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ABSTRACT
We present AT2020mrf (SRGe J154754.2+443907), an extra-galactic (z = 0.1353) fast-rising (tg,rise =
3.7 days) luminous (Mg,peak = −20.0) optical transient. Its optical spectrum around peak shows a
broad (v ∼ 0.1c) emission feature on a blue continuum (T ∼ 2 × 104 K), which bears a striking
resemblance to AT2018cow. Its bright radio emission (νLν = 1.2 × 1039 erg s−1 ; νrest = 7.4 GHz;
261 days) is similar to four other AT2018cow-like events, and can be explained by synchrotron radiation from the interaction between a sub-relativistic (& 0.07–0.08c) forward shock and a dense environment (Ṁ . 10−3 M yr−1 for vw = 103 km s−1 ). AT2020mrf occurs in a galaxy with M∗ ∼ 108 M
and specific star formation rate ∼ 10−10 yr−1 , supporting the idea that AT2018cow-like events are
preferentially hosted by dwarf galaxies. The X-ray properties of AT2020mrf are unprecedented. At
35–37 days, SRG/eROSITA detected luminous (LX ∼ 2 × 1043 erg s−1 ; 0.3–10 keV) X-ray emission.
The X-ray spectral shape (fν ∝ ν −0.8 ) and erratic intraday variability are reminiscent of AT2018cow,
but the luminosity is a factor of ∼ 20 greater than AT2018cow. At 328 days, Chandra detected it
at LX ∼ 1042 erg s−1 , which is > 200 times more luminous than AT2018cow and CSS161010. At the
same time, the X-ray emission remains variable on the timescale of ∼ 1 day. We show that a central
engine, probably a millisecond magnetar or an accreting black hole, is required to power the explosion.
We predict the rates at which events like AT2018cow and AT2020mrf will be detected by present and
future X-ray all-sky surveys, including SRG and Einstein Probe.

Keywords: X-ray transient sources (1852); Radio transient sources (2008); Supernovae (1668); Corecollapse supernovae (304); High energy astrophysics (739); Sky surveys (1464)
1. INTRODUCTION

The past several years have shown that the landscape
of massive-star death is unexpectedly rich and diverse.
Corresponding author: Yuhan Yao
yyao@astro.caltech.edu

Of particular interest is the group of “fast blue optical
transients” (FBOTs; Drout et al. 2014; Pursiainen et al.
2018). As implied by the name, these events exhibit
blue colors of (g − r) < −0.2 mag at peak, and evolve
faster than ordinary supernovae (SNe), with time above
half-maximum t1/2 . 12 days.
The earliest studies were stymied by the identification
of FBOTs after the transients had faded away. This
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situation has been rectified by cadenced wide-field optical sky surveys such as the Zwicky Transient Facility
(ZTF; Bellm et al. 2019; Graham et al. 2019) and the
Asteroid Terrestrial-impact Last Alert System (ATLAS;
Tonry et al. 2018), which enable real-time discovery and
spectroscopic classification. Ho et al. (2021a) recently
identified three distinct subtypes of FBOTs: (1) subluminous stripped-envelope SNe of type Ib/IIb, (2) luminous interaction-powered SNe of type IIn/Ibn/Icn, and
(3) the most luminous (−20 . Mpeak . −22) and shortduration (t1/2 . 5 days) events with properties similar
to AT2018cow.
The nature of AT2018cow-like events remains the
most mysterious. Following the discovery of the prototype AT2018cow (z = 0.014, Prentice et al. 2018),
only three analogs have been identified: AT2018lug
(z = 0.271, Ho et al. 2020), CSS161010 (z = 0.034;
Coppejans et al. 2020), and AT2020xnd (z = 0.243, Perley et al. 2021a). All of these events arose in low-mass
star-forming galaxies, which suggests a massive star origin and disfavors models invoking tidal disruption by
an intermediate-mass black hole (Perley et al. 2021a).
In the radio and millimeter band, their high luminosities imply the existence of dense circumstellar material
(CSM), which points to significant mass-loss prior to the
explosion (Ho et al. 2019; Margutti et al. 2019; Coppejans et al. 2020).
The X-ray luminosity of AT2018cow (∼ 1043 erg s−1 )
at early times (. 20 days) is similar to that of longduration gamma-ray bursts (GRBs). Its fast soft Xray variability suggests the existence of a central energy source (also called central engine), and the relativistic reflection features seen in the hard X-ray spectrum points to equatorial materials (Margutti et al.
2019). Probable natures of the central engine include
an accreting black hole, a rapidly spinning magnetar, or an embedded internal shock (Margutti et al.
2019). Pasham et al. (2021) presented the detection
of a 225 Hz (4.4 ms) quasi-periodic oscillation (QPO)
in AT2018cow’s soft X-rays, which argues for the presence of a neutron star (NS) or stellar mass black bole
(BH). Meawhile, AT2018cow’s late-time (∼ 20–45 days)
optical spectra are dominated by hydrogen and helium
(Perley et al. 2019), making it different from other
engine-powered massive stellar transients such as long
GRBs and hydrogen-poor super-luminous supernovae
(i.e., SLSNe-I; see a recent review by Gal-Yam 2019),
which are devoid of hydrogen and helium.
X-ray observations of AT2020xnd showed a luminosity consistent with that of AT2018cow at 20–40 days
(Bright et al. 2021; Ho et al. 2021b). Separately,
late-time (& 100 day) observations of AT2018cow and

CSS161010 showed modest X-ray emission at LX ≈
few×1039 erg s−1 ) (see Appendix A and Coppejans et al.
2020). AT2018cow-like events are thus promising X-ray
transients to be discovered by the eROSITA (Predehl
et al. 2021) and the Mikhail Pavlinsky ART-XC (Pavlinsky et al. 2021) telescopes on board the SpektrumRoentgen-Gamma (SRG) satellite (Sunyaev et al. 2021).
AT2020mrf is an FBOT first detected by ZTF on 2020
June 12. On June 14, it was also detected by ATLAS.
On July 15, it was reported to the transient name server
(TNS) by the ATLAS team (Tonry et al. 2020). On June
17, an optical spectrum obtained by the “Global SN
Project” displayed a featureless blue continuum. Burke
et al. (2020) assigned a spectral type of “SN II”, and
tentatively associated it with a z = 0.059 host galaxy
(10900 offset). AT2020mrf was detected in the X-ray by
SRG from 2020 July 21 to July 24 (§2.3), which made
it a promising candidate AT2018cow analog and motivated our follow up observations. Given that the SRG
detection occurred ∼ 41 days after the first optical detection, and we became aware of it even later, our followup started in April 2021.
The paper is organized as follows. We outline optical, X-ray, and radio observations, as well as analysis of AT2020mrf and its host galaxy (z = 0.1353) in
§2. We provide the forward shock and CSM properties in §3.1, discuss possible power sources of the optical
emission in §3.2, and present host galaxy properties in
§3.3. We summarize AT2020mrf’s key X-ray properties and discuss the implication in the context of engine
driven explosions similar to AT2018cow in §3.4. We estimate the detection rates of events like AT2018cow and
AT2020mrf in current and upcoming X-ray all-sky surveys in §4. We give a summary in §5.
UT time is used throughout the paper. We assume a
cosmology of ΩM = 0.3, ΩΛ = 0.7, and h = 0.7, implying
a luminosity distance to AT2020mrf of DL = 637 Mpc
and an angular-diameter distance of Dθ = 494 Mpc. Optical magnitudes are reported in the AB system. We
use the Galactic extinction from Schlafly & Finkbeiner
(2011) and the extinction law from Cardelli et al. (1989).
Coordinates are given in J2000.
2. OBSERVATIONS AND DATA ANALYSIS

2.1. Optical Photometry
We obtained public ZTF1 and ATLAS2 forced photometry (Masci et al. 2019; Smith et al. 2020) using the
1

https://ztfweb.ipac.caltech.edu/cgi-bin/
requestForcedPhotometry.cgi
2 https://fallingstar-data.com/forcedphot/
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Figure 1. Optical (ZTF gr, ATLAS co) light curve of AT2020mrf (data points are > 2.5σ detections, semi-transparent
downward triangles are 3σ upper limits). The ‘S’ tick along the upper axis marks the epoch of spectroscopy (§2.2). The solid
orange line is a simple rZTF -band model fitted to data round maximum (see §3.2). The SRG eRASS2 scan duration is marked
by the vertical blue band (§2.3). The rest-frame equivalent light curves of AT2018cow and AT2021csp are shown as dash-dotted
lines (based on blackbody parameters provided by Table 4 of Perley et al. 2019) and dotted lines (based on Table 4 of Perley et al.
2021b), respectively. The solid and dashed black lines are observer-frame rZTF -band light curves of AT2018lug (λrest = 5050 Å)
and AT2020xnd (λrest = 5165 Å), respectively. Note that the apparent AB magnitude scale pertains to AT2020mrf only — light
curves of other objects are only shown in absolute magnitude.
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Figure 2. Optical spectrum of AT2020mrf, compared with AT2018cow at similar phases (Perley et al. 2019). The dashed line
is a blackbody with T = 2 × 104 K and R = 7.9 × 1014 cm.
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The last term in Equation (1) is a rough estimation of
K-correction, and introduces an error of 0.1 mag.
The first detection is r = 20.88 ± 0.17, on 202006-12T06:14:12 (59012.2599 MJD) and the last nondetection is o > 21.73, on 2020-06-11T10:12:13
(59011.4252 MJD). Therefore, we assume an explosion
epoch of t0 = 59012.0 MJD. Hereafter we use ∆t to
denote rest-frame time with respect to t0 . At ∆t =
3.7 days, AT2020mrf peaked at Mg = −20.0 mag.
2.2. Optical Spectroscopy
3

