onward. This behavior is quite different
from that of SNe IIn (which typically continue to inter-

act with CSM for years) but similar to that of all but a

few SNe Ibn.

4.3. A Low Radioactive Mass

While the spectra become dominated by broad ejecta
features from 15 days and the luminosity remains high

for several weeks thereafter, it is notable that the spec-

tra during this phase do not resemble those of normal

SNe Ib/c: the identifiable features are mostly in emis-
sion (not absorption) and the “temperature” (a loose

concept since the spectra no longer resemble a black-

body) remains high. Similar behavior is seen in SNe Ibn,

and can be interpreted as the consequence of an in-

version of the usual temperature geometry: ejecta are
being heated from the shock at the front (producing

an emission-dominated spectrum), rather than from ra-

dioactive decay from beneath (responsible for the more

typical absorption-dominated spectrum). The distinc-
tion from earlier phases is that the optical depth of the

pre-shock material has dropped, and the photosphere

has receded behind the shock (which may include swept-

up CSM material).

This alone does not rule out the presence of radioac-

tive heating as well: out to 60 days SN 2021csp is still

quite luminous for a SN and it is easy to imagine a “typi-

cal” SN Ib/c explosion buried behind the optically thick
shock photosphere — as is generally presupposed (al-

though rarely demonstrated; Pastorello et al. 2015b) to

exist in SNe Ibn. However, the late-time photometric

limits provide strong constraints on radioactive heating.

Ordinary (noninteracting, nonsuperluminous)
stripped-envelope SNe exhibit two light-curve phases:

optically thick and optically thin. The optically-thick

phase is powered primarily by the decay of 56Ni to
56Co and manifests as a gradual rise, peak, and de-
cay; the characteristic timescale is set by the diffusion

time within the ejecta but is typically about two weeks.

The optically-thin phase is typically powered by the

subsequent decay of 56Co to 56Fe and follows an expo-

nential curve (linear in time-magnitude space) set by
the half-life of 56Co. The nickel-heated phase is not

constrained by SN 2021csp, since it is overwhelmed by

CSM interaction14, but the data strongly constrain the

presence of a cobalt exponential-decay tail. Figure 16
plots the r-band light curve of SN 2021csp versus that

of a number of other stripped-envelope SNe, including

the well-studied low-luminosity Type Ic SN 1994I. The

light-curve limit can be seen to fall well below even

SN 1994I at late times, demonstrating that SN 2021csp
was quite ineffective at producing cobalt (and therefore

nickel).

Using the empirical method of Hamuy (2003) to

convert our late-time r-band limit to a constraint on
the radioactive mass, we estimate MNi < 0.006M⊙,

which is lower than what has been inferred for vir-

tually any well-studied SN Ic to date (Hamuy 2003;

Kushnir 2015; Anderson 2019; Sharon & Kushnir 2020;

Afsariardchi et al. 2021). This method assumes full
gamma-ray trapping, which is not a good assump-

tion if the ejecta mass is low. To account for

this, we employ the gamma-ray trapping prescriptions

from Clocchiatti & Wheeler (1997) and Sollerman et al.
(1998) to calculate the luminosity at 80 days for var-

ious combinations of Mej and MNi, and compare this

with the limiting measurement. We have assumed an

opacity κγ = 0.03 cm−2 g−1, a canonical kinetic en-

14 After the initial submission of this manuscript, a separate, in-
dependent paper on this event (Fraser et al. 2021) was posted,
attributing the emission at t > 20 days to radioactive heating
from 0.4 M⊙ of 56Ni within 2 M⊙ of ejecta (their Figure 9).
This model is ruled out by our deep late-time limits, which fall
almost an order of magnitude below the prediction of their model
at 80 days (3 × 1041 erg s−1 in their model vs. Lbol < 6 × 1040

erg s−1 from our upper limit).
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ergy of 1051 erg, and a bolometric correction of Mbol −

Mr = 0, characteristic of late-time stripped-envelope

SNe (Lyman et al. 2016).

The result is plotted in Figure 17 (green shading de-
notes the allowed region). A strong constraint on the

radioactive mass (MNi < 0.03M⊙) can be placed even

if the ejecta mass is low. For ejecta masses character-

istic of the successful explosion of a WR star, the con-

ditions converge to the full-trapping approximation and
the limit is much stronger (MNi < 0.008M⊙).

