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The tidal forces of a black hole can rip apart a star that passes too close to it,
resulting in a stellar Tidal Disruption Event (TDE, (7)). In some such encoun-
ters, the black hole can launch a powerful relativistic jet (2—6). If this jet fortu-
itously aligns with our line of sight, the overall brightness is Doppler boosted
by several orders of magnitude. Consequently, such on-axis relativistic TDEs
have the potential to unveil cosmological (redshift » >1) quiescent black holes
and are ideal test beds to understand the radiative mechanisms operating in
super-Eddington jets. Here, we present multi-wavelength (X-ray, UV, opti-
cal, and radio) observations of the optically discovered transient AT 2022cmc
at z = 1.193 (7). Its unusual X-ray properties, including a peak observed

luminosity of >10*® ergs—!

, systematic variability on timescales as short as
1000 seconds, and overall duration lasting more than 30 days in the rest-frame
are traits associated with relativistic TDEs. This makes AT 2022cmc only the
fourth member of this rare class and the first one identified in the optical and

with well-sampled optical data. The X-ray to radio spectral energy distri-

butions spanning 5-50 days after discovery can be explained as synchrotron
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emission from a relativistic jet (radio), synchrotron self-Compton (X-rays),
and thermal emission similar to that seen in low-redshift TDEs (UV/optical).
Our modeling implies a beamed, highly relativistic jet akin to blazars (e.g.,
(8, 9)) but requires extreme matter-domination, i.e, high ratio of electron-to-
magnetic field energy densities in the jet, and challenges our theoretical under-
standing of jets. This work provides one of the best multi-wavelength datasets
of a newborn relativistic jet to date and will be invaluable for testing more
sophisticated jet models, and for identifying more such events in transient sur-

veys.

AT 2022cmc was discovered in the optical waveband by the Zwicky Transient Facility
(ZTF; (10)) on 11 February 2022 as a fast-evolving transient, and was publicly reported to the
Gamma-ray Coordination Network (GCN) on 14 February 2022 (7). We confirmed the rapid
evolution of this transient in the Asteroid Terrestrial-impact Last Alert System (ATLAS) survey
data with a non-detection 24 hrs before the ZTF discovery and a subsequent decline of 0.6 mag-
nitudes per day (/7). A radio counterpart was identified in Karl G. Jansky Very Large Array
(VLA) observations on 15 February 2022 (/2). While the optical spectrum taken on 16 February
2022 revealed a featureless continuum (/3), spectral features were detected in subsequent spec-
tra taken one day later with the European Southern Observatory’s (ESO) Very Large Telescope
(VLT; (1/4)) and Keck/DEIMOS (15). In particular, the detection of [OIII] A5007 emission and
Call, MglI and Fell absorption lines yielded a redshift measurement of z = 1.193 (14, 15). Our
follow-up X-ray (0.3-5 keV) observations with the Neutron star Interior Composition ExploreR
(NICER) on 16 February 2022 revealed a luminous X-ray counterpart (/6). We also triggered
additional multi-wavelength observations with numerous facilities, including AstroSat and The
Neil Gehrels Swift Observatory (Swift) in the X-rays and the UV (see Extended Data Figures ]|
and [2). We obtained an optical spectrum with ESO/VLT (Extended Data Figure [3)) and imag-

5



47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

ing with several optical telescopes. In the radio band, we acquired multi-frequency data with
the VLA, the Arcminute Microkelvin Imager-Large Array (AMI-LA) and the European Very
Long Baseline Interferometry (VLBI) Network (EVN; see “Observations and Data Analysis” in
Methods for details on these observations). We adopt Modified Julian Date (MJD) 59621.4458
(the discovery epoch) as the reference time throughout the paper and all relative times are in the
observer frame unless otherwise mentioned.

AT 2022cmc’s most striking property is its high isotropic peak X-ray luminosity of >
10*® ergs—! (orange data points in panel (a) of Figure . High apparent luminosity can be
caused by gravitational lensing, however this contributes no more that a 10% enhancement for
AT 2022cmc (see “Estimate of gravitational lens magnification by a foreground structure” in
Methods). AT 2022cmc’s second compelling aspect is its rapid X-ray variability over a wide
range of timescales: during the weeks after initial optical discovery, it showed variability on
timescales ranging from 1000 s to many days (see panels (a)—(d) of Figure |1} Extended Data
Figure ] and “Shortest X-ray variability timescale” in Methods). The X-ray spectrum is gener-
ally consistent with a simple power law model with the best-fit photon index varying between
1.3-1.9 (Extended Data Figure [2] and Extended Data Table [2). There are intermittent rapid
flares during which the X-ray spectrum deviates from a power law model (see “y-rays and X-
rays/NICER” in Methods). AT 2022cmc’s observed optical and UV light curves exhibit three
phases after reaching their peaks: an early slow decling] phase at < 3.1 days with a decline
rate & ~ —0.5 steepening further to « ~ —2.5 at =~ 6.4 days, followed by a shallow decline
(a &~ —0.3) at 2 6.4 days (see Figure[2). An optical spectrum taken at =~ 15 days shows a fea-
tureless blue continuum, which can be fit using a thermal model with a rest-frame temperature
~3x10* K (see Extended Data Figure . The 15 GHz flux density, on the other hand, has been

rising monotonically with time at > 10 days (see Figure [2). The radio spectrum appears to be

*We use the convention, F, (v) o t¢ VP8 throughout, where F), is the flux per unit frequency, v is the observed
frequency, « is the temporal decay rate, and [ is the spectral index.
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consistent with the standard synchrotron self-absorption process from a single-emitting region
(e.g., see (17)).

AT 2022cmc’s high apparent X-ray energy output, extreme luminosity variations (a factor
of ~500 over a few weeks; see Figure 2] gray and black points) and fast variability requires
an active central engine. Such an engine can be naturally explained by an extreme accre-
tion episode onto a black hole which could be due to a stellar tidal disruption (/). Indeed,
among transients, AT 2022cmc’s apparent X-ray luminosity and evolution are only comparable
to Sw J1644+57 (e.g., (3)), Sw J2058.4+0516 (e.g., (I8, 19)) and Sw J1112.2-8238 (20), the
three TDEs with relativistic jets. AT 2022cmc’s thermal optical emission with temperature of
~2.3x10* K is often seen in low-redshift (z < 0.2) TDEs (27). The high optical/UV luminosity
of ~ 2x10% erg s~! at day 15-16 post-discovery (Figure [3) is only comparable to the extreme
TDE candidate ASASSN-151h (22). Based on the rich literature on accretion-driven outbursts
from stellar-mass black holes in X-ray binaries, we now know that accretion and consequently
related ejection can lead to variability on a wide range of timescales (see references in (23)).
Thus, accretion/ejection following a tidal disruption could also naturally explain AT 2022cmc’s
observed flux variability over a wide range of timescales.

Given the similar X-ray luminosity and variability to Sw J1644+57, the best-studied TDE
with a relativistic jet, we modelled AT 2022cmc’s data under the jet paradigm. In a standard jet
scenario, the radio through infrared/optical/UV data is dominated by non-thermal synchrotron
emission (2, 24). However, extrapolating AT 2022cmc’s radio/optical/UV data to higher fre-
quencies does not provide emission consistent with the observed X-ray flux (see ‘“Preliminary
Considerations” in Methods and Extended Data Figure [6)), suggesting that the high energy emis-
sion originates from a second component. Similar to blazars, this second component could nat-
urally arise from inverse Compton scattering of either local synchrotron photons (synchrotron

self-Compton, or SSC for brevity), or photons originating outside of the jet (external Compton,
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or EC). In both cases, the photons would interact with the electrons in the jet. Therefore, we in-
vestigated these scenarios by fitting three observed time-averaged spectral energy distributions
(SEDs) with good multi-wavelength coverage (days 15-16, 25-27, and 41-46) with a simple jet
model, consisting of a spherical, homogeneous, emitting region, similar to the approach com-
monly used to infer the properties of the emitting region in blazars (8, 25, 26). The rapid X-ray
variability on tens of minutes timescale and self-absorbed radio spectrum indicate that the ob-
served radio and X-ray emission originate from a compact region rather than in an extended
outflow, further motivating our single-zone approximation.