The transient spectrum was obtained on 2020 June
17 (∆t = 4.8 days) with the FLOYDS-N spectrograph
on the 2 m Faulkes Telescope North (Burke et al. 2020).
As shown in Figure 2, the spectrum is similar to that
of AT2018cow at similar phases. In particular, a single
broad feature at ∼ 5600 Å was observed to span ±600 Å,
indicating a velocity of 0.1c. In AT2018cow, this feature
vanished at ∆t ∼ 8 days. A blackbody fit to the spectrum suggests a temperature of T ≈ 2 × 104 K and a
radius of R = 7.9 × 1014 cm.
2.3. Early-time X-rays: SRG
SRG is a space satellite at the L2 point with a drafting rate of ≈ 1◦ day−1 . It is conducting eight all-sky
surveys from the beginning of 2020 to the end of 2023,
with a cadence of 6 months. Hereafter eRASSn refers
to the n’th eROSITA all-sky survey. SRG’s rotational
axis points toward the Sun, and the rotational period
is 4 hours. The eROSITA field-of-view (FoV) is 1 deg2 .
Therefore, during a single sky survey, a particular region
of the sky will be scanned by eROSITA at least ∼ 6 times
(∼ 1 day), where each scan lasts for ≈ 40 s (see details
in Sunyaev et al. 2021). AT2020mrf, at a relatively high
ecliptic latitude of becl = 61.9◦ , was scanned for ≈ 3 days
in each all-sky survey.
During eRASS2 (∆t ∼ 36 days), SRG/eROSITA discovered an X-ray transient SRGe J154754.2+443907,
with a 98% localization radius of 4.2800 .
SRGe J154754.2+443907 is only 0.5600 from AT2020mrf,
suggesting an association between the X-ray and the
3

Available at https://www.wis-tns.org/object/2020mrf
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Figure 3. eRASS2 light curve of AT2020mrf. Count rate
uncertainties are estimated using Gehrels’ approximation
(Gehrels 1986). The orange curve is a fit to the data, generated using a Gaussian process model following procedures
laid out in Appendix B.4 of Yao et al. (2020).

optical transients. Figure 3 shows that the source exhibits significant variability — the 0.2–2.2 keV count
rate increased from ≈ 0.053 count s−1 (∆t ∼ 35 days) to
≈ 0.32 count s−1 (∆t ∼ 36 days), and then decreased to
≈ 0.051 count s−1 (∆t ∼ 37 days).

EFE (keV2 cm 2 s 1 keV 1)

median position of all ZTF alerts (α = 15h47m54.17s,
δ = +44◦ 390 07.3400 ). The 1-day binned optical light
curve is shown in Figure 1. Following Whitesides et al.
(2017) and Ho et al. (2020), we compute absolute magnitude using


DL
M = mobs − 5 log10
+ 2.5 log10 (1 + z) (1)
10 pc

Rate in 0.2--2.2 keV (count s 1)
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Figure 4. eRASS2 spectrum of AT2020mrf. We show the
best-fit power-law model (dashed green line, fν ∝ ν −0.8 ) and
thermal plasma model (dotted brown line, kB T ∼ 2.0 keV)
with NH fixed at the Galactic value (see Table 1).

Figure 4 shows the average eRASS2 spectrum of
AT2020mrf, which has been grouped via ftgrouppha
to have at least five counts per bin in the background
spectrum. We fit the 0.3–10 keV spectrum using xspec
(12.11, Arnaud 1996) and C-statistics. The data are
modeled first with an absorbed power-law (zpowerlw)
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Table 1. Modeling of the eRASS2 spectrum.
Component

Parameter

20

−2

NH (10 cm )
Γ
normpl (10−5 )
apec
kB T
normapec (10−4 )
cstat/dof
Observed 0.3–10 keV flux (10−13 erg s−1 cm−2 )
tbabs
zpowerlw

Power-law Model

Thermal Plasma Model

(a) Fixed NH

(b) Free NH

(a) Fixed NH

(b) Free NH

1.38
1.81 ± 0.26
8.0+1.1
−1.0
...
...
25.94/35
3.90+1.32
−1.00

15.32+14.06
−10.70
2.79+1.00
−0.80
14.8+11.8
−5.7

1.38
...
...
2.0+1.9
−0.7
3.8+0.9
−0.7
24.80/35
2.40+0.54
−0.75

+7.10
9.04−6.99
...
...
1.0+1.1
−0.3
7.2+5.2
−3.3
23.60/34
1.92+0.15
−1.37

...
...
24.09/34
2.48+0.51
−0.83

Note— normpl and normapec are the normalization parameters in the model components (see the xspec documentation for
units). Uncertainties are represented by the 68% confidence intervals.

2.4. Late-time X-rays: Chandra
We conducted deep X-ray observations of AT2020mrf
with the Chandra X-ray Observatory (Wilkes & Tucker
2019) under a DDT program (PI Yao) on 2021 June
18 (22.0 ks, obsID 25050) and June 19 (19.8 ks, obsID
25064). We used the Advanced CCD Imaging Spectrometer (ACIS; Garmire et al. 2003), with the aim point on
the back illuminated CCD S3. The data were reduced
with the CIAO package (v4.12).
In obsID 25050, AT2020mrf is strongly detected.
Using a 1.200 region centered at the brightest pixel
(13 counts, α = 15h47m54.06s, δ = +44◦ 390 07.3400 ),
the 0.5–10 keV net count rate is 1.46 × 10−3 count s−1 .
In obsID 25064, the detection is less significant. We
therefore adopt a 2.000 region centered at the ZTF po-

sition (§2.1), resulting in a 0.5–10 keV net count rate of
0.55 × 10−3 count s−1 .

EFE (keV2 cm 2 s 1 keV 1)

and then with an absorbed thermal plasma (apec). For
each model, we first fix the column density at the Galactic value of NH = 1.38 × 1020 cm−2 (Willingale et al.
2013), and then free this parameter. The models with
fixed NH are shown in Table 1. The data do not favor
any particular model, since the cstat/dof (C-statistics
divided by degrees of freedom) values have small differences between the four fits.
Although we are not able to distinguish between the
power-law and thermal models using the eROSITA data,
the optical/radio similarities between AT2020mrf and
AT2018cow (§2.1, §2.2, §3.1), and the non-thermal nature of AT2018cow’s X-rays (fν ∝ ν −0.7 , 36.5 days, 0.3–
30 keV, see Fig. 6 of Margutti et al. 2019) motivate us to
adopt the power-law model in the following discussion.
AT2020mrf was not detected in eRASS1, eRASS3
and eRASS4. Using the eROSITA sensitivity maps,
we calculate the 0.3–2.2 keV flux upper limits to be
(1.12, 1.35, 1.54) × 10−14 erg s−1 cm−2 at the confidence
level likelihood of 6 (≈ 2.8σ).

Model
obsID 25050
obsID 25064
10

5

10

6

2
0
2

100
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101

Figure 5. Chandra spectrum of AT2020mrf at ∆t ≈
328 days. The dashed line is the best-fit model (fν ∝ ν 0 ).
To account for the flux variation (see text), the obsID 25064
data has been divided by 0.405.

Figure 5 shows the Chandra spectrum, which has been
grouped to have at least one count in each bin. We first
model the data using tbabs*zpowerlw, with NH fixed at
the Galactic value. Since the count rate has significantly
decreased between the two obsIDs, we include a constant
scaling factor C between the two Chandra observations
(Madsen et al. 2017), with the constant for obsID 25050
(C1 ) fixed at 1. The best-fit powerlaw model gives Γ =
0.99±0.35, C2 = 0.405+0.181
−0.131 , and cstat/dof = 32.01/35.
The difference between the SRG and Chandra powerlaw indices is Γ36 d − Γ328 d = 0.82 ± 0.44. Therefore,
we conclude that a change of Γ is marginally detected
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Figure 6. X-ray emission of AT2020mrf, compared with AT2018cow (Margutti et al. 2019, Appendix A), CSS161010 (Coppejans
et al. 2020), AT2020xnd (Bright et al. 2021; Ho et al. 2021b), cosmological long GRBs (light blue solid lines; Appendix B),
GRBs associated with SNe (dashed grey lines; Kouveliotou et al. 2004; Tiengo et al. 2004; Campana et al. 2006; Soderberg
et al. 2006; Margutti et al. 2013), SLSNe-I (Levan et al. 2013; Margutti et al. 2018), the jetted TDE SwiftJ1644 (Mangano et al.
2016), interacting SNe of type IIn (dashed-dotted green lines; Chandra et al. 2012, 2015; Dwarkadas et al. 2016; Katsuda et al.
2016) and type Ibn (dotted cyan lines; Immler et al. 2008; Ofek et al. 2013), as well as normal CCSNe (Dwarkadas & Gruszko
2012). AT2020mrf is as luminous as cosmological GRBs, while the fast flux variation (within ∼ 1 day) has only been observed
in AT2018cow.

at 1.9σ. Table 2 summarizes the 0.3–10 keV fluxes.
Figure 6 compares the X-ray luminosity evolution of
AT2020mrf with other types of explosions.

luminosity of Liso < 1.0 × 1049 erg s−1 , which strongly
disfavors an on-axis classical GRB (Frail et al. 2001).
2.6. Radio: VLA and uGMRT

2.5. Search for Prompt γ-rays
Given that cosmological long GRBs are the only type
of massive-star explosion with X-ray luminosities known
to be comparable to AT2020mrf (see Figure 6), we are
motivated to search for bursts of prompt γ-rays between the last optical non-detection and the first detection (§2.1). No bursts were detected by the interplanetary network (IPN; Hurley et al. 2010) during
this time interval, putting a 20–1500 keV limit of <
2 × 10−7 erg s−1 cm−2 . This corresponds to an isotropic

We began a monitoring program of AT2020mrf using
the VLA (Perley et al. 2011) under Program 21A-308
(PI Ho), and the upgraded Giant Metrewave Radio Telescope (uGMRT; Swarup 1991; Gupta et al. 2017) under
Program 40 077 (PI Nayana). The data were analyzed
following the standard radio continuum image analysis
procedures in the Common Astronomy Software Applications (CASA; McMullin et al. 2007). The results are
presented in Table 3. Incidentally, AT2020mrf was not
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Table 3. Radio observations of AT2020mrf.