These limits are well below typical values for known

Type Ib/c supernovae. For comparison in Fig-

ure 17 we plot the estimated ejecta and nickel masses
for stripped-envelope SNe from a variety of litera-

ture sources (Barbarino et al. 2021; Anderson 2019;

Taddia et al. 2019; Gagliano et al. 2021; Srivastav et al.

2014; Stritzinger et al. 2009; De et al. 2018a,b, 2020;

Yao et al. 2020, and the compilation of Tanaka et al.
2009). Most such events are within the ruled out region

of the diagram, suggesting that SN 2021csp cannot sim-

ply represent a “normal” SN Ic exploding into a dense

CSM.
A few atypical SNe do have very low ejecta masses

(and nickel masses) that land within the permitted re-

gion. Events of this nature have sometimes been called

“ultra-stripped” SNe (e.g., De et al. 2020; Yao et al.

2020) due to the need for extremely efficient stripping
by a binary companion to explain their origins in terms

of a massive star. SN 2021csp could originate from such

an event, although some other aspects of the explosion

are not well-explained in this model: we will discuss this
further in §5.1.

The limits above would be alleviated somewhat if

some of the late-time luminosity were obscured by dust

produced in the SN shock. Dust formation has been in-

ferred at late times in at least one SN Ibn (SN 2006jc;
Smith et al. 2008; Mattila et al. 2008) and has been ap-

pealed to as a partial explanation for the similarly faint

late-time emission from that event. It is difficult to

rule this scenario out entirely, as we lack late-time near-
infrared photometry with which to search for dust emis-

sion that would be predicted in this scenario. However,

newly-formed dust should not conceal the blue wings of

the emission lines (which originate from material at the

front of the ejecta). Our spectrum at 88 days shows no
evidence for blueshifted Ca II emission, suggesting that

the line did in fact intrinsically disappear. More gener-

ally, dust formation would have to be extremely rapid

(progressing from virtually nonexistent at ∼ 50 days to
AV > 2 mag at 80 days) and the covering fraction would

have to be very high (> 0.9). We therefore argue that
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Figure 17. Constraints on the ejecta mass and the
amount of radioactive nickel synthesized in the explosion of
SN 2021csp as inferred from the deep late-time NOT observa-
tion at 80d (assuming no self-obscuration). The “Permitted”
region shows the part of parameter space consistent with this
observation; the “Ruled out” region shows parameter com-
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ate region is the part of parameter space predicting a flux
up to twice that observed, and may be permitted given un-
certainties in the models. Previous Type Ib/c SNe from the
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dust formation is unlikely to explain the late-time rapid

fading.

4.4. Rate Constraints

SNe Icn are clearly rare events: the first exam-
ple was identified in 2019 (SN 2019hgp, presented by

Gal-Yam et al. 2021b) with only two others discov-

ered thereafter (SN 2021csp, presented here; SN 2021ckj,

Pastorello et al. 2021). SNe Ibn are not common either:
only 38 are catalogued on the Transient Name Server

as of July 2021, compared to 8700 SNe Ia (which have

similar peak luminosities and are detectable to similar

distances). Naively, this suggests that the SN Ibn rate

is 0.4% of the SN Ia rate, with SN Icn rarer by at least a
factor of 10. Given the relative SN Ia and core-collapse

SN (CCSN) volumetric rates (e.g., Graur et al. 2011),

this translates to ∼ 0.1% of all CCSNe being of Type

Ibn and ∼ 0.01% of Type Icn.
This calculation neglects differences in the luminos-

ity function and control times of the various events, as

well as any bias in spectroscopic follow-up observations

and reporting. A more robust limit can be calculated
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from the spectroscopically-complete ZTF Bright Tran-

sient Survey (Fremling et al. 2020; Perley et al. 2020).

A detailed calculation of the volumetric rates of var-

ious CCSN subtypes from BTS will be presented in
future work. For now, we use the methodology from

Perley et al. (2020) (including new discoveries through

summer 2021) to estimate the SN Ibn rate for peak ab-

solute magnitudes brighter than −17.5 to be 0.1%–0.5%

of the total CCSN rate. If we assume that SNe Icn fol-
low a similar luminosity distribution as SNe Ibn, the

corresponding rate estimate for SNe Icn is ∼ 0.005%–

0.05% of the total CCSN rate. Regardless of the precise

numbers, SNe Ibn/Icn must be very rare explosions.