We tested two emission models, one in which the only radiative mechanisms considered are
synchrotron and SSC (model 1), and one including EC of thermal photons originating outside
of the jet (model 2). Model 1 (the synchrotron+SSC model), shown in Figure [3| provides
an acceptable fit to the radio through the X-ray SEDs (x?/d.o.f. = 2.2), albeit with extreme
parameters (see below); model 2 on the other hand is disfavored because it cannot explain
the radio flux, while still resulting in similarly extreme parameters (see “Modeling results™ in
Methods). The best-fitting parameters for both models are reported in Extended Data Table [3]
We caution that these numbers could change significantly with a more complex and physical
model, and the fits presented here purely constitute a check that the data is consistent with the
emission from a relativistic jet.

The main trend emerging from model 1 is that the jet has to be very powerful (=~ 104647
erg s !, depending on its composition) and strongly beamed: the Doppler factor is § = [I';(1 —
B cos(0)] ™! ~ 100, where T); is the jet bulk Lorentz factor, 3; the corresponding speed in units
of the speed of light, and 6 is the jet viewing angle. On the other hand, model 2 requires
somewhat lower jet power (=~ 10% ergs™'), and a smaller Doppler factor § ~ 10. Under the
jet paradigm, the observed X-rays and their variability arise from within the jet; as a result,

a size constraint can be compared to the observed variability timescale in order to check for



121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

consistency. Based on a simple causality argument, we require the size of the emitting region
to be smaller than the minimum variability timescale x speed of light x Doppler factor ~ 1000 s
x 3x 101 x § cm ~ 3 x 10'® x § cm for our case, where the factor § accounts for relativistic
beaming (27). The emitting region inferred has an estimated radius of ~ 106 cm from
model 1 and ~ 10'* cm from model 2. Both of these estimates are consistent with the hour-
long variability timescale observed by NICER but are only marginally consistent with ~1000 s
X-ray variations. Such rapid variability has also been observed in some extreme blazar flares
(e.g., (28,29)), and is inconsistent with the simple homogeneous, time-independent single-zone
model presented here. Instead, it can be reproduced using a complex in-homogeneous, time-
dependent model (30). However, applying such a model to AT 2022cmc is beyond the scope of
this work.

Both models 1 and 2 require a strong SSC contribution to match the X-ray flux. In order
for this to happen, we require a strongly matter-dominated jet, i.e., most of the power is carried
by the electrons and protons within the jet, rather than by the magnetic field. Such a matter
dominated flow is in tension with the common theoretical paradigm that jets are magnetically-
dominated at their launching point, and then accelerate by turning the magnetic field into bulk
kinetic energy until they reach rough equipartition (31, 32). These issues are also often encoun-
tered when modelling blazar jets with a dominant SSC component, (8, 9), as well as M87 (33),
and likely points at the need for more complex models. A schematic of our proposed, albeit
simple, model (synchrotron+SSC+thermal optical/UV) is shown in Figure {4

Finally, our SED models imply that the underlying physics in AT 2022cmc’s jet maybe dis-
tinct compared to Sw J1644+57 and Sw J2058+05, as in those sources SSC cannot produce the
observed X-ray emission (34). In Sw J1644+57 it has been argued that the X-ray originate from
a corona/base of a jet through external inverse Compton scattering by a photon field coming

from either the disk (e.g., (3)) or from the disk wind (e.g., (34)). This external inverse Compton
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model has also been successfully applied to Sw J2058+05 (35). Instead, in AT 2022cmc EC
cannot explain the observed X-rays (see “Modeling results” in Methods), and thus its high en-
ergy emission appears to be driven by different mechanisms compared to previous relativistic
TDEs.

While our models provide strong evidence that the multi-wavelength emission of AT 2022cmc
is powered by a relativistic jet, they also show that a more complex model is required to probe
the physics of the jet self-consistently. The data presented in this paper provide an unprece-
dented opportunity to explore detailed jet physics at extreme mass accretion rates.

As a relativistic jet is able to explain the multi-wavelength properties of AT 2022cmc, we
now investigate the plausible mass of the black hole engine. At the low mass end, ~10 M),
the most powerful known jets are launched following Gamma Ray Bursts (GRBs). A GRB
afterglow interpretation can be ruled out due to the: 1) unusually high X-ray luminosity, 2)
fast variability out to weeks after discovery, 3) overall duration of AT 2022cmc, and 4) non-
synchrotron SED (see “Arguments against a GRB afterglow” in Methods for a more thor-
ough/detailed discussion). We disfavour a blazar flare/outburst for three reasons. First, the
light curves of blazar flares show stochastic variability on top of a fairly constant, low flux
(e.g. (30)), while AT 2022cmc shows a smooth decay structure typical of transients powered by
a sudden (and possibly subsequently sustained) deposition of energy. Second, all blazar classes
have a flat radio spectrum, F(v) o v, while AT 2022cmc exhibits a strongly self-absorbed
spectrum with F'(v) oc v2. Finally, a large amplitude optical brightness enhancement of ~4
magnitudes (see “Constraints on host luminosity” in Methods and supplementary data) is un-
usual for blazars (e.g., compare with (30)). In addition to this, there is no gamma-ray source
detected by Fermi/LAT within 1° diameter from AT 2022cmc. However, both an intermediate-
mass black hole weighing a few x(10?°~°) M, disrupting a white dwarf and a supermassive

black hole (a few x 10°~®) disrupting a solar type star remain as possible scenarios for powering
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AT 2022cmc. The observed high apparent X-ray luminosity implies that the emission is highly
super-Eddington in both of these cases.

While non-relativistic TDEs are now routinely discovered (roughly one every few weeks)
in the nearby Universe (redshift, z < 0.2) (21, 36), Doppler-boosted TDEs such as AT 2022cmc
can push the redshift barrier as they are orders of magnitude more luminous. AT 2022cmc’s
multi-wavelength properties are consistent with a TDE with a relativistic jet closely aligned
with our line of sight. This makes AT 2022cmc the farthest TDE known to-date. It is also the
first relativistic TDE to be identified in over 11 years (6), and the first such event to be identified
by an optical sky survey. All these factors bolster the exciting prospect of unveiling z > 1 TDEs