Table 2. X-ray flux measurements of AT2020mrf.
∆t

Telescope

Observed 0.3–10 keV flux

Date

∆t

Telescope/

ν0

fν

(10−14 erg s−1 cm−2 )

in 2021

(days)

Receiver

(GHz)

(µJy)

4.30
4.94
5.51
6.49
7.06
7.70
3.00
8.49
9.64
11.13
12.78
14.32
16.62
20.00
24.00

254 ± 25
234 ± 22
330 ± 18
327 ± 20
336 ± 17
349 ± 18
165 ± 26
277 ± 23
271 ± 20
223 ± 17
213 ± 19
189 ± 16
153 ± 15
149 ± 8
103 ± 8

uGMRT/B5
VLA/S

1.25
3.00

< 45
206 ± 48

(days)
−127
34.5–37.6
192
327.4
328.2
355

SRG/eRASS1
SRG/eRASS2
SRG/eRASS3

< 2.93
39.0+13.2
−10.0
< 7.24
3.72+1.10
−0.85
1.50+0.45
−0.67
< 8.26

Chandra
SRG/eRASS4

Apr 2

259.5

VLA/C

VLA/S

Note—To convert the 0.3–2.2 keV eROSITA upper limits
to 0.3–10 keV, we assume the eRASS2 best-fit spectral
model for the eRASS1 epoch, and the Chandra spectral
model for the eRASS3 and eRASS4 epochs.

VLA/X
Apr 6

262.9
VLA/Ku

detected in the Karl G. Jansky Very Large Array Sky
Survey (VLASS, Lacy et al. 2020), which provides a 3-σ
upper limit of 0.42 mJy at 2–4 GHz in March 2019. Hereafter radio flux density values have been K-corrected
and frequency values are reported in the rest-frame.
Regarding data obtained within (∆t/10) days as coeval, we model the radio spectral energy distribution
(SED) at ∆t ≈ 261 days and ∆t ≈ 417 days with a broken power-law (Granot & Sari 2002):
"
Lν = Lν peak

ν
νpeak

−sβ1


+

ν
νpeak

−sβ2 #−1/s
(2)

where ν and Lν are quantities in the object’s rest-frame,
Lν peak is the peak specific luminosity, νpeak is the peak
frequency, β1 and β2 are the asymptotic spectral indices
below and above the break, and s is a smoothing parameter. We perform the fit using the Markov chain Monte
Carlo (MCMC) approach with emcee (Foreman-Mackey
et al. 2013). The reported uncertainties follow from the
68% credible region.
The best-fit models are shown in Figure 7. At ∆t ≈
+0.44
261 days, νpeak = 7.44−0.52
GHz, Lν peak = 1.70+0.23
−0.09 ×
+0.4
29
−1
−1
10 erg s Hz , β1 = 1.3−0.2
, and β2 = −1.0 ± 0.1.
At ∆t ≈ 305 days, the 1–4 GHz band probably remains
below the broken frequency, and the blue data in Figure 7 suggests β1 > 1.7. At ∆t ≈ 417 days, νpeak =
+0.36
28
−1
4.82+1.36
Hz−1 ,
−1.18 GHz, Lν peak = 4.33−0.34 × 10 erg s
+0.3
β1 = 0.4−0.2 , and β2 = −0.5 ± 0.1. Eq. 2 does not
provide a decent description for the data.
The radio observations will further be discussed in §3.1
2.7. The Host Galaxy
2.7.1. Observations

VLA/K
May 19
May 29

300.9
309.5

Aug 13

376.6

uGMRT/B5

1.25

< 105

Sep 28

416.8

Sep 28–29

417.5

uGRMT/B5
VLA/S
VLA/C
VLA/X

1.36
3.00
6.00
10.00
13.55
16.62

68 ± 15
81 ± 10
87 ± 7
49 ± 8
65 ± 6
51 ± 7

VLA/Ku

Note—ν0 is observed central frequency. fν is the observed flux density values. Upper limits are 3σ.

Deep pre-explosion images of the target field are available in the Hyper Suprime-Cam Subaru Strategic Program (HSC-SSP; Aihara et al. 2018) second Public Data
Release (PDR2; Aihara et al. 2019) and the Galaxy
Evolution Explorer (GALEX ; Martin et al. 2005) UV
imaging survey. As is shown in the left panel of Figure 8, AT2020mrf is 0.5000 offset from an extended
blue source (J2000 coordinates α = 15h47m54.20s,
δ = +44◦ 390 07.0100 ), which is considered to be the host
galaxy. The photometry of the host is shown in Table 4.
On 2021 April 14 (∆t = 267.0 days), we obtained a
spectrum of the host galaxy using the Low Resolution
Imaging Spectrometer (LRIS; Oke et al. 1995) on the
Keck I 10 m telescope with a 100 slit. Exposure times
were 3650 and 3400 s for the blue and red cameras, re-

8

Yao et al.
1 = 1.3+0.4
0.2 , 2 =
1 = 0.4+0.3
0.2 , 2 =

t 261 days

1.0+0.1
0.1
0.5+0.1
0.1

t 305 days
t 417 days

on the Baldwin, Phillips, & Terlevich (BPT) diagnostic
diagram (Baldwin et al. 1981; Kewley et al. 2006).

Table 5. Galactic extinction corrected galaxy emission
line fluxes.

L (ergs 1 Hz 1)

1029

1028100
rest

(GHz)

101

Figure 7. Radio observations of AT2020mrf, overplotted
with the best-fit broken power-law models.

Table 4.
galaxy.

Observed photometry of the host

Instrument

Band

λeff

Magnitude

GALEX
GALEX
HSC
HSC
HSC
HSC
HSC

FUV
NUV
g
r
i
z
y

1528
2271
4755
6184
7661
8897
9762

> 23.276
> 23.579
23.282 ± 0.029
23.152 ± 0.046
22.635 ± 0.040
22.721 ± 0.079
22.359 ± 0.133

Note—The HSC Kron radius is 0.70500 .
GALEX upper limits are given in 3σ.

spectively. The spectrum (right panel of Figure 8) was
reduced and extracted using LPipe (Perley 2019).
2.7.2. Analysis
In order to determine the redshift and emission line
fluxes of the host, we fit the Galactic extinction corrected LRIS spectrum with stellar population models
using ppxf (Cappellari 2017). We use the MILES library
(Vazdekis et al. 2015), and commonly observed galaxy
emission lines. The best-fit model (with reduced χ2 of
0.92) suggests a redshift of z = 0.1353±0.0002. The line
fluxes are presented in Table 5. We obtain the line ratios
[N II]λ6583/Hα = 0.06 ± 0.08 and [O III]λ5007/Hβ =
0.80 ± 0.53, putting the host in the star-forming region

Line

Flux (10−18 erg s−1 cm−2 Å−1 )

[O II] λ3726
[O II] λ3729
[Ne III] λ3869
Hβ λ4861
Hα λ6563
[S II] λ6716
Hγ λ4340
[O III] λλ4959, 5007
[O I] λλ6300, 6364
[N II] λλ6548, 6583
[S II] λ6731

18.36 ± 2.09
21.54 ± 2.11
9.99 ± 1.73
6.04 ± 1.44
18.10 ± 0.81
7.74 ± 2.18
2.63 ± 1.12
6.41 ± 3.95
2.70 ± 1.38
1.43 ± 2.00
1.95 ± 1.50

Note—The [O I], [O III] and [N II] doublets are fixed at
the theoretical flux ratio of 3. The table is divided into
significantly detected emission lines (> 3σ, first part),
and others (second part).

We measure the metallicity indicator Ne3O2 ≡
log([Ne III]λ3869/[O II]λ3726) = −0.61 ± 0.21, suggesting an oxygen abundance of 7.78±0.24 (stat)±0.95 (sys)
(Shi et al. 2007). Compared with the solar metallicity
(Z ) of 12 + log(O/H) = 8.69 (Asplund et al. 2009), the
Ne3O2 index suggests a low metallicity of ≈ 0.12Z .
At z = 0.1353, the HSC photometry of the host (Table 4) suggests that the total stellar mass (M∗ ) is between ∼ 108 M and ∼ 8 × 108 M (Bell et al. 2003).
To obtain a more accurate estimate of M∗ , we fit
the host SED with flexible stellar population synthesis (FSPS; Conroy & Wechsler 2009) models (ForemanMackey et al. 2014). We adopt a delayed exponentially declining star-formation history (SFH) characterized by the e-folding timescale τSFH , such that the timedependent star-formation rate ψ∗ (t) ∝ te−(t/τSFH ) . The
Prospector package (Johnson et al. 2021) was used
to run a Markov Chain Monte Carlo (MCMC) sampler (Foreman-Mackey et al. 2013). We use log-uniform
priors for the following three parameters: M∗ in the
range [107 M , 109 M ], τSFH in the range [0.1 Gyr,
100 Gyr], and the population age tage in the range
[0.1 Gyr, 12.5 Gyr]. Host galaxy extinction was included,
with E(B − V )host uniformly sampled between 0 and
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Figure 8. Left: HSC-SSP RGB false-color g/i/z image centered at AT2020mrf. AT2020mrf is an off-nuclear source 0.5000
offset from the host centroid. Right: Spectrum (corrected for Galactic extinction) of the host galaxy, overplotted with HSC griz
photometry.