4.5. An Intermediate-Mass Host Galaxy

The integrated properties of the host galaxy are

similar to those of the Large Magellanic Cloud

(LMC) and generally typical of star-forming galax-

ies. Figure 18 shows basic properties (mass and
star-formation rate) compared to a variety of CC-

SNe from the iPTF survey (Schulze et al. 2021); we

have also plotted the host galaxies of all four pub-

lished AT 2018cow-like events with radio detections
(Perley et al. 2019; Coppejans et al. 2020; Ho et al.

2020a; Lyman et al. 2020; Perley et al. 2021b) and

SN 2019hgp (Gal-Yam et al. 2021b). The host of

SN 2021csp lies in the middle of the distribution on the

star-forming main sequence. It is also well within the
distributions of the hosts of known SNe Ibn and SNe Ic-

BL. Thus, for none of these classes is there strong evi-

dence that a highly unusual progenitor (e.g., extremely

metal-poor, ultramassive, or otherwise requiring prop-
erties not present within typical massive galaxies) is re-

quired. Much larger samples of SNe Icn (and SNe Ibn)

will be needed to examine the implications for the na-

ture of the progenitors in detail.

5. INTERPRETATION

To summarize, SN 2021csp represents the explosion of

a H/He/N-depleted star into CSM produced by rapid

mass loss from the progenitor at very high velocities,

likely in the form of an (unobserved) pre-explosion giant

eruption. The explosion itself included very fast ejecta,
yet synthesized relatively little radioactive nickel: the

SN is dominated at all phases by features of the inter-

action. Deep limits at late times rule out a “classical”

massive, slower-moving component to the ejecta, show-
ing that the explosion did not simply originate from an

ordinary class of SN exploding into enhanced CSM.

Qualitatively similar characteristics were noted for

SN 2019hgp (Gal-Yam et al. 2021b), and indeed for
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many of the prototypical SNe Ibn as well. We consider

here three general progenitor scenarios that could ex-

plain the observed behavior and its distinction from the

general SN Ib/c population.

5.1. A Supernova from a Highly Stripped Progenitor?

A variety of faint-and-fast transients in recent years

have been interpreted as the results of particularly ef-
fective stripping from the binary companion (De et al.

2018a; McBrien et al. 2019; Yao et al. 2020). In this

scenario, late-stage mass transfer is able to effectively

remove the large majority of the mass of the progen-
itor star, leaving behind a core of only a few M⊙ or

less (Tauris et al. 2013). The explosion of such an

object naturally produces a SN with limited amounts

of ejecta, including radioactive ejecta (Kleiser et al.

2018a). Should such an explosion occur into a dense sur-
rounding CSM shed by violent pre-explosion instabilities

(not naturally predicted in these models, but plausible

given the apparent ubiquity of enhanced late-stage mass

loss in other SN classes; Bruch et al. 2021), the resulting
transient would be generally consistent with our obser-

vations of SN 2021csp: as noted in § 4.3, our late-time

limits do not rule out an “ultra-stripped” event of this

nature.
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Seen in the broader context of the general population

of interacting transients, this interpretation is somewhat

less satisfying. Many SNe Ibn retain significant amounts

of hydrogen in addition to helium, and hydrogen is un-
likely to persist in the progenitor of a star that has been

stripped to a small fraction of its initial mass. It is pos-

sible that the origins of SNe Ibn and SNe Icn are dis-

tinct, with SNe Icn representing ultrastripped stars and

SNe Ibn originating from a different mechanism. How-
ever, if this is the case, the strong similarities between

the Type Ibn and Type Icn classes (regarding timescale,

luminosity, CSM velocity, and late-time behavior) must

be ascribed to coincidence. This, combined with the
strong similarities between the spectra of Type Ibn/Icn

supernovae and those of (high-mass) WR stars, leads us

to consider other potential interpretations.

5.2. A Pulsational Pair-Instability Eruption?

Another potential explanation for the lack of a late-
time radioactive tail is a nonterminal eruption that ex-

pels only the outer envelope of the star, leaving the

remainder intact. It is already clear from the CSM

properties that the star underwent an energetic erup-

tion in the recent past. If the unstable state that led
to that prior eruption subsequently produced a second,

higher-velocity eruption, the collision between the two

shells could produce a quite luminous transient. It is

unlikely that an ordinary, LBV-style eruption would be
sufficient for this, but a more exotic progenitor might