and consequently black holes in the upcoming era of LSST/Rubin observatory (37).
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Figure 1: AT 2022cmc’s X-ray evolution on various timescales at different epochs. (a)
AT 2022cmc’s absorption-corrected and k-corrected 0.3-10 keV X-ray luminosity (filled
orange stars) in comparison to the most luminous known X-ray transients. The filled cir-
cles with different shades of grey are a sample of the most luminous GRB X-ray afterglows
known (38). Only data past 50,000 rest-frame seconds is shown to highlight the late time emis-
sion from these afterglows. AT 2022cmc is significantly more luminous than any known GRB
afterglow and its X-ray luminosity is only comparable to previously-known relativistic jetted
TDEs Sw J1644+57 (filled green crosses), Sw J2058+05 (filled cyan squares) and Sw J1112-
82 (filled purple Xs). The dotted horizontal blue line at 1.2x 10%® erg s=! is an estimate of
NICER’s background-limited sensitivity limit for sources at z = 1.193. See “GRB and TDE
Comparison Data” in Methods for a description of the comparison sample used in this Figure.
(b) AT 2022cmc’s sample NICER (0.3-5 keV) light curve highlighting variability on hours
timescale (also see Extended Data Figure ). (c) AT 2022cmc’s Astrosat (0.5-7 keV) light
curve showing variability on hours timescale. (d) AT 2022cmc’s Swift X-ray (0.3-8 keV)
light curve highlighting a flare more than 3 weeks (in rest-frame) after initial discovery. All
the light curves are background-corrected. In panels (b)-(d), background-corrected count rates
(counts s~ 1) vs time in rest frame hours since MJD 59621.4458 are shown. These data are pro-
vided as supplementary files.
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Figure 2: NICER (small grey points), Swift/XRT and UVOT (diamonds), HST (circles),
ground-based optical (squares), and radio (stars) light curves of AT 2022cmc spanning
from ~ 1-83 days after discovery, together with single / smoothly broken power-law models
fit to the Swift/XRT (black), ’-band (red) and 15 GHz (violet) light curves with the correspond-
ing best-fit indices indicated. The optical light curve exhibits a steep decay at ~ 1-3 days in the
rest frame, followed by a plateau, during which the radio light curve is seen to rise. Dashed lines
indicate w, ¢, and z-band upper limits on underlying host emission obtained from deep stacks
of PanSTARRS pre-discovery images (see “Constraints on host luminosity” and Extended Data
Figure [5] in Methods). Upper limits are indicated by inverted triangles. All photometry pre-
sented in this figure is corrected for Galactic extinction, and is available as a supplementary file
(Extended Data Table ).
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Figure 3: AT 2022cmc’s Multi-wavelength SEDs and their best-fit models. SEDs from three
epochs (times given as days post discovery) are fitted with a single-zone jet model comprising
synchrotron (dashed), synchrotron self-Compton (dotted), and black body (dash-dot) emission
components. The radio data are consistent with optically-thick synchrotron emission, while the
X-ray emission is well fit by SSC originating from the same emitting region. The strength of the

SSC component implies a strongly matter-dominated jet, with U, /Up > 10?. The optical data
at 25-27 and 41-46 days after discovery exhibit an excess over the synchrotron+SSC model;

as a result, we added a black body component of temperature 7T}, = 2.3 x 10* K (measured
in the source frame) and luminosity Ly,

= 1.7 x 10% erg/s. The corresponding radius is
Ry, = 2.8 x 10% cm. Because of lack of optical/UV constraints on day 15-16, this component

is assumed to remain constant between day 15-46 (see “Multi-wavelength SED modeling” and

Extended Data Table [3]in Methods for more details). The data in this figure are available as a
supplementary file.
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Figure 4: Schematic of our proposed scenario for AT 2022cmc. A mass-loaded, highly
relativistic jet with a bulk Lorentz factor ~80 can explain AT 2022cmc’s multi-wavelength SED
with radio emission originating from synchrotron processes and X-rays from SSC (see “Multi-
wavelength SED modeling” and Extended Data Table [3]in Methods). The optical/UV emission
part of the SED on day 25 is consistent with thermal emission with a temperature of ~2.3x 10*
K and luminosity of 2x10%* erg s! (rest-frame). These are comparable to low-z non-jetted
TDEs (36). It could originate from a accretion disk, reprocessing by an outflow (e.g., (39)) or
from stellar debris stream self-collisions (40). Our viewing angle with respect to the jet-axis is
estimated from our SED modeling to be < 1 degrees (see Extended Data Table E[)
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the following URL: https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/
w3browse.pl. The multi-wavelength photometric values are provided as supplementary
files. In addition, we also provide NICER, Astrosat/SXT, Swift, and long-GRB light curves

used in Figure

Supplementary Materials.
Materials and Methods
Extended Data Figures 1 to 8
Extended Data Tables 1 to 3
Supplementary Text
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Methods.

1 Observations and Data Analysis

The data presented in this work was acquired by different telescopes/instruments across the
electromagnetic spectrum. Below, we describe the data and the relevant reduction and analysis
procedures. Throughout this paper, we adopt a standard ACDM cosmology with Hy = 67.4
kms~! Mpct, Q,,=0.315and Q2 =1 - Q,, = 0.685 (41).

1.1 ~-rays and X-rays
1.1.1 Fermi/LAT

AT 2022cmc was not detected by Fermi/Large Area Telescope (LAT; 100 MeV to 10 GeV).
During the 24 hour period starting on 27 February 2022 (UTC), i.e., days 15-16 after discovery,
the upper limits on the photon flux and the energy flux are 2.76x10~7 photons cm~2 s~ !, and
5.46x1073 MeV cm™2 s71, respectively.

1.1.2 AstroSat/SXT

The AstroSat Soft X-ray Telescope (SXT; (42)) observed AT 2022cmc on 2022-02-23 for an
exposure time of 52.8 ks in the full window mode. We processed the levell data using the
SXT pipeline AS1SXTLevel2-1.4b available at the Payload Operation Center (POC) website ﬂ,
and generated the orbit-wise cleaned event files which were then merged using the SXTMerger
too]ﬂ We extracted the source spectrum and light curve using a circular region of radius 15”
centered at the source position. We used the background spectrum and the redistribution matrix
files available at the POC. We used an updated ancillary response file. The 0.7 — 8 keV SXT
spectrum is consistent with a power law photon index of 1.8 + 0.2 modified by absorption
column Ny = (1.3 £+ 0.8) x 10*! cm™~2 which is in excess of the Galactic column, Ny yw =
9 x 10* cm~2. The observed flux is 5.1 x 1072 erg cm~2 s~ ! in the 0.7-8 keV band.

1.1.3 NICER

NICER started high-cadence monitoring (multiple visits per day) of AT 2022cmc on 2022-02-
16 19:07:03 (UTC) or MJD 59626.80, roughly 5 days after optical discovery. The resultant
dataset comprises of several hundred snapshots whose exposures varied between a few hundred
to roughly 1200 seconds. In this work, we report data taken prior to MJID 59697 (28 April
2022), i.e., from the first 76 days since discovery.

https://www.tifr.res.in/-astrosat_sxt/sxtpipeline.html
fnttps://github.com/gulabd/SXTMerger. jl
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We started NICER data analysis by downloading the raw, unfiltered (u#f) data from the
HEASARC public archive Iﬂ We reprocessed the data using the standard procedures outlined on
the NICER data analysis webpages (https://heasarc.gsfc.nasa.gov/docs/nicer/
analysis_threads/). We follow the data reduction steps outlined in (43).

NICER is a non-imaging instrument with a field of view (FoV) of roughly 30 arcmin?. To
test for the presence of potential contaminating sources in NICER’s field of view, we extract
a 0.3-8 keV X-ray image using Swift/XRT observations of the field (Extended Data Figure [IJ).
We find that AT 2022cmc is the only source within NICER’s FoV, implying that the flux from
AT 2022cmc dominates the NICER light curve at all times.

We investigate the X-ray spectral evolution of AT 2022cmc by extracting spectra from the
NICER data between MJD 59626 and 59642 at =~ 0.5 day intervals (2)). Spectral analysis from
data beyond MJD 59642, i.e., where AT 2022cmc’s flux is reduced and comparable to the
NICER background, will be published in a separate work. We bin the spectra using the optimal
binning scheme described in (44), with the additional requirement that there be at least 25
counts per spectral bin. We implemented these using the ftool ftgrouppha with grouptype
= optmin and groupscale = 25. We model these spectra in the 0.3-5.0 keV bandpass, the
energy range in which the source was above the background using a tbabs X ztbabs
X zashift (cluminxpower law) model in PyXspec, a Python implementatimﬂ] of
XSPEC (45). We fix the Milky Way column to Nyyw = 9 x 10" em™2, estimated from
the HEASARC nH calculatoﬂ’_r] (46). We tied the host galaxy neutral Hydrogen column to be
the same across all the spectra and incorporated an additional 1% systematic uncertainty while
fitting the data™]

The above modeling resulted in a total y?/degrees of freedom (dof) of 2135.3/1956. The
reduced x? values are close to unity in all expect during epoch E21 in which systematic residuals
below 1 keV and above 5 keV are clearly present. This epoch coincides with a hard (2-5 keV)
X-ray flare. Multiple such flares are evident between MJD 59637 and 59697. One such flare is
also captured by Swift (see panel (d) of Figure[I)). We defer the spectro-timing analysis of these
flares to a future work.