1. The metallicity parameter log10 (Z/Z ) is fixed at
−0.91.
From the marginalized posterior probability func+0.59
tions we obtain M∗ = 1.06−0.46
× 108 M , τSFH =
+44.1
+4.27
12.8−11.1 Gyr, tage = 1.91−1.51 Gyr, and E(B − V )host =
0.27+0.15
The oxygen abundance of AT2020mrf
−0.13 .
(log(O/H) ∼ 7.8) is typical for galaxies at M∗ ∼
108 M .
We convolve the observed LRIS spectrum with the
HSC i-band filter and compare the flux with the host
photometry (Table 4), which suggests that 80.6% of the
total host flux is captured by the LRIS slit. Subsequently, we assume the same fraction of total Hα flux
is captured by the slit and no host extinction, and calculate the Hα luminosity to be LHα = (1.10 ± 0.05) ×
1039 erg s−1 . Using the Kennicutt (1998) relation converted to a Chabrier initial mass function (Chabrier
2003; Madau & Dickinson 2014), we infer a star formation rate (SFR) of (5.5 ± 0.2) × 10−3 M yr−1 . A
host extinction of E(B − V ) ∼ 0.3 will render the SFR
higher by a factor of ∼ 2.
3. INFERENCES AND DISCUSSION

3.1. A Mildly Relativistic Shock in a Dense
Environment
3.1.1. Standard SSA Modeling
At ∆t ≈ 261 days, the observed spectral index of
β2 ≈ −1 (§2.6) in the optically thin regime of the radio
SED motivates us to adopt the standard model given by
Chevalier (1998), where the electrons in the CSM are accelerated by the forward shock into a power-law distribution of energy N (E) = N0 E −p . We do not consider the
alternative of a relativistic Maxwellian electron-energy
distribution, in which case we expect a much steeper
β2 (see, e.g., Fig. 11 of Ho et al. 2021b) and a shock
speed of vsh & 0.2c (Margalit & Quataert 2021). The

vsh inferred from our observations is much slower (see
below). We note that the standard model might not be
fully appropriate since the observed spectral index of β1
in the optically thick regime is much shallower than the
β1 = 2.5 expected from SSA. We investigate the effects
of CSM inhomogeneity and scintillation in §3.1.2.
In the standard model of Chevalier (1998), the minimum electron energy is Emin = 511 keV; the peak of the
SED is governed by synchrotron self-absorption (SSA)
such that τ (νpeak ) = 1; the radio emitting region is approximated by a sphere with radius R and volume filling
factor f (hereafter assumed to be 0.5); the magnetic energy density (UB ∝ B 2 ) and the relativistic electron
energy density (Ue ∝ N0 ) are assumed to scale as the
total (thermalized) post-shock energy density U , such
that UB = B U and Ue = e U .
We define Lθν ≡ 4πDθ2 fν = Lν /(1 + z)4 , Lθν,29 ≡
Lθν,peak /(1029 erg s−1 Hz−1 ) and ν5 ≡ νpeak /(5 GHz),
such that
 −1/19
e
9/19
R =7.1 × 1016
Lθν,29 ν5−1 cm
(3a)
B
 −4/19
e
−2/19
B =0.36
Lθν,29 ν5 G
(3b)
B
 −11/19
e
23/19
48 1
Lθν,29 ν5−1 erg. (3c)
U =4.0 × 10
B B
The upstream CSM density can be estimated under the
conditions of strong shocks and fully ionized hydrogen
(see Eq. 16 of Ho et al. 2019):
 −6/19

2
1
e
∆t
−22/19
ne =61
Lθν,29 ν54
cm−3
B B
100 days
(4)
Assuming that the CSM density profile is determined by
a pre-explosion steady wind with mass-loss rate Ṁ and
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3.1.2. CSM Inhomogeneity and Scintillation
The small values of β1 and the flat-topped radio SEDs
(Figure 7) motivate us to assume an inhomogeneous
CSM, which means that the distribution of electrons
or magnetic field strength varies within the synchrotron
source (Björnsson & Keshavarzi 2017). In this model,
between the standard SSA optically thick Fν ∝ ν 5/2
regime and the optically thin Fν ∝ ν −(p+1)/2 regimes,
The normalization constant in Eq. 23 of Ho et al. 2019 is off by
a factor of ∼ 10. Here we update the equation with the correct
constant.
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1029

AT2020xnd
GRB-SNe

R/
t=

(5)

We adopt Lθν peak = Lν peak /(1 + z)4 ≈ 1.0 ×
1029 erg s−1 Hz−1 and νpeak ≈ 7 GHz at ∆t = 261 days.
Assuming e = B = 1/3, we have R ≈ 5.1 × 1016 cm,
B ≈ 0.50 G, U ≈ 1.7 × 1049 erg, and ne ≈ 3.5 ×
103 cm−3 . Assuming e = 0.1, B = 0.01, we have
R ≈ 4.6 × 1016 cm, B ≈ 0.31 G, U ≈ 1.5 × 1050 erg,
and ne ≈ 5.6 × 104 cm−3 . The average shock velocity
(vsh = R/∆t) is 0.07–0.08c, suggesting a mildly relativistic shock. The derived parameters should be taken
as upper or lower limits, see the discussion in §3.1.2.
The upper panel of Figure 9 compares AT2020mrf
with normal SNe (Bietenholz et al. 2021), SNe associated with long GRBs, and four AT2018cow-like objects
in the literature. Note that all GRB-SNe are of type
Ic broad-line (BL). The peak luminosity of AT2020mrf
is much greater than normal SNe and is in the same
regime as other AT2018cow-like objects. A physical interpretation is that the energy divided by the shock ra14/19
dius (U/R ∝ Lθν peak ) is greater. This indicates a more
efficient conversion/thermalization of energy, which can
come from a higher explosion energy or a higher ambient
density (Ho et al. 2019).
Moreover, we see that the CSM “surface density”
(ne R2 ∝ Ṁ /vw ) of AT2020mrf at 261 days is similar
to AT2018cow at 22 days. At a similar shock radius of
R ∼ 6×1016 cm, the CSM number density of AT2018cow
is ne < 33 cm−3 (Nayana & Chandra 2021) — more
than 100 times smaller than that in AT2020mrf. Since
Ṁ /vw generally decreases at later times (i.e., the density profile is steeper than ne ∝ r−2 ), the immediate
environment of AT2020mrf is probably denser than all
other AT2018cow-like events.

4

1030

2

M 4 /vw, =
3 10

∆t
100 days

e = B = 1/3

2

−8/19

R/
t=
1c

−4/19

× Lθν,29 ν52

e
B


R/
t=
1c



(ergs 1 Hz 1)

=0.10

1
B

peak



L



(ergs 1 Hz 1)

1000 km s−1
10−4 M yr−1
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L
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vw

AT2018lug
AT2018cow
M 4 /vw, =
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AT2020mrf
CSS161010

velocity vw , we have (see Eq. 234 of Ho et al. 2019):

1032

103

Figure 9. Peak radio luminosity (Lν peak ) versus the product of peak time and νpeak . Under the assumptions of
the standard SSA model, dotted lines mark constant timeaveraged velocity; Dashed lines mark constant mass-loss
rate (Ṁ−4 ≡ Ṁ /(10−4 M yr−1 )) scaled to wind velocity
(vw,3 ≡ vw /(103 km s−1 )). The two panels show the results with different assumptions of e and B . The data of
AT2018cow-like objects and GRB-SNe are based on Fig. 9
of Ho et al. 2021b and Fig. 3 of Nayana & Chandra (2021).

there is a transition regime with a spectral index of
0 < β < 2.5. Since the measured β1 remains below
2.5, we assume that the standard SSA optically thick
regime is at frequencies lower than our observations.
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3.2. Properties of the Optical Emission

101

3.2.1. Rise and Decline Timescales

Figure 10. Radio SEDs of AT2020mrf (solid markers), compared with the that of AT2018cow at similar phases (hollow
markers, interpolated from Table 1 of Nayana & Chandra
2021). Dashed lines are the inhomogeneous SSA model fits
to the observations of AT2020mrf.

Following Chandra et al. (2019), we fit the full set of
radio data with the function
a

∆t
[1 − exp (−τssa (ν, t))] ,
L(ν, t) = K1 ν5β
100 days
(6)
where τssa is the SSA optical depth

−(a+b)
∆t
−(β+ p−1
2 )
τssa (ν, t) = K2 ν5
.
100 days

(7)

The best-fit model is shown in Figure 10, with K1 =
+0.8
29
−1
5.4+14.6
Hz−1 , K2 = 13+53
−4.4 × 10 erg s
−10 , β = 1.6−0.6 ,
+0.4
+1.8
+0.3
p = 3.3−0.3 , a = −1.6−1.4 , and b = 3.0−0.4 . Evidence of source inhomogeneities has also been found in
AT2018cow (Nayana & Chandra 2021). With an inhomogeneous CSM, the R, U , vsh (B, ne , Ṁ /vw ) values
derived in §3.1.1 should be taken as lower (upper) limits.
A few datapoints at ∆t > 300 days are not well fitted
by the inhomogeneous SSA model. We estimate the effects of interstellar scintillation (ISS) to our radio observations using the NE2001 model (Cordes & Lazio 2002)
of the Galactic distribution of free electrons. The transition frequency below which strong scattering occurs is
(Goodman 1997):
5/17

νss = 10.4(SM−3.5 )6/17 dscr,kpc GHz,

where SM−3.5 ≡ SM/(10−3.5 m−20/3 kpc) is the scintillation measure, and dscr,kpc is the distance to the electron scattering screen in kpc. For the line of sight
to AT2020mrf (Galactic coordinates l = 71.339◦ , b =
50.806◦ ), NE2001 predicts νss = 8.3 GHz and SM−3.5 =
0.53, implying dscr,kpc = 1.0. This suggests that the
11.35 GHz “dip” (or 15–19 GHz “excess”) cannot be explained by ISS.
AT2020mrf is subject to diffractive or refractive ISS if
6/5
the source angular size satisfies θs < 3.3ν10 µas or θs <
−11/5
2.0ν10
µas (Goodman 1997). We have shown that the
shock radius at times of our radio observations is R &
5 × 1016 cm, corresponding to θs & 6.8 µas. Therefore,
the 3.4 GHz “excess” at ∆t ≈ 305 days and the 1.5 GHz
“excess” at ∆t ≈ 417 days are likely caused by refractive
ISS.