produce even more luminous eruptions. In particular,

late-stage pulsational pair-instability (PPI) models have

been shown to reasonably reproduce the light curves of

SNe Ibn (Woosley 2017; Karamehmetoglu et al. 2021).
While the PPI eruption model cannot be strictly ruled

out by any of our observations, we nevertheless dis-

favor this model for two reasons. First, the charac-

teristic ejecta velocities associated with pair-instability
eruptions are quite low: hundreds to a few thousand

km s−1, much less than what is inferred from the early

photospheric expansion rate of SN 2021csp. Second,

pair-instability SNe are generally expected to occur pri-

marily or exclusively in extremely metal-poor environ-
ments (Langer et al. 2007; Leung et al. 2019) but the

host galaxies of known SNe Ibn/Icn do not appear to be

strongly atypical. However, this depends on the mass-

loss prescription and there may be exceptions (Woosley
2017).

5.3. Jet Launching from a Failed Explosion of a WR

Star?

The third possibility is that the progenitor of

SN 2021csp (and other SNe Ibn/Icn) really is a massive

Wolf-Rayet star undergoing core collapse, but the SN

explosion was extraordinarily weak.

In general, one would expect more-massive progen-

itors to produce explosions that are both more lumi-
nous (owing to the larger cores) and more slowly evolv-

ing (owing to the more massive ejecta). There is some

evidence that this is the case among “normal” SNe II

with identified progenitors (Fraser et al. 2011). How-

ever, this trend is unlikely to extend to the highest
masses: SN simulations suggest that above a certain

mass the shock should stall, causing most or all of the

star to collapse to form a black hole (O’Connor & Ott

2011; Woosley & Heger 2015). The lowest-luminosity
SNe IIP have sometimes been attributed to marginally

successful explosions suffering from substantial fallback

(Zampieri et al. 2003; Moriya et al. 2010), and it is con-

ceivable that SNe Ibn/Icn represent equivalent mem-

bers of the stripped-envelope population (Kleiser et al.
2018b).

The ejecta velocities inferred from the early-time mod-

eling of SN 2021csp are extremely high, quite unlike

what would be expected from a marginally-successful ex-
plosion. The concentration of kinetic energy in a small

fraction of the progenitor mass could be produced if the

explosion is driven by a jet. There is ample precedent to

expect jet formation from WR stars collapsing to form

black holes: the original “collapsar” model for GRBs in
which a rapidly-rotating compact object accelerates ul-

trarelativistic jets is the most famous (Woosley 1993),

but more modest jet energies and velocities can be pro-

duced under less-extreme conditions (MacFadyen et al.
2001; Piran et al. 2019). The interaction between a low-

energy jet (or jet cocoon) and a dense shell of inner CSM

could lead to a fast, but short-lived, interaction-driven

transient of the type seen in SN 2021csp even as the bulk

of the star collapses silently to a black hole.
Spectropolarimetry (§2.3.4) does not suggest a highly

asymmetric photosphere, representing a potential prob-

lem for this model. Similarly, highly luminous radio

emission (another possible jet-interaction signature) is
ruled out by our VLA upper limits. However, the jet

in this scenario is generally weaker and slower than in

known jet-driven explosions, with the ejecta concealed

behind the dense shocked CSM. There may also be other

mechanisms (besides a fallback jet) by which a massive
star can produce an incomplete high-velocity explosion.

It should be emphasized that in this model (or in any

model), SNe Ibn/Icn cannot represent the typical deaths

of WR stars. Given the abundance of WR stars in the
Local Group (Hainich et al. 2014; Rosslowe & Crowther

2015) and a lifetime of 106 yr in this phase (Smith 2014),

the predicted WR death rate is 3–20% of the CCSN
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rate (Maoz & Badenes 2010), at least an order of mag-

nitude in excess of what we inferred in §4.4. This should

not be surprising: the extreme properties inferred from

the early-phase observations of SN 2021csp and similar
events require particularly intense pre-explosion mass

loss that may in practice be quite rare. In this scenario,

the collapse of a high-mass star would generally produce

only a relatively weak transient — consistent with the

lack of good candidates for high-mass progenitors among
the general SN Ib/c population — but in rare instances

(perhaps 1% of the time) the explosion encounters dense

surrounding CSM, leading to a fast-evolving and lumi-

nous transient.
It is interesting to note that the one class of suc-

cessful SNe for which modeling does suggest a signifi-

cant contribution from high-mass progenitors (SNe Ic-

BL; Taddia et al. 2019) has also been connected to jets

and engines. The primary difference is that the much
more powerful jets in those events produce more lu-

minous transients and SN explosions and thus do not

require dense CSM to be visible. However, there is

increasing evidence that some SNe Ic-BL do interact
with dense surrounding material as well (Corsi et al.