Following (47) we set NICER’s sensitivity limit to a conservative value of 0.3-5 keV count
rate of 0.2 counts/sec (normalized to 50 NICER detectors). In other words, any particular time
segment in which the background-subtracted 0.3-5 keV countrate is less than 0.2 cps is treated
as an upper limit of 7.4 x 10%° erg s~!. This upper limit corresponds to 0.3-10 keV absorption-
corrected luminosity of 1.2x10% erg s~! for a source at a redshift of 1.193 (see panel (a) of
Figure 1)).

Shttps://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl

Ihttps://heasarc.gsfc.nasa.gov/xanadu/xspec/python/html/index.html

'https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
*https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/cal-recommend/
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1.1.4 Swift/X-Ray Telescope(XRT)

Swift was not operational during the optical detection of AT 2022cmc and the satellite resumed
pointed operations on 17 February 2022 (48). Swift began monitoring AT 2022cmc on MJD
59633 (23 February 2022). The source was observed once a day between MJD 59633 and
59638 and once every few days after MJD 59638. We started our data analysis by download-
ing the raw, level-1 data from the HEASARC public archive and reprocessed them using the
standard HEASoft tool xrtpipeline. Here, we only consider the data taken in the Photon
Counting (PC) mode. We only used events with graded between O and 12 in the energy range
of 0.3 and 5 keV to match NICER’s bandpass. We extracted the source and background counts
using a circular aperture of 47” and an annulus with an inner and outer radii of 80” and 200",
respectively.

To convert Swift/XRT count rates to fluxes we extracted an average energy spectrum by
combining all the XRT exposures. We fit the 0.3-5.0 keV spectra with a power law model,
modified by AT 2022cmc’s host galaxy neutral Hydrogen column and MilkyWay, same as the
model used for NICER data above. The host galaxy Hydrogen column was fixed at 9.8x 10
cm~2 as derived from NICER fits. We left the power law photon index free which yielded
a best-fit value of 1.45+0.06. This value is consistent with NICER spectral fits. From this
fit we estimated the absorption-corrected flux and a count rate-to-flux scaling factor of 1.2 X
10~ erg cm =2 counts~! to covert from 0.3-5 keV background-subtracted XRT count rate to
absorption-corrected flux (Figure [2)).

1.1.5 GRB and TDE Comparison Data

In order to compare the X-ray light curve of AT 2022cmc with other relativistic transients, we
compile a sample of X-ray light curves of the three known relativistic TDEs, together with the
bright GRBs from (38). For the GRBs in our comparison sample, we download the 0.3-10keV
count-rate light curves from the UK Swift Science Data Centre (UKSSDC) (49, 50) and correct
them for absorption using the ratio of time-averaged unabsorbed flux to time-averaged observed
flux per burst, provided in the UKSSDC Catalogrﬂ We k-correct the light curves to rest-frame
0.3—10keV luminosity following (57), assuming a power-law spectrum with photon index given
by the time-averaged photon-counting mode photon index from the UKSSDC catalog.

We extract X-ray light curves of the three relativistic TDEs using the UKSSDC XRT prod-
ucts buildelﬁ (49, 50). We use a time bin size of one day. We convert the 0.3—-10keV count
rate light curves to unabsorbed flux using the counts-to-flux ratio of the time-averaged spec-
tral fits, and k-correct them to rest frame 0.3—10keV as described above. The relevant spectral
parameters are, Sw J644+57: cts:flux = 9.32 x 107 ergecm2ct™!, photon index = 1.58 +
0.01; Sw J1112.2-8238: cts:flux = 6.13 x 10~ ergcm =2 ct™?, photon index = 1.35 =% 0.08;
Sw J2058.4+0516: cts:flux = 5.36 x 10~ ergcm =2 ct™*, photon index = 1.55 £ 0.08. We plot

ﬁhttps://www.swift.ac.uk/xrt_live_cat/
Hnttps://www.swift.ac.uk/user_objects/
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these light curves, together with the GRB X-ray light curves extracted above, in Figure 1]

1.2 UV/Optical Observations

1.2.1 Zwicky Transient Facility

AT 2022cmc was discovered and reported by the Zwicky Transient Facility (ZTF; (10)) and
released as a transient candidate ZTF22aaajecp in the public stream to brokers and the Transient
Name Server, with data available in Lasai@ (52). We performed point spread function (PSF)
photometry on all publicly available ZTF data using the ZTF forced-photometry service (53) in
g- and r-band. We report our photometry, corrected for Galactic extinction of Ay = 0.0348 mag
(54) and converted to flux density in mJy, in Extended Data Table

1.2.2 ATLAS

The Asteroid Terrestrial-impact Last Alert System (ATLAS; (55)) is a 4 x 0.5 meter telescope
system, providing all-sky nightly cadence at typical limiting magnitudes of ~ 19.5 in cyan (g +
r) and orange (r + 1) filters. The data are processed in real time and the transients are identified
by the ATLAS Transient Science Server (56). We stacked individual nightly exposures and
used the ATLAS forced photometry server (57) to obtain the light curves of AT 2022cmc in
both filters. Photometry was produced with standard PSF fitting techniques on the difference
images and we initially reported the fast declining optical flux in (/7).

1.2.3 Follow-up optical imaging

Followup of AT 2022cmc was conducted as part of the “advanced” extended Public ESO Spec-
troscopic Survey of Transient Objects (ePESSTO+) (58) using the EFOSC2 imaging spectro-
graph at the ESO New Technology Telescope to obtain images in g, r and ¢ bands. Images
were reduced using the custom PESSTO pipeline (https://github.com/svalenti/
pessto), and the PSF photometry was measured without template subtraction using photometry-
sans-frustration; an interactive python wrapper utilising the Astropy and Photutils packages
(59). Aperture photometry was applied to the few images in which the target PSF was slightly
elongated, otherwise the magnitudes were derived from PSF-fitting. All photometry has been
calibrated against Pan-STARRS field stars.

AT 2022cmc was also followed up in r, 7, z and w bands with the 1.8 meter PanSTARRS?2
(PS2) telescope in Hawaii (60). PS2 operates in survey mode, searching for near-Earth objects
but the survey can be interrupted for photometry of specific targets. PS2 is equipped with a
1.4 Gigapixel camera with a pixel scale of 0.26”. The images were processed with the Image
Processing Pipeline (IPP; (6/)) and difference imaging was performed using the PS1 Science

¥https://lasair.roe.ac.uk/object/ZTF22aaajecp
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Consortium (PS1SC; (60)) 37 survey data as reference. PSF photometry was used to compute
instrumental magnitudes, and zero-points were calculated from PS1 reference stars in the field.

AT 2022cmc was also observed as part of the Kinder (kilonova finder) survey (62) in g,
r, and ¢ bands with the 0.4m-SLT at Lulin Observatory, Taiwan. The images were reduced
using a standard IRAF routine with bias, dark and flat calibrations. We used the AUTOmated
Photometry Of Transients (AutoPhOT) pipeline (63) to perform PSF photometry and calibrate
against SDSS field stars (64). We used the Lulin one-meter telescope (LOT) for deeper imaging
in g, r, 7 and z bands over four nights spanning 13.4—16.2 days after discovery. The images were
also reduced using the standard CCD processing techniques in IRAF. We performed aperture
photometry calibrated against SDSS field stars. In a combined stack of the images from the
LOT, AT 2022cmc was clearly detected in g, r and ¢ bands, with magnitudes 21.76 £ 0.14,
21.71 + 0.18 and 21.93 +£ 0.31 mag, respectively and undetected in z band with an upper limit
of > 20.69 mag. We list the photometry from our individual observations in the Extended Data
Table

We compile additional optical photometry from the GCN circulars (65-75) and correct for
extinction. These are also included in the Extended Data Table [11

1.24 Swift/UVOT

We perform photometry on Swift/UVOT (76) observations of AT 2022cmc with the uvotsource
task in HEAsoft package v6.29 using a 5” aperture on the source position. Another region of
40" located at a nearby position was used to estimate the background emission. Because the
host galaxy is not detected in the GALEX (77) coadded UV images and AT 2022cmc’s UVOT
detections are ~ 2 mag brighter then host upper limits (see “Constraints on host luminosity”),
we did not attempted any type of host subtraction.