(8)

To constrain the optical evolution of AT2020mrf
around maximum, we model the multi-band photometry using a power-law rise and an exponential decay.
For simplicity we assume a blackbody SED and a single temperature for data at ∆t < 15 days. The best-fit
model in the rZTF band is shown as the solid orange line
in Figure 1.
To compare AT2020mrf with the sample of spectroscopically classified FBOTs presented by Ho et al.
(2021a), we calculate the time it takes for AT2020mrf
to rise from half-max to max (t1/2,rise = 2.4 ± 0.2 days),
and to decline from max to half-max (t1/2,fade = 4.8 ±
0.2 days). Its total duration above half-max is t1/2 =
7.1+0.3
−0.2 days. On the Mpeak versus t1/2 diagram (see,
e.g., Fig. 1 of Ho et al. 2021a and Fig. 7 of Perley
et al. 2021b), AT2020mrf lies between previously studied
AT2018cow-like events (t1/2 . 5 days, Mpeak . −20.5)
and interacting SNe of type IIn/Ibn/Icn (t1/2 & 7 days,
Mpeak & −20.0).
3.2.2. Color Evolution
The g − r color of AT2020mrf is −0.34 ± 0.20 mag
at the day of discovery (∆t ≈ 0.25 day), and reddens
at later times. At ∆t ≈ 6.4, 11.7, and 23–28 days, the
g − r values are −0.05 ± 0.06 mag, −0.09 ± 0.14 mag,
and 0.05 ± 0.27 mag, respectively. Assuming that the
optical SED can be modeled by a blackbody, the blackbody temperature (Tbb ) decreases from ∼ 2 × 104 K to
∼ 104 K. Similar reddening signatures have also been
observed in AT2018lug, while both AT2018cow and
AT2020xnd remain blue post-peak.
Figure 11 compares the color evolution of AT2020mrf
with other FBOTs. We have included AT2018cow (Per-
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Figure 11. Color evolution of FBOTs. The upper left panel shows four events associated with bright radio emission. The
upper right panel shows interacting SNe of type Icn, Ibn, and IIn. The lower panels show type II SNe, as well as stripped
envelope SNe of type IIb, Ib, Ic, and Ic-BL.

ley et al. 2019), AT2018lug (Ho et al. 2020), AT2020xnd
(Perley et al. 2021a), the type Icn SNe 2019hgp (GalYam et al. 2021) and 2021csp (Perley et al. 2021b), as
well as the gold sample of 22 spectroscopically classified
FBOTs presented by Ho et al. (2021a). The calculated
g − r color has been corrected for Galactic extinction
but assumes no host reddening. As can be seen, the
amount of reddening observed in AT2020mrf is closer
to other multi-wavelength FBOTs and interacting SNe,
but smaller than events shown in the lower panels.
3.2.3. Possible Power Sources
Like many other FBOTs, the fast rise and luminous
optical peak of AT2020mrf is unlikely to be powered
by radioactive 56 Ni decay, which would require the
nickel mass MNi to be greater than the ejecta mass
Mej (see, e.g., Fig. 1 of Kasen 2017). Possible emission mechanisms include shock breakout (SBO) from
extended CSM (Waxman & Katz 2017), shock cooling emission (SCE) from an extended envelope (Piro

et al. 2021), and reprocessing of X-ray/UV photons (potentially deposited by a central engine) by dense outer
ejecta (Margutti et al. 2019) or an optically think wind
(Piro & Lu 2020). We do not attempt to distinguish between these scenarios due to a lack of multi-wavelength
observations at early times.
The decay rate of AT2020mrf is significantly slower
than that of AT2018cow and AT2020xnd (Figure 1).
This is similar to the post-peak decay of AT2018lug,
which also slows down at ∆t ≈ 6–8 days (see Figure 1).
The slower decay can be caused either by the emergence of a radioactivity powered SN or continued CSM
interaction. Since the color evolution of AT2020mrf is
most similar to interacting SNe shown in the upper right
panel of Figure 11, we slightly favor the CSM interaction scenario. In Appendix C, we attempt to fit the
multi-band light curve using the one-zone SBO+SCE
model presented by Margalit (2021), but no satisfactory
fit is obtained. However, given that the CSM interaction model has many free parameters (e.g., anisotropy,
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Figure 12. Bolometric light curve of AT2020mrf converted
from ZTF photometry, assuming Tbb = 104 K. Data at <
5 days are shown as upward triangles since the temperature
at early time is > 104 K. The Lbol of SN1998bw (Galama
et al. 1998) is shown for comparison. We show two models of
radioactivity powered SN in the photospheric phase (Valenti
et al. 2008; Lyman et al. 2016), adopting an opacity of κ =
0.07 cm2 g−1 (typical for stripped envelope SNe; Taddia et al.
2018), and a photospheric velocity of vphot = 2 × 104 km s−1
(typical for GRB-SNe; Modjaz et al. 2016).
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radial density structure), more detailed modeling would
be required to determine whether it is a viable emission
mechanism.
Assuming Tbb = 104 K, the bolometric luminosity and
blackbody radius of AT2020mrf are shown in Figure 12.
Although radioactivity is not required to explain the
optical emission, the light curve at ∆t & 10 days is
consistent with being dominated by nickel decay with
Mej ∼ 1–6 M and MNi ∼ 0.3–0.4 M . Improved analytic relations (compared to the “Arnett model” shown
in Figure 12) have been presented by Khatami & Kasen
(2019). Adopting Lpeak ≈ 1042.8 , tpeak ≈ 17 days, and
the dimensionless parameter β ≈ 1, we use Eq. (21) of
Khatami & Kasen (2019) to estimate MNi , which gives
MNi ≈ 0.26 M . In summary, the inferred Mej and MNi
are broadly consistent stripped envelope SNe of all types
(IIb, Ib, Ic, and Ic-BL; Drout et al. 2011; Taddia et al.
2018; Prentice et al. 2019), but can not accommodate
normal hydrogen-rich type II SNe (Meza & Anderson
2020; Afsariardchi et al. 2021).
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Figure 13. The host galaxy of AT2020mrf on the SFR–M∗
diagram, compared to hosts of other AT2018cow-like events:
AT2018cow itself (Perley et al. 2019), AT2018lug (Ho et al.
2020), CSS161010 (Coppejans et al. 2020), and AT2020xnd
(Perley et al. 2021a). For comparison, the grey contours show
the PTF/iPTF CCSNe host galaxy sample (Schulze et al.
2021), from 0.5σ to 2σ in steps of 0.5σ. The yellow band
shows the main sequence of star-forming galaxies (Eq. 5 of
Elbaz et al. 2007).

as those with M∗ < 3 × 109 M . This trend has been
previously reported by Perley et al. (2021a), and argues
for a massive star origin. Several types of most powerful explosions from massive stars are also preferentially
hosted by dwarf galaxies, including long GRBs (Vergani
et al. 2015; Perley et al. 2016a), hydrogen-poor SLSNe
(Leloudas et al. 2015; Perley et al. 2016b; Taggart &
Perley 2021), and SNe Ic-BL (Schulze et al. 2021).
The specific star formation rate of AT2020mrf is ∼
10−10 yr−1 , which is relatively low in the context of CCSNe. Perley et al. (2021a) have suggested that an elevated level of star formation or star formation rate density is not a requirement for producing AT2018cow and
similar explosions. The properties of AT2020mrf’s host
further support this suggestion.
3.4. An Engine Driven Explosion
3.4.1. X-ray Properties

3.3. A Dwarf Host Galaxy
Figure 13 shows the position of AT2020mrf on the
SFR–M∗ diagram (based on properties derived in
§2.7.2). All known AT2018cow-like objects (a sample
of five) are hosted by dwarf galaxies, which we define

We have shown that the radio (§3.1) and early-time
optical (§2.2, §3.2) properties of AT2020mrf are similar
to other AT2018cow-like events. Here we summarize the
key X-ray observables of AT2020mrf, and compare them
with other AT2018cow-like events.
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At ∼ 36 days, the mean 0.3–10 keV luminosity of
AT2020mrf is (1.9 ± 0.4) × 1043 erg s−1 , a factor of ∼ 20
brighter than AT2018cow and AT2020xnd at similar
phases (Figure 6). The best-fit powerlaw of fν ∝ ν −0.8
(Figure 4) is similar to the 0.3–10 keV spectral shape
of AT2018cow and AT2020xnd (Margutti et al. 2019;
Bright et al. 2021; Ho et al. 2021b). From 34.5 to
37.6 days, the 0.2–2.2 keV flux varies by a factor of ≈ 6
on the timescale of ≈ 1 day (Figure 3), similar to the fast
soft X-ray variability observed in AT2018cow at similar
phases (Figure 6).
At 328 days, the mean 0.3–10 keV luminosity of
AT2020mrf is ∼ 1.3 × 1042 erg s−1 , which is ∼ 300 times
brighter than the upper limit of CSS161010 at 291 days,
and ∼ 200 times brighter than AT2018cow itself at
212 days. The spectrum of AT2020mrf has probably
hardened to fν ∝ ν 0 . From 327.4 to 328.2 days, the
X-ray flux decreases by a factor of ∼ 2.5.
As shown in Figure 6, in AT2018cow (and perhaps
AT2020xnd), the 0.3–10 keV light curve decay steepens
from L ∝ t−1 (t . 25 days) to L ∝ t−4 (25 . t .
100 days). The overall decay shape of AT2020mrf is consistent with a L ∝ t−1.3 power-law. However, we can not
rule out the existence of a steeper decay (see §3.4.3). Below we discuss the physical origin of the X-ray emission
associated with AT2020mrf.
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Figure 14. SED of AT2020mrf. The radio SED at the
epoch of the Chandra observation (∆t ≈ 328 days) should
lie between the two radio SEDs at ∆t ≈ 261 days and
∆t ≈ 417 days. Therefore, the late-time X-ray and radio
parts do not lie on the same synchrotron spectrum (see Fig. 1
of Granot & Sari 2002).