2014; Whitesides et al. 2017; Chen et al. 2018; Ho et al.

2020b), raising the possibility of a continuum of WR

collapse transients, with the vast range in observable

properties explained by variations in the jet power, pre-
explosion mass-loss history, and degree of progenitor

stripping.

If this is the correct model, it would shed light on

the even rarer, even faster-evolving transient popula-
tion of AT 2018cow-like transients, which show a num-

ber of similarities to SNe Ibn/Icn (Fox & Smith 2019).

AT 2018cow and its analogs have also been hypothesized

(Perley et al. 2019; Margutti et al. 2019) to originate

from “failed” collapses based on some of the arguments
presented above: the luminous early transient implies a

very fast-moving early component, yet late-time obser-

vations provide deep limits on nickel production from

the associated SN, demonstrating that they cannot sim-
ply represent normal (or even rare) SNe exploding into

an unusually dense medium. AT 2018cow-like transients

show major differences from the SN Ibn/Icn population,

including a complete lack of early interaction signatures

and a radio/X-ray “afterglow” that is more luminous
than the limits on SNe Ibn/Icn by many orders of mag-

nitude (Ho et al. 2019b, 2020a). This difference may be

explicable in terms of the relative power and velocity of

the jet and the precise geometry of the CSM, or it may
be more fundamental.

6. CONCLUSIONS

The Type Icn SN 2021csp is one of the most extreme

known examples of an interaction-powered fast and lu-

minous transient and also among the best observed.

Its properties, alongside those of SN 2019hgp (the first
SN Icn) and the general population of SNe Ibn, provide a

challenge to the basic picture of interaction-driven SNe

as resulting from the explosions of otherwise ordinary

SNe into dense CSM. The expansion speeds inferred

from modeling the rising light curve are much higher
than seen in ordinary stripped-envelope SNe, while the

late-time flux is too faint for an explosion that produces

significant ejecta and/or leads to significant radioactive

nucleosynthesis (absent rapid dust formation).
The properties of SN 2021csp and other interacting

SNe can be explained by a variety of potential models

on an individual basis: a moderately-massive star highly

stripped by a binary companion, or a nonterminal late-

stage pair-instability eruption from an extremely mas-
sive star. However, we argue that the collective prop-

erties of this class are best explained under a scenario

in which most SNe Ibn/Icn are produced by partially-

successful explosions following the collapse of massive
Wolf-Rayet stars. Specifically, we propose a model in

which the direct collapse of a WR star to a black hole

launches a subrelativistic jet that interacts with dense

CSM shed by the progenitor shortly before explosion.

Given that other stripped-envelope SNe now appear to
originate from stars with masses too low to have clas-

sical WR progenitors, this raises the possibility that

SNe Ibn/Icn, and engine-driven explosions like SNe Ic-

BL and long-duration gamma-ray bursts, may actually
represent the only currently-observable manifestation of

the collapse of the most massive stars.

Further studies will be necessary to robustly es-

tablish whether this scenario is indeed the correct

one. SN 2021csp represents one of only two published
SNe Icn, fewer than five spectroscopically-confirmed

AT 2018cow-like events are known, and even the SN Ibn

population is only crudely mapped out (with sparingly

few pre-maximum-brightness detections or deep late-
time limits). Fortunately, with ZTF and a number of

other wide-area surveys fully operating and with in-

creasing community interest in the fastest transients, the

sample is destined to grow (albeit slowly) in the coming

years.
The Legacy Survey of Space and Time (LSST;

Ivezić et al. 2019) with the Rubin Observatory will also

play a vital role in this effort. While the slow cadence

of the primary survey is poorly suited to the discovery
of fast-evolving transients, the host-galaxy photomet-

ric redshifts will make it much more straightforward

to distinguish luminous phenomena in high-cadence
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shallower surveys, providing important synergy with

the fast wide-field surveys of the future. Meanwhile,

repeated deep LSST imaging of nearby galaxies may

be able to test whether WR stars disappear without a
trace, better seek and identify pre-explosion progeni-

tor eruptions in future SNe Ibn/Icn (and other SNe),

and search for low-luminosity transients associated with

black-hole fallback even in the absence of strong CSM

interaction.
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