1.2.5 AstroSat/UVIT

The AstroSat Ultra-Violet Imaging Telescope (UVIT (78, 79)) onboard AstroSat (80) also ob-
served the source, simultaneous with the SXT, with its Far Ultra-violet (FUV) channel using
the F148W(A\pean = 1481A; AX = 500A) and F154W (\pean, = 1541A; AN = 380A) fil-
ters for exposures of 6024s and 9674s, respectively. We processed the levell data using the
CCDLAB pipeline (87) and constructed broadband images. We extracted source counts using
a circular aperture of radius 10” centered at the source position. We also extracted background
counts from nearby source-free regions, and corrected for the background contribution. We
then converted the net count rates to the flux densities using the flux conversion factors pro-
vided in (78, 79). We do not detect the source, and obtain 3-o flux upper limits of 4.7 x 107
ergecm 2s P A~1 (F154W) and 6.4 x 10~ erg cm =2 s~ A~ (F148W).
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1.2.6 Optical spectroscopy

We observed AT 2022cmc with the X-shooter spectrograph (82) on the European Southern
Observatory’s Very Large Telescope (VLT) on 27 February 2022. Data were obtained in on-slit
nodding mode using the 1.0”, 0.9”, and 0.9” slits in the UVB, VIS and NIR arms respectively,
with a spectral resolution of ~ 1A in the optical. We reduced the data following standard
procedures (83). We first removed cosmic-rays with the tool astroscrappy@ which is
based on cosmic-ray removal algorithm by (84). Afterwards, we processed the data with the
X-shooter pipeline v3.3.5 and the ESO workflow engine ESOReflex (85, 86). We reduced the
UVB and VIS-arm data in stare mode to boost the SN by a factor of /2 compared to the
standard nodding mode reduction. We co-added the individual rectified and wavelength- and
flux-calibrated two-dimensional spectra, followed by extraction of the one-dimensional spectra
of the each arm in an statistically optimal way using tools developed by J. Selsing™]Finally,
we converted the wavelength calibration of all spectra to vacuum wavelengths and corrected
the wavelength scale for barycentric motion. We stitched the spectra from the UVB and VIS
arms by averaging in the overlap regions. We reduced the NIR data reduced in nodding mode
to ensure a good sky-line subtraction. We do not detect a trace of the target in the NIR arm and
thus do not discuss the NIR data further.

The extracted spectrum consists of a steep and largely featureless blue continuum, which
we rebin by 5 pixels to increase the S/N (Extended Data Figure [3). At the reported redshift z =
1.193, there is a hint of absorption features at wavelengths consistent with the Ca Il H&K lines.
The apparent absorption at ~ 2600 A is not a real feature, but rather a low-sensitivity, noisy
region close to the edge of the UVB arm. The spectrum (covering rest-frame ~ 1500 — 4500 A)
can be well fit by a blackbody with 7" ~ 30,000 K, though a power law with F,, o< ¢ also
provides a satisfactory fit. The thermal model is preferred due to its consistency with the optical
bump in the broad-band SED (Figure [3). This value is consistent with the measurement of
~2.3%10* K from the optical/UV SED, after accounting for the synchrotron contribution and
the measurement uncertainty of ~10% on the value inferred from the VLT spectrum. This
inferred temperature is similar to other optical TDEs (87).

1.2.7 Constraints on host luminosity

In order to put upper limits on the luminosity of the host galaxy, we created deep reference im-
ages in w, ¢, z bands by stacking PanSTARRS1 and PanSTARRS?2 images of the field containing
AT 2022cmc. These images were obtained during routine survey operations over a period span-
ning June 2010 to January 2022. The w-band is a wide filter (3900 — 8500 A) with an effective
wavelength \.g =~ 6000 A, and can thus be treated as r-band. The effective exposure time for
the co-added reference stacks is 2475 s, 13700 s, 16260 s, in w, 7, z bands respectively. The
host galaxy of AT 2022cmc is not visible in any of these stacks, with upper limits of w > 23.85,

Mhttps://github.com/astropy/astroscrappy
“**https://github.com/jselsing/XSGRB _reduction_scripts
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i > 23.05 and z > 22.89 mag (see Extended Data Figure [5)).

The deepest observer-frame limit (r—band) corresponds to rest-frame absolute AB magni-
tude of Myryy > —19.9, with a simple k-correction of 2.5log(1 + z) and the observer frame
central wavelength converted to rest-frame (approximately 2740A), with only a Milky Way red-
dening correction applied to the observer frame flux. The redder bands similarly correspond to
Msy30 > —20.7 and M3g50 > —20.8. We performed a similar analyses on GALEX (77) NUV
Ot =~ 2300 A) and FUV (\eg ~ 1535 A) filters data by stacking all images that contains the
position of AT 2022cmc. No underlying host emission is detected in any of stacked images, and
the 30 upper limits are NUV > 22.6 and FUV > 22.5 mag.

1.3 Radio
1.3.1 VLA

We observed AT 2022cmc on 2022 February 27 (=~ 15 d after discovery) with NSF’s Karl G.
Jansky Very Large Array (VLA) under program 20B-377 (PI: Alexander). The observations
were taken when the array was in its most extended A configuration. We used the C, X, Ku,
K, and Ka band receivers with the 3-bit digital samplers to obtain nearly continuous frequency
coverage from 4 — 37 GHz. We used 3C286 for bandpass and flux density calibration. We
used J1329+3154 for complex gain calibration at K and Ka bands, and 3C286 otherwise. We
reduced and imaged the data using standard procedures in the Common Astronomy Software
Applications (CASA) v5.6.1-8 (88). We detect a bright unresolved point source at all frequen-
cies, enabling us to split the data into 2 GHz bandwidth segments for photometry. The resulting
SED is shown in Figure

1.3.2 Arcminute Microkelvin Imager - Large Array

The Arcminute Microkelvin Imager — Large Array (AMI-LA) is a radio interferometer con-
sisting of eight 12.8 metre dishes with baselines from 18 to 110 metres, located in Cambridge,
UK (89). AMI-LA observes at 15.5 GHz with a bandwidth of 5 GHz divided into 4096 chan-
nels (90). We observed AT 2022cmc with AMI-LA beginning 14.7 days after discovery (7).
We reduced the AMI-LA observations using a custom pipeline REDUCE_DC (91). The pipeline
averages the data down to 8 channels, performs flagging for radio frequency interference and
antenna shadowing. We used 3C286 for both amplitude and complex gain calibration. We per-
formed additional flagging, imaging and deconvolution in CASA (Version 4.7.0). We combine
the statistical uncertainty on the 15.5 GHz flux densities with a 5% systematic calibration uncer-
tainty in quadrature. We detected an unresolved source with a flux density of 0.49+0.03 mJy in
the first epoch (92), and initiated subsequent observations at near-daily cadence. We present the
full 15.5 GHz light curve in Figure [2| and list the flux density measurements in Extended Data
Table [I, We compile additional radio measurements of AT 2022cmc reported online in GCN
circulars and Astronomer’s Telegrams (65, 93, 94) together in Extended Data Table[I]
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1.3.3 EVN sub-milliarcsecond position

We used the European Very Long Baseline Interferometry (VLBI) Network (EVN) to observe
AT 2022cmc on 2022 March 22-23 (18:08-02:11 UTC), under project code RMO17A (PI:
Miller-Jones), making use of the real-time eVLBI mode. We observed in dual-polarization
mode, at a central frequency of 4.927 GHz. Our array consisted of 15 stations, with ten stan-
dard EVN stations (Jodrell Bank Mk II, Effelsberg, Hartebeesthoek, the 16-m dish at Irbene,
Medicina, Noto, the 85’ dish at Onsala, the 65-m dish at Tianma, Torun, and Yebes) that ob-
served with a bandwidth of 256 MHz, and five stations from the eMERLIN array (Knockin,
Darnhall, Pickmere, Defford, and Cambridge), which observed with a reduced bandwidth of
64 MHz.