3.4.2. General Considerations
First, Figure 14 shows that the late-time X-ray luminosity is too bright to be an extension of the radio
synchrotron spectrum.

Second, inverse-Compton (IC) scattering of the radiation field (i.e., UV/optical photons) by electrons accelerated in the forward shock is found to be the main
early-time (t . 40 days) X-ray emission mechanism for
SNe Ib/c exploding in low-density environments (Fransson et al. 1996; Kamble et al. 2016). The ratio of IC
to synchrotron radiation losses is PIC /Psyn = urad /uB ,
where urad is the energy density in seed photons, and
3
uB = UB /(4πRsh
/3). To first order, PIC /Psyn ∼
LX /Lradio . At ∆t ≈ 36 days, the bolometric luminosity of the optical transient is Lbol ∼ 1042.3 erg s−1 (see
Figure 12). Assuming vsh ∼ 0.07–0.08c (§3.1.1), the
shock radius is Rsh ∼ 7 × 1015 cm. Therefore urad /LX =
2
Lbol /(4πcRsh
)/LX ∼ (0.1 erg cm−3 )/(2×1043 erg s−1 ) ∼
−45
5.4 × 10
s cm−3 . Assuming that the standard SSA
model applies at ∆t ≈ 36 days5 , from Eq. (3c) we
4/19
−1
have uB /Lradio ∼ 8 × 10−31 Lθν,29 (e /B )−11/19 ν100
>
−31
−3
2 × 10
s cm , where we have assumed that the
early-time synchrotron emission peaks at ∼ 100 GHz
and Lθν > 1029 erg s−1 Hz−1 . Therefore, urad /LX 
uB /Lradio , and IC is not likely to be the dominant mechanism for the X-ray emission. At ∆t ≈ 328 days, the
observed X-ray spectral shape of fν ∝ ν 0 is too hard to
be consistent with IC.
Finally, X-rays from most normal CCSNe and interacting SNe have been successfully modeled by thermal
bremsstrahlung from supernova reverse-shock-heated
ejecta or the forward-shock-heated CSM (Chevalier &
Fransson 1994; Dwarkadas & Gruszko 2012). The shortest variability timescale expected from clumpy CSM encountered by a forward shock is much slower — ∆t/t =
vsh /c ∼ 0.1 (see Section 3.3.1 of Margutti et al. 2019).
In contrast, the X-ray relative variability and flux contrast are ∆t/t ≈ 0.03, ∆F/F ≈ 2.5 at t ≈ 36 days and
∆t/t . 0.003, ∆F/F ≈ 1 at t ≈ 328 days.
Some previous studies have interpreted AT2018cow as
the tidal disruption of a white dwarf or star by an IMBH
(Kuin et al. 2019; Perley et al. 2019). Since the observed early-time non-thermal X-ray spectrum and fast
variability are not consistent with observations of thermal X-ray loud TDEs (Sazonov et al. 2021), the X-rays
are thought to be powered by a jet similar to that observed in the jetted TDE SwiftJ1644 (Burrows et al.
2011; Bloom et al. 2011). However, for AT2020mrf and
AT2018cow-like events in general, the TDE scenario is
disfavored by the dense environment (§3.1) and the host
properties (§3.3).
5

This assumption will not be accurate if vsh & 0.2c, at which condition we expect thermal electrons to contribute significantly to
the synchrotron spectrum (Ho et al. 2021b; Margalit & Quataert
2021).
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Therefore, the most natural origin of the X-rays in
AT2020mrf is a central compact object — either a neutron star (§3.4.4) or a black hole (§3.4.3) — formed in a
massive star explosion. Since the UV/optical luminosity
of AT2020mrf remains much lower than LX throughout
the evolution, we can assume that the central engine
luminosity Le is mostly tracked by LX . The engine
timescale is set by the duration of the X-ray emission
te > 328 days. The total energy release in the X-ray
is Ee > (2 × 1043 erg s−1 ) × (36 days) + (1042 erg s−1 ) ×
[(328 − 36) days] = 9 × 1049 erg.
3.4.3. Stellar Mass Black Hole Engine
The engine of AT2020mrf can be a stellar mass BH,
where X-rays are powered by accretion. The isotropic
equivalent luminosity of 1042 –1043 erg s−1 corresponds
to an Eddington ratio of Lengine /LEdd > 104 –103 for
a 10 M BH, suggesting that the emission is likely
beamed.
In the case of a failed explosion, te is determined by
the free-fall of the stellar envelope (Quataert & Kasen
2012; Fernández et al. 2018):

3/2  M −1/2
πr3/2
r
?
tff =
=
706
day.
1014 cm
10 M
(2GM? )1/2
(9)
In order to power AT2020mrf’s X-ray emission out to
328 days, a weakly bound red supergiant (RSG) progenitor with r > 6 × 1013 cm is required. The amount
of mass around the disk circularization radius is much
smaller than that in the stellar envelope, and the fast
X-ray variability is related to the change of angular momentum in the accreting material (Quataert et al. 2019).
In the case of a successful explosion, the accretion is
supplied by fallback of bound material (Dexter & Kasen
2013). In compact progenitors such as blue supergiants
(BSGs), a reverse shock decelerates the inner layers of
the ejecta, resulting in enhanced fallback mass (Zhang
et al. 2008). The fast X-ray variability might be caused
by disk instability since the viscous time is much shorter
than the fallback time. The temporal coverage of our
X-ray data is poor. It is possible that Le decays shallower than t−1.3 initially, followed by a steeper decay
(e.g. Le ∝ t−5/3 ) due to fallback. This might be consistent with a range of SN energies, with lower energies
corresponding to later transition times between an early
less steep light curve to a later steeper fallback light
curve (Quataert & Kasen 2012).
3.4.4. Millisecond Magnetar Engine
Another speculation is that the engine of AT2020mrf
is a young magnetar (i.e., an extremely magnetized neutron star), where Le is primarily provided by rotational

energy loss due to spindown. For a neutron star with a
spin period of Pms ≡ P/(1 ms) and a mass of 1.4 M ,
−2
the rotational energy is Erot ≈ 2.5×1052 Pms
erg (Kasen
& Bildsten 2010; Kasen 2017). The spin period required to power Ee is thus P . 17 ms. If the NS
has a radius of 10 km and a magnetic field of B14 ≡
B/(1014 G), the characteristic spindown timescale is
−2 2
tspindown ≈ 0.5B14
Pms day. The luminosity extracted
from spindown is roughly constant when t . tspindown ,
and decays as Le ∝ t−2 afterwards. Extrapolating the
Chandra detection back to the SRG luminosity suggests
that the transition occurs at ∼ 73 days, which implies
B . 1.4 × 1014 G. This is similar to the B field required
to power AT2018cow inferred by Margutti et al. (2019).
In this scenario, X-rays are generated in a “nebula”
region of electron/positron pairs and radiation inflated
by a relativistic wind behind the SN ejecta (Vurm &
Metzger 2021). Additional energy injection by fallback
accretion widens the parameter space of magnetar birth
properties, and predicts a late-time light curve decay
shallower or steeper than Le ∝ t−2 (Metzger et al. 2018).
The day-timescale X-ray variability can be accounted for
by magnetically driven mini-outbursts.
4. RATES

4.1. The Detection Rate in X-ray Surveys
AT2020mrf is the first multi-wavelength FBOT identified from X-ray surveys. This motivates us to estimate the rate of such events in present and future
X-ray surveys. The core collapse SN rate is R =
7 × 104 Gpc−3 yr−1 (Li et al. 2011). The birthrate of
18cow-like events estimated by ZTF is R = 3 × 10−5 –
6 × 10−3 R (Ho et al. 2021a), or 2.1–420 Gpc−3 yr−1 .
Here we assume that a multi-wavelength FBOT has
an X-ray light curve either similar to AT2018cow itself or similar to AT2020mrf. We approximate the 0.3–
10 keV X-ray luminosity of AT2018cow as a plateau with
a luminosity of LX,p0 = 3 × 1042 erg s−1 and a duration of tX,p0 = 30 days (Figure 6). The light curve
shape of AT2020mrf is less well constrained. For simplicity, we assume a conservative shape consisting of two
plateaus, with LX,p1 = 2 × 1043 erg s−1 , tX,p1 = 36 days,
LX,p2 = 1 × 1042 erg s−1 , and tX,p2 = 350 days.
The transient detection rate is
Ṅdet =