We processed the data through the EVN pipeline to derive the a priori amplitude calibration
and bandpass corrections, and conducted further processing with the Astronomical Image Pro-
cessing System (AIPS, version 31DEC19 (95)). We phase referenced the data on AT 2022cmc
to the nearby (1.66° away) calibrator source J1329+3154, with an assumed position of (J2000)
13:29:52.864912, +31:54:11.05446. We detected AT 2022cmc as an unresolved point source
with a significance of 6.40, at a position of (J2000) 13:34:43.201308(6), +33:13:00.6506(2).
The quoted uncertainties (denoted in parentheses for the last significant digit) are purely statis-
tical, with potential systematic errors (e.g. from uncorrected tropospheric delay or clock errors)
estimated to be at the level of ~ (.07 mas.

2 Shortest X-ray variability timescale

Manual inspection of the 0.3-5 keV background-subtracted NICER light curve of AT 2022cmc
(provided as a supplementary file) reveals multiple instances of a variation in the observed count
rate by > 50% within a span of a few hundred seconds. To quantify the variability timescale,
we extracted an average power density spectrum (PDS) using uninterrupted exposures that were
each 950 s long[TI within the first month of discovery, i.e., data acquired before MJD 59642
(rapid flaring activity observed at later times will be considered in a separate work). To ensure
minimal impact from background fluctuations, we only considered exposures that were above
the background, i.e., background-subtracted 0.3-5 keV count rates greater than 0.2 counts/s
(normalized to 50 NICER detectors), close to the nominal limit described by (47). In addition
to the standard filters described in “y-ray and X-rays/NICER” we impose a filter to remove
exposures where the observed mean 15-18 keV count rate is beyond two standard deviations
of the median 15-18 keV rate measured across all exposures. This is an extra-cautionary step
to minimize the effect of background particle flaring which is important for variability studies.
This gives a total of 29 time series with a cumulative exposure of 27.55 ks (950x29). We
compute a Leahy-normalized ( (96); mean Poisson noise level of 2) average power density

" Increasing the accumulation time to 1024 s exposures yields fewer samples (13, compared to 29) and only
results in a marginal gain in low frequency information from 1/950 Hz to 1/1024 Hz).
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spectrum (PDS) sampled at 1/8 seconds from these time series (Extended Data Figure {). We
find that the PDS is consistent with the Poisson noise level of 2 at high frequencies (= 10~2 Hz);
however, the PDS starts to rise above the noise level at < 2x 1073 Hz, and the lowest-frequency
bin at 1/950 s clearly well-above the noise level. This suggests that AT 2022cmc has systematic
X-ray variability on timescales at least as short as ~1000 s in observer frame.

3 Arguments against a GRB afterglow

A potential association with the Fermi Gamma Ray Burst (GRB) 220211A (97) was ruled out
following a more precise localization of that GRB (98). Nevertheless, the early optical evo-
lution resembled an off-axis gamma-ray burst (GRB). Long GRBs occur as a result of the
core-collapse of massive stars (e.g., (99—-101)). Their emission comes in two phases: prompt
emission, which consists of high-energy y-rays generated within the ultra-relativistic jet that is
launched following collapse (102, 103), and the afterglow, which is produced by shocks as the
jet is decelerated in the environment surrounding the burst (/04, 105). High-cadence NICER
and Swift/XRT monitoring observations have shown that AT 2022cmc has been consistently
brighter than even the most luminous known GRB afterglows by more than a factor of 10 (see
panel (a) of Figure[I). The most striking difference between AT 2022cmc and GRB afterglows
is the persistence of rapid X-ray variability (e.g., Figure[I|panels (a)-(d), and see Extended Data
Figure ). The NICER observations reveal short (= 2.4 hrs observer frame, corresponding to
~ 1 hr in the source rest frame) flares with increases in the count rate by factors of 2—10 that
remain detectable until at least ~ 40 days after discovery. This variability requires that the X-
ray emitting region be smaller than R = 2I'fcdt ~ 10T’} parsec (where T’; is the bulk Lorentz
factor of the jet). In contrast, the expected tangential radius of a GRB afterglow at a similar time
is &~ 0.5 pc for typical parameters (/06) and I'; < 2. Continued central engine activity, which
operates at much smaller radii (~ 10'® c¢m, e.g. (107)) may produce rapid variability (108),
but even the longest GRBs (the so-called ‘ultra-long’ class; (109)) do not show signs of central
engine activity beyond a day after trigger (e.g. (110)). On the other hand, X-ray variability on
timescales of tens of minutes has been inferred for the relativistic TDEs, Sw J1644+57 (111)
and Sw J2058+05 (112). These properties strongly favour a non-GRB origin.

4 Multi-wavelength SED modeling

4.1 Preliminary Considerations

The full multi-wavelength (radio to X-ray) spectral energy distribution of AT 2022cmc can-
not be simply explained by synchrotron emission. To see this, we consider the SED at ~
15.6 days after discovery (Extended Data Figure [0 at radio (VLA), mm-band (GBT), ultravi-
olet (Swift/UVOT) and X-ray frequencies (NICER). We find that the spectral index from the
GBT mm-band (90 GHz) observation to the center of the NICER X-ray band is approximately
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Bmm—x ~ —0.63 (corresponding to v F,, o %37). This is inconsistent with the observed hard
NICER spectrum, x ~ —0.43 (corresponding to vF, oc v%57). Furthermore, the interpola-
tion from the radio to the X-rays using the above spectral index over-predicts contemporaneous
Swift/lUVOT UM2-band observations (when corrected for Galactic extinction) by a factor of
~ 4. While extinction due to dust could suppress the UV flux, there is no evidence for signifi-
cant dust extinction along the line of sight, as evidenced by the blue 2z’ — ¢’ ~ —0.1 mag colour
as well as the blue optical spectrum at this time (Section [1.2.6). The absence of significant
extinction is further confirmed by the HST F160W and F606W measurements at ~ 25.4 days,
which yield a spectral index of Srgos_r160 = 0.34 4 0.08. Thus, it is not possible to extend
a single power-law spectrum from the radio to the X-rays without a mismatch between the re-
quired spectral index and the observed X-ray spectral index, and without over-predicting the
optical/UV flux, indicating that the radio and X-ray flux arise from distinct emission compo-
nents at this time.

Furthermore, the optical SED at this time appears to peak in ~ g-band, with a spectral index
Bg—um2 = —1.5 £ 0.5. This declining spectral index cannot connect with observed X-ray flux,
as the spectral index between the optical and X-rays at this time is much harder, B,,1—x ~ —0.2.
This suggests that the optical and X-ray emission at this time also arises from separate emission
components. This is further confirmed by the very different temporal evolution in the X-rays
(ax =~ —2.2 and optical (oy = —0.3) at =~ 1040 days post-discovery.

The radio SED at < 25 GHz is optically thick (5 ~ 2), whereas the spectral index between
the flux density measured with the VLA 24.5 GHz and with the GBT at 90 GHz is Sk _ym =
—0.96 £ 0.06, indicating a spectral break is present near the GBT frequency. A simple broken
power-law fit to the radio-mm SED at this time with the post-break index fixed at § ~ —1
yields a break frequency of v, = (57.5 = 0.1) GHz and a spectral peak flux density of F,, ,, =
(4.1£0.1) mJy at 15.6 days. Identifying this as the peak of a synchrotron SED, a simple energy
equipartition argument suggests a minimum kinetic energy of Fx i, ~ 10°° erg and radius
of Req = 10'¢ cm for this component (/73). In the next section, we relax the assumption of
equipartition and perform a full model fit with a physical model including SSC emission in the
X-rays and a black body component in the optical.

4.2 Model setup

For our model fits, we create three SEDs of AT 2022cmc by combining the data taken on days
15-17, 25-27, and 41-46, as these epochs have the best multi-wavelength coverage. We fit
each SED with a simple homogeneous single zone model, similar to those used for blazars,
e.g. (8 25, 26). In this model, a power-law energy distribution of electrons with number density
ne, energy index p, and minimum and maximum Lorentz factors 7, and Ymax, 1S injected
in a spherical region of radius Rz, threaded with a magnetic field B and moving with a bulk
Lorentz factor, I'; with respect to the observer at viewing angle, §. The quantities B, n. and
R are calculated in the emitting region co-moving frame. We test two different model setups
in order to probe which radiative mechanisms are responsible for the high energy emission. In
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the simplest case (which we call model 1), we consider synchrotron and SSC exclusively. In
the second case, we test a simple external inverse Compton model (model 2 from now on), in
which the seed photons are provided by the optical black body component @

Modelling the UV/optical emission as, e.g., a disk wind is very complex and beyond the
scope of this work (34). Given the thermal appearance of the UV/optical SED, we make the
simplifying assumption that this is black body emission originating in a thin shell at a radius
Ry, = (Lpp/4mog,T1,)Y? (in analogy with how blazar jet models typically treat the torus
around the AGN, e.g. (25)), and derive Ly, and 7T}, from the temperature and normalization
of the thermal component as we run the fit. In order to estimate the relative contribution of
EC and SSC we need to calculate the energy density in the co-moving frame of the jet. For
this, we need to assume an opening angle ¢ to convert the radius of emitting region R to a
distance from the central engine. For simplicity, we take ¢ = 1/I'; and estimate the distance
from the black hole to be d = R/¢ = I';R. Finally, we calculate the black body energy
density Uy, as follows. For d < Ry, the emitting region in the jet is moving towards the
black body (in which case EC is expected to contribute meaningfully to the SED) and we have
simply Upp, = I'7Lup/(47Rpyc). For d > Ry, we account self consistently (following the
prescription in (/15) for an AGN torus) for the de-boosting of the photons, as the jet emitting
region is moving away, rather than towards, the optical-emitting region. This choice of jet
opening angle means that the efficiency of EC is maximized with respect to SSC. This is because
maximizing the jet opening angle (by setting ¢ = 1/I';) minimizes the distance d from the black
hole for a given radius R, which in turn makes it more likely that the optical photons will be
Doppler-boosted in the frame of the jet. We note that for AGN jets, VLBI surveys find typical
values of ¢ ~ 0.1 — 0.2I'; (/16). This smaller opening angle would push the emitting region
farther away from the black body, reducing the efficiency of EC. The cyclo-synchrotron and
inverse Compton emission are calculated using the Kariba libraries from the BHJet publicly
available model (/15).

We import the data and model into the spectral fitting package ISIS, version 1.6.2-51 (117)
and jointly fit the SEDs at the three epochs. We tie the minimum Lorentz factor 7,,;,, the
particle distribution slope p, the bulk Lorentz factor I'; and the viewing angle ¢ across all epochs
(meaning the parameters are free during the fit, but forced to be identical for each SED) and
jointly fit all three SEDs, aiming to simplify the parameter space as much as possible. To obtain
a starting guess for the model parameters, we perform an uncertainty-weighted least-squares fit
using the y? statistic with the subplex minimization algorithm. We then explore the parameter
space via Markov Chain Monte Carlo (MCMC) with emcee (118) using 50 walkers for each
free parameter (for a total of 900 walkers). We run the MCMC for 15000 steps and discard the
first 6000 as “burn-in”. We report the median and 1o credible intervals (corresponding to 68%
of the probability mass around the median) on each parameter, as well as additional derived
quantities of interest, in Extended Data Table 3] We present the model corresponding to the
median values of the parameters in Figures 3| and Extended Data Figure (8| for models 1 and

#Unlike (114), we can not test whether the seed photons originate in the accretion disk, as this component is
not detected in any of the SEDs we model and is therefore entirely unconstrained.
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2, respectively. We also show the 2d posterior distributions of the best-fitting parameters (for
model 1) that exhibit some degeneracy in Extended Data Figure

4.3 Modelling results

In the case of model 1, we find that all the model parameters are well constrained by the data
with minimal degeneracy, as is typical of single-zone models (e.g. (27, 119)). The constraints
are weaker for model 2, but the model parameters remain fairly well determined. This behaviour
can be understood as follows. The SED samples 7 observable quantities: the synchrotron self-
absorption frequency 14 (set by the multiple radio points on the day 15-16 SED), the synchrotron
luminosities in the optically thin and thick regimes Lg tnin and L nick (constrained by the radio
and optical data), the inverse Compton luminosity L. (set by the NICER data), the X-ray
photon index, the synchrotron scale frequency v,, and the inverse Compton scale frequency v..
The free parameters in the model affect each observable quantity differently, and as a result it is
possible to relate one to the other. For example, the bolometric synchrotron luminosity scales as
Ly < n.R3B%5*, while the SSC bolometric luminosity scales as Ly, o< n.R>§*U;, with U =
L,/AmR?cé*. As aresult, Ly, oc n?B2R*5%, so that L,,./Ls < n.R: for a fixed synchrotron
luminosity, the large X-ray luminosity observed with NICER requires a large number density
and/or a large emitting region. In similar fashion, B, n., R and ¢ are further constrained by the
dependency of vy, Lg thick, Vs and v, on the model parameters. The constraints on the remaining
model parameters are more intuitive. The slope of the electron distribution p is determined by
the slope of the X-ray spectra, because (to first order) a power-law electron distribution produces
a power-law SSC spectrum with spectral index, 5 = (1 — p)/2. Finally, once B and § are
determined, the minimum and maximum particle Lorentz factors 7y,;, and 7y,., are constrained
by requiring that the synchrotron spectrum fall between the radio and optical frequency, and
that the low energy end of the SSC spectrum fall between UV and X-ray energies.

The main results of model 1 are as follows. First, we require the jet to be highly relativistic
(I; = 8673"), viewed at a very small angle (§ < 1°) and very powerful (=~ 10647 ergs™1,
depending on the epoch and jet matter content). For comparison, this power is near or at the
Eddington luminosity of a 10% M, black hole (roughly the largest black hole mass for which a
main sequence star can be tidally disrupted). Second, the size of the emitting region is ~ 10'° —
10'® cm, which is marginally consistent with the observed variability time-scale of ~ 1000 s,
thanks to the strong beaming (6 =~ 100). Finally, all of our best-fitting models require the
energy density of the electrons (U, = (vy)n.m.c?, where (v) is the average Lorentz factor of
the radiating electrons) to be larger than that of the magnetic field (U, = B?/87) by a factor
~~ 10? (up to 10° for days 25-27, although this number is likely driven by our choice of tying
multiple parameters), implying that the bulk of the jet power is carried by the matter, rather than
the magnetic field.