Ω 3
D
R · ps
3 max

(10)

where Ω is the solid angle of the surveyed area (Ω = 4π
for an all-sky survey), Dmax is the maximum distance
out to which the source can be detected, and ps is
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Table 6. The detection rates (Ṅdet in yr−1 ) of events similar to AT2018cow and
AT2020mrf in X-ray surveys, under three different assumptions of the event volumetric
rates (R in Gpc−3 yr−1 ).
Survey

f−13

SRG/eROSITA

1.8

Einstein Probe

20

Dmax

Ṅdet if R = 2.1

Ṅdet if R = 70

Ṅdet if R = 420

373
964
112
289

0.080
1.7
0.012
0.21

2.7
57
0.41
7.1

16
340
2.5
43

Ndet, h

the probability that the transient is “on” when being
scanned by the X-ray survey. If the survey cadence is
shorter than the transient duration, ps = 1. Setting a
survey flux threshold of fthre = 10−13 f−13 erg cm−2 s−1 ,
2
fthre = LX,p .
we have 4πDmax
On average, every 0.5 yr, SRG/eROSITA samples the
same region of the sky over ∼ 12 passes within ∼ 2 days.
For a single event, somewhere on the sky, with an X-ray
light curve shape similar to AT2018cow, the probability
of being imaged by SRG during its X-ray active phase is
ps0 = 2×(tX,p0 +2)/365 = 0.175. For a light curve shape
similar to AT2020mrf, ps1 = 2 × (tX,p1 + 2)/365 = 0.208,
and ps2 ∼ 1. The sensitivity of an eROSITA single sky
survey is ≈ 2.5 × 10−14 erg s−1 cm−2 (see Fig. 17 of Sunyaev et al. 2021). In reality, to be selected as a transient
by eRASSn (n > 1), the source needs to exceed the
eRASS1 sensitivity limit by a factor of ≈ 7. Therefore,
the flux threshold is f−13 ≈ 1.8.
Einstein Probe (EP) is a lobster-eye telescope for monitoring the X-ray sky (Yuan et al. 2018) to be launched
at the end of 2022. With an orbital period of 97 min,
the entire sky can be covered over three successive orbits. Here we assume that its Wide-field X-ray telescope
(WXT) is 2 orders of magnitude more sensitive than
the Monitor of All-sky X-ray Image (MAXI ) mission6 .
MAXI has a transient triggering threshold of 8 mCrab
for 4 days (Negoro et al. 2016), leading us to assume
f−13 ≈ 20 for EP.
The calculated detection rates in eROSITA and EP
are summarized in Table 6. The rate of similar events in
present and future millimeter transient surveys is given
by Ho et al. (2021b).

Ndet, h

Note—Dmax is given in Mpc. The values with yellow background assume an X-ray light curve shape similar to AT2018cow.
The values given in boldface assume a conservative light curve shape similar to AT2020mrf, and therefore the derived Ṅdet
should be taken as lower limits.
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Figure 15. We calculate the expected number of eROSITA
transients selected within one year from half of the sky
(Ndet,h ) as a function of the event rate R. The shaded regions mark 95% confidence intervals in Poisson statistics.
The horizontal dotted lines indicate the number of event selected from eROSITA with an X-ray light curve similar to
AT2018cow (upper panel) or AT2020mrf (bottom panel).

4.2. Independent Rate Estimates Using eROSITA

6

From slide #32 of https://sites.astro.caltech.edu/∼srk/XC/
Notes/EP 20200923.pdf

SRG had finished eRASS3 in 2021 mid-June. At the
time of submission of this manuscript (2021 early December), we have spectroscopically classified all tran-
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sients that satisfy the following criteria: (i) selected from
eRASS2 and eRASS3 in the “Russian” half of the sky
(i.e., with Galactic latitude 0◦ < l < 180◦ ), (ii) associated with an optical counterpart in the PS1 catalog
(Flewelling et al. 2020; Waters et al. 2020), and (iii) not
an obvious star or AGN. Denoting Ndet,h as the number
of events that should be selected in one year from half
of the sky, we derive independent rate estimates using
our eROSITA experiment.
First, we calculate the rate of multi-wavelength
FBOTs with X-ray light curves similar to AT2018cow.
The upper panel of Figure 15 shows Ndet,h as a function
of R. The fact that no multi-wavelength FBOT with
LX,p similar to AT2018cow was selected constrains the
rate of such events to be < 194 Gpc−3 yr−1 (95% confidence interval). This upper limit is more constraining
than the optically estimated rate of < 340 Gpc−3 yr−1
(Ho et al. 2021a, although see caveats below).
Second, we calculate the rate of multi-wavelength
FBOTs with X-ray light curves similar to AT2020mrf.
The fact that AT2020mrf is the only selected object implies that the rate of such events is 0.06–14 Gpc−3 yr−1
(see lower panel of Figure 15).
Next, we examine the lowest galaxy luminosity to
which our spectroscopic follow up is complete. For an
18cow-like X-ray light curve, at a peak luminosity of
LX,p0 , Dmax = 373 Mpc (Table 6). Since the limit
magnitude of PS1 is r ∼ 23, all galaxies brighter than
Mr = −14.9 within 373 Mpc should be cataloged. The
host galaxy of CSS161010 (Mr = −14.7 ± 0.1) is fainter
than this threshold, indicating that the upper limit of
194 Gpc−3 yr−1 derived above should be taken with caution.
For a 20mrf-like X-ray light curve, at a peak luminosity of LX,p1 , Dmax = 964 Mpc (Table 6). Our
spectroscopic classification is thus complete down to
Mr = −16.9, which is brighter than the host galaxies
of all multi-wavelength FBOTs except for AT2018cow.
Therefore, the rate of 0.06–14 Gpc−3 yr−1 estimated
above should be taken as lower limits. We note that
AT2020mrf itself was selected by us for follow up due to
(i) the spatial association between the FBOT and the Xray transient SRGe J154754.2+443907, and (ii) the faint
host (rPS1 = 23.1) being cataloged by PS1 and classified as a “GALAXY” in the PS1-STRM7 catalog (Beck
et al. 2021). It is likely that some of the “hostless”
transients selected by eROSITA are multi-wavelength
FBOTs hosted by very low-mass galaxies and missed by
optical sky surveys.
7

https://archive.stsci.edu/hlsp/ps1-strm

Finally we note that a host galaxy catalog has to be as
deep as r > 25.2 to contain all galaxies at Mr < −14.7
within 964 Mpc. In this regard, the deep Legacy Survey
of Space and Time (LSST; Ivezić et al. 2019) conducted
by the Vera Rubin Observatory will be useful in associating X-ray transients with dwarf host galaxies. Photometric redshifts provided by LSST will also be crucial
in culling the most luminous optical transients from the
FBOT population.
5. SUMMARY

We report multi-wavelength observations of
AT2020mrf, the fifth member of the class of AT2018cowlike events (i.e., FBOTs with luminous multi-wavelength
counterparts). Among the four 18cow-like events ever
detected in the X-ray (i.e., AT2018cow, CSS161010,
AT2020xnd, AT2020mrf), AT2020mrf is the most luminous object, exhibiting day-timescale X-ray variability
both at early (≈ 36 days) and late times (≈ 328 days),
with a luminosity between few × 1042 and 1043 erg s−1 .
Previously, the only object showing evidence of a
NS/BH central engine was AT2018cow (Margutti et al.
2019; Pasham et al. 2021). Here we show that a compact
object — a young millisecond magnetar or an accreting
black hole — is required to be the central energy source
of AT2020mrf (see §3.4).
AT2020mrf also provides accumulating evidence to
show that AT2018cow-like events form another class of
engine-driven massive star explosions, after long GRBs
and SLSNe-I. Intriguingly, all three classes of events are
preferentially hosted by dwarf galaxies. Given the mass–
metallicity relation (Gallazzi et al. 2005; Kirby et al.
2013), low metallicity probably plays an important role
in the formation of such exotic explosions by reducing
angular momentum loss of their progenitors (Kudritzki
& Puls 2000). Local environment studies with integralfield unit (IFU) observations (e.g., Lyman et al. 2020)
and high spatial resolution images (e.g., with the Hubble Space Telescope) can further illuminate the nature
of their progenitors.
Although AT2018cow, AT2018lug, and AT2020xnd
are FBOTs with −20.5 < Mg,peak < −21.5 and t1/2 <
5 day, the optical light curve of AT2020xnd is of lower
peak luminosity (Mg,peak = −20) and slower evolution
timescale (t1/2 = 7 days). This should guide searches
of such events in optical wide field surveys to be more
agnostic of the light curve decay rate. Real-time identification of FBOTs and comprehensive spectroscopic
follow up observations are necessary to distinguish between different emission mechanisms: shock interaction
with extended CSM, radioactivity, or wind reprocessing
(§3.2.3). The discovery of X-ray emission in AT2020mrf
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also showcases how X-ray surveys such as SRG can
be essential in the identification of multi-wavelength
FBOTs.
Once identified, millimeter and radio follow-up observations are needed to reveal the CSM density as a
function of distance to the progenitor, which contains
information about on the mass-loss history (§3.1). Xray light curves provide diagnostics for the nature of
the power source (§3.4), while broad-band X-ray spectroscopy can constrain the evolution of the geometry
of the material closest to the central engine (Margutti
et al. 2019). Given the late-time X-ray detections of
AT2018cow at ∆t ≈ 212 days (Appendix A) and of
AT2020mrf at ∆t ≈ 328 days (§2.4), future Chandra observations of these two objects may further constrain the
timescales of their central engines.
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APPENDIX

A. XMM-Newton LATE-TIME DETECTION OF AT2018COW

AT2018cow was observed by XMM-Newton/EPIC on three epochs (PI Margutti) at rest-frame 29.6, 78.1, and
211.8 days since explosion. The first two epochs yielded clear X-ray detections, which have been reported by Margutti
et al. (2019). Pasham et al. (2021) analyzed the 0.25–2.5 keV EPIC/MOS1 data of the third epoch, and reported a non
detection. Here we analyze the third epoch EPIC/pn data to derive the flux (or upper limit) in 0.3–10 keV, which is
important to be compared with the late-time X-ray detection of AT2020mrf. The pn instrument generally has better
sensitivity than MOS1 and MOS2.
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Figure 16. XMM-Newton/pn 0.3–10 keV image centered on AT2018cow, obtained at ∆t = 212 days. The solid circle is the
source region with rsrc = 2000 , and the dashed circle is the background region with rbkg = 3000 .