The picture is quite different in the case of model 2. First, this model requires a small
emitting region radius (R ~ 10** cm) and jet Lorentz factor (I'; =~ 5). This behavior occurs
because if EC is to contribute meaningfully to the SED, the emission has to originate close

12
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enough to the black hole that d < Ry, so that the external photons are Doppler boosted in
the jet co-moving frame. Invoking a smaller emitting region results in larger estimates for the
magnetic field B and electron number density n.. In turn, this causes the synchrotron self
absorption frequency to move to ~ 10'? Hz, well above where the observed break lies in the
data, and suppressing the predicted radio flux as a result. Consequently, the EC model predicts
negligible radio flux, and the radio emission in this model must originate in a separate region.
Requiring not one but two individual, self-absorbing active regions in the jet means that this
EC model would require significantly more fine-tuning than the SSC model. We account for
the inability of the EC model to reproduce the observed radio flux by neglecting the radio data
entirely in the final model 2 fits (not doing so causes the fit to either recover the model 1 fits,
or produce fits with x?/d.o.f = 70, rather than ~ 2.3 without the radio data). Neglecting
the constraints provided by the self-absorbed synchrotron data also means that the best-fitting
parameters for model 2 are less well determined. Additionally, for seed black body photons
peaking at 14, =~ 10'5 Hz, the EC component only begins to be important at a frequency vgc ~
o2 vop & 1018 Hz (27). This scaling causes the EC component to only produce bright
hard X-ray and/or soft y-ray emission, while under-predicting the soft X-ray flux. Instead,
at frequencies < 10'® Hz the bulk of the flux is still produced through SSC, as in model 1.
A similar behavior is also found when modelling the SEDs of powerful blazars (25, 26, 29),
in which the X-ray emission typically originates through SSC, while the ~-ray emission is
dominated by EC. Similarly to model 1, producing a large soft X-ray flux through SSC requires
the jet to again be matter dominated, with U, /Uy, =~ 100. Finally, model 2 requires smaller jet
powers, with P ~ 10% erg s~

In summary, model 1 can satisfactorily fit the data at every epoch, although requiring a very
highly beamed, matter-dominated jet. Model 2 on the other hand greatly under-predicts the
radio data, which instead requires some fine-tuning in the form of a second self-absorbed emit-
ting region further downstream. While in this case the beaming requirements are less severe, a
large SSC contribution is still required to match the X-ray flux, resulting in a similarly matter-
dominated jet to model 1. Due to all these considerations, we favour model 1 over model 2,
with the caveat that our treatment of the EC process is fairly simplistic. Despite this caveat, the
models presented here provide strong evidence that the emission of AT 2022cmc originates in
a relativistic jet pointed towards Earth.

5 [Estimate of gravitational lens magnification by a foreground
structure

The high luminosity of AT 2022cmc motivates considering whether gravitational lensing by a
foreground structure along the line of sight has magnified the flux that we detect. AT 2022cmc
is located 5.6” from the galaxy SDSS J133443.054-331305.7, at a photometric redshift of z =
0.4 4+ 0.1, and 3.7’ from the galaxy group WHL J133453.9+331004 at a spectroscopic redshift
of z = 0.4 (120). The optical luminosity of the group, and the sky location and colours of this
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galaxy are consistent with our line of sight to AT 2022cmc passing adjacent to a star-forming
galaxy located in the infall region of (R ~ 7999) of a galaxy group with a mass Mgy >~ 3 X
10 My, where the mass estimate is obtained by combining the optical luminosity from (/20)
with the mass-observable scaling relations from (/27). To estimate lens magnification by the
group, we assume an NFW density profile with concentration ¢,y = 5, and adopt the formalism
from (/22) to estimate a magnification of © ~ 1.02, i.e. just a ~ 2 per cent magnification
of the flux. To estimate magnification by the galaxy, we compare its apparent magnitude in
red pass-bands (i.e., relatively insensitive to any ongoing star formation) with a model for a
passively evolving stellar population formed in a burst at a redshift of = > 2. This yields an
estimated luminosity relative to the luminosity function of cluster and group galaxies (/23) of
~ (.3L*. Combining this estimate with the scaling relations between mass and luminosity
commonly used to estimate galaxy masses in gravitational lens models (e.g., (/124)) we obtain
a velocity dispersion estimate for the bulge of the galaxy of ¢ ~ 120 kms™!. Then, adopting a
singular isothermal sphere (SIS) model of the galaxy mass distribution, and using the standard
expressions for the lensing properties of an SIS (e.g., (/25)), we derive an estimated Einstein
radius of g ~ 0.25” and lens magnification of i ~ 1.05, based on the lens redshift of z;, = 0.4
and source redshift of zg = 1.193. In summary, the lens magnification suffered by AT 2022cmc
appears to be modest at ¢ >~ 1.05 — 1.1, and cannot account for the high observed luminosity
of the X-ray to radio counterpart.
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Extended Data Figure 1: Neil Gehrels Swift XRT 0.3-8 keV image of NICER’s FoV. The yel-
low circle with a radius of 47" and is centered on AT 2022cmc’s radio coordinates of 13:34:43.2,
+33:13:00.6 (J2000.0 epoch). The outer/dashed cyan circle shows NICER/XTI’s approximate
field of view of 3.1’ radius. There are no contaminating sources within NICER’s FoV. The north
and east arrows are each 200" long. The colourbar shows the number of X-ray counts.
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Extended Data Figure 2: AT 2022cmc’s X-ray luminosity and energy spectral slope evolu-
tion. (a) Logarithm of the observed 0.3-5 keV (filled blue circles; left y-axis) and the absorption-
corrected 0.3-10 keV luminosities (filled red crosses; right y-axis) in units of ergs s~!. The
errorbars on the luminosities are much smaller than the size of the data points. (b) Evolution of
the best-fit power-law index with time. The abrupt changes in index around day 7 (rest-frame)
coincide with a hard X-ray (2-5 keV) flare that happened during epoch E21 (the data point with
best-fit photon index of ~1.3; see Extended Data Table [2). The neutral Hydrogen column of
the host was tied across all epochs and the best-fit value is (9.7£0.3)x10%! cm~2.
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Extended Data Figure 3: VLT/X-shooter spectrum of AT 2022cmc, obtained at ~ 15 days
after discovery. The featureless blue continuum can be modelled with a blackbody with T" ~
30,000 K (solid blue line), consistent with the optical bump in the broad-band SED from day
25-27 (Figure [3). The inset shows a zoom in on the region with Call absorption lines identified

by (15).
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Extended Data Figure 4: Average X-ray (0.3-5 keV) power density spectrum of AT 2022cmc.
The frequency resolution and the Nyquist frequency are 1/950 Hz and 1/8 Hz, respectively. This
power spectrum is an average of 29 individual PDS. The dashed, red curve is the best-fit power-
law model. Systematic variability on timescales of ~1000 s (lowest frequency bin) is evident.
All the frequencies and hence the timescales are as measured in observer frame.
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Extended Data Figure 5: Pre and post-outburst optical images of AT 2022cmc. Left panel: A
colour composite image of the field prior to the outburst, made using data from the Legacy Imag-
ing Surveys (/26) using g, r and z filters. There is no emission at the location of AT 2022cmc
(cross). Nearby catalogued objects with their photometric redshifts are shown (circles). Right
panel: A PS2 w-band image of AT 2022cmc post outburst. The size of both image cutouts is
1.1" x 1.1". North and the East arrows are each 10”.

(z=1.193)
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Extended Data Figure 6: Spectral energy distribution of AT 2022cmc at ~ 15.6 days
after discovery. Data at radio (VLA), mm-band (GBT), UV/optical (Swift/UVOT, ZTF,
PanSTARRS) and X-ray frequencies (N/ICER), demonstrate that the SED at this time cannot
be explained as a single synchrotron spectrum. The SED at < 25 GHz is optically thick
(vF, o v3), with a spectral break near ~ 90 GHz. The spectral index from the GBT ob-
servation at ~ 90 GHz to the NICER band is vF,, o< %37, which (i) is significantly shallower
than the observed NICER spectral index (vF, o« v°°7) and (ii) significantly over-predicts the
UV flux at this time.
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Extended Data Figure 7: Contour plots for the best-fitting parameters of model 1. For
clarity, we only show the 2d posterior distributions of parameters that are degenerate with each
other.
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Extended Data Figure 8: Best fitting External inverse Compton (EC) model. The EC model

requires a jet that under-predicts the radio flux. Furthermore, EC produces too