We reduced the pn data using the XMM-Newton Science Analysis System (SAS) and relevant calibration files. Events
were filtered with the conditions PATTERN<=4 and (FLAG&0xfb0825)==0. We removed high background time windows
and retained 43178 s good times among the total exposure time of of 53163 s. Following Margutti et al. (2019), we
extracted the source using a circular region with a radius of rsrc = 2000 to avoid contamination from a nearby source
located 36.800 southwest form AT2018cow. The background is extracted from a source-free circular region with a radius
of rbkg = 3000 on the same CCD (see Figure 16).
The average count rate of the source is 0.00486 count s−1 . The average count rate of the background (multiplied by
2
2
rsrc /rbkg
to match the area of the source region) is 0.00360 count s−1 . Therefore, AT2018cow is detected at a (Gaussian
equivalent) confidence limit of 4.2σ. Assuming an absorbed power-law model with Γ ≈ 2 and NH ≈ 7 × 1020 cm−2 ,
the 0.3–10 keV flux is ∼ 1.6 × 10−14 erg s−1 cm−2 , corresponding to a luminosity of ∼ 7 × 1039 erg s−1 .
B. A SAMPLE OF GRB X-RAY LIGHT CURVES

The sample of GRB light curves shown in Figure 6 is collected as follows. We start with the list of GRBs given
by the Swift GRB Table8 . Next, we retain the 339 long GRBs (T90 > 2 s) with reported redshifts. After that,
we require the last Swift/XRT detection to be at [(t − T0 )/(1 + z)] > 40 days, where T0 is the GRB trigger time.
This step selects 12 events, including GRB190829A (z = 0.078), GRB180728A (z = 0.12), GRB161219B (z = 0.15),
GRB130427A (z = 0.34), GRB061021 (z = 0.35), GRB091127 (z = 0.49), GRB060729 (z = 0.54), GRB090424
(z = 0.54), GRB080411 (z = 1.0), GRB100814A (z = 1.4), GRB150206A (z = 2.1), and GRB050820A (z = 2.6). We
supplement the XRT light curves with deep late-time X-ray observations reported in the literature (Grupe et al. 2010;
De Pasquale et al. 2017).
C. MODELING THE OPTICAL LIGHT CURVE WITH CSM SBO+SCE

For simplicity, we adopt the one-zone model presented in Appendix A of Margalit (2021) to fit the optical light curve
of AT2020mrf. Following Yao et al. (2019), we add a constant additional variance σ02 to each of the measurement
variance σi2 to account for systematic uncertainties. The multi-band light curves are parameterized using five free
8
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Figure 17. Dense CSM shock breakout and cooling model fit to the multi-band light curve of AT2020mrf. The maximum a
posteriori model is shown via solid lines.

parameters: t0 , tdyn , ta , β, and E0 (see Table 1 of Margalit 2021 for the definitions of these variables). The best-fit
model is shown in Figure 17, and the posterior distribution is shown in Figure 18.
We are not able to obtain a decent fit to the observed light curves. This is due to the fact that in the CSM shock
breakout and cooling model, the light curve decay can not be significantly slower than the rise, making it difficulty to
reproduce the “flux excess” observed at ∆t ∼15–35 days.
REFERENCES
Afsariardchi, N., Drout, M. R., Khatami, D. K., et al. 2021,
ApJ, 918, 89, doi: 10.3847/1538-4357/ac0aeb

Bell, E. F., McIntosh, D. H., Katz, N., & Weinberg, M. D.
2003, ApJS, 149, 289, doi: 10.1086/378847

Aihara, H., Arimoto, N., Armstrong, R., et al. 2018, PASJ,
70, S4, doi: 10.1093/pasj/psx066

Bellm, E. C., Kulkarni, S. R., Graham, M. J., et al. 2019,
PASP, 131, 018002, doi: 10.1088/1538-3873/aaecbe

Aihara, H., AlSayyad, Y., Ando, M., et al. 2019, PASJ, 71,
114, doi: 10.1093/pasj/psz103

Bietenholz, M. F., Bartel, N., Argo, M., et al. 2021, ApJ,
908, 75, doi: 10.3847/1538-4357/abccd9

Arnaud, K. A. 1996, in Astronomical Society of the Pacific
Conference Series, Vol. 101, Astronomical Data Analysis
Software and Systems V, ed. G. H. Jacoby & J. Barnes,
17

Björnsson, C. I., & Keshavarzi, S. T. 2017, ApJ, 841, 12,
doi: 10.3847/1538-4357/aa6cad

Asplund, M., Grevesse, N., Sauval, A. J., & Scott, P. 2009,
ARA&A, 47, 481,
doi: 10.1146/annurev.astro.46.060407.145222

Bright, J. S., Margutti, R., Matthews, D., et al. 2021, arXiv
e-prints, arXiv:2110.05514.
https://arxiv.org/abs/2110.05514

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J.,
et al. 2013, A&A, 558, A33,
doi: 10.1051/0004-6361/201322068

Burke, J., Howell, D. A., Hiramatsu, D., et al. 2020,
Transient Name Server Classification Report, 2020-1846,
1

Baldwin, J. A., Phillips, M. M., & Terlevich, R. 1981,
PASP, 93, 5, doi: 10.1086/130766

Burrows, D. N., Kennea, J. A., Ghisellini, G., et al. 2011,
Nature, 476, 421, doi: 10.1038/nature10374

Beck, R., Szapudi, I., Flewelling, H., et al. 2021, MNRAS,
500, 1633, doi: 10.1093/mnras/staa2587

Campana, S., Mangano, V., Blustin, A. J., et al. 2006,
Nature, 442, 1008, doi: 10.1038/nature04892

Bloom, J. S., Giannios, D., Metzger, B. D., et al. 2011,
Science, 333, 203, doi: 10.1126/science.1207150

21

AT2020mrf
t0 = 0.39+0.34
0.21

tdyn

1.8

2.4

3.0

3.6

tdyn = 1.92+0.47
0.39

10

15

ta

20

25

1.2

ta = 11.95+5.61
3.71

0.4
5

0.6
0

0.7

5

0.9
0

= 0.81+0.10
0.17

logE0

t0

tdyn

ta

0.9
0
47
.6
48
.0
48
.4
48
.8
49
.2

0.7
5

0.6
0

0.4
5

25

0.3
0

20

15

10

3.6

3.0

2.4

1.8

1.2

0.8

0.6

0.4

0.2

47

.6

48

.0

48
.4

48

.8

490.3
.2 0

logE0 = 48.55+0.30
0.31

logE0

Figure 18. Corner plot showing the posterior constraints on the model parameters. Each parameter is marginalized over σ0 .
Cappellari, M. 2017, MNRAS, 466, 798,
doi: 10.1093/mnras/stw3020
Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ,
345, 245, doi: 10.1086/167900
Chabrier, G. 2003, PASP, 115, 763, doi: 10.1086/376392
Chandra, P., Chevalier, R. A., Chugai, N., et al. 2012, ApJ,
755, 110, doi: 10.1088/0004-637X/755/2/110
Chandra, P., Chevalier, R. A., Chugai, N., Fransson, C., &
Soderberg, A. M. 2015, ApJ, 810, 32,
doi: 10.1088/0004-637X/810/1/32
Chandra, P., Nayana, A. J., Björnsson, C. I., et al. 2019,
ApJ, 877, 79, doi: 10.3847/1538-4357/ab1900
Chevalier, R. A. 1998, ApJ, 499, 810, doi: 10.1086/305676
Chevalier, R. A., & Fransson, C. 1994, ApJ, 420, 268,
doi: 10.1086/173557
Conroy, C., & Wechsler, R. H. 2009, ApJ, 696, 620,
doi: 10.1088/0004-637X/696/1/620
Coppejans, D. L., Margutti, R., Terreran, G., et al. 2020,
ApJL, 895, L23, doi: 10.3847/2041-8213/ab8cc7
Cordes, J. M., & Lazio, T. J. W. 2002, arXiv e-prints,
astro. https://arxiv.org/abs/astro-ph/0207156

De Pasquale, M., Page, M. J., Kann, D. A., et al. 2017, in
XII Multifrequency Behaviour of High Energy Cosmic
Sources Workshop (MULTIF2017), 71
Dexter, J., & Kasen, D. 2013, ApJ, 772, 30,
doi: 10.1088/0004-637X/772/1/30
Drout, M. R., Soderberg, A. M., Gal-Yam, A., et al. 2011,
ApJ, 741, 97, doi: 10.1088/0004-637X/741/2/97
Drout, M. R., Chornock, R., Soderberg, A. M., et al. 2014,
ApJ, 794, 23, doi: 10.1088/0004-637X/794/1/23
Dwarkadas, V. V., & Gruszko, J. 2012, MNRAS, 419, 1515,
doi: 10.1111/j.1365-2966.2011.19808.x
Dwarkadas, V. V., Romero-Cañizales, C., Reddy, R., &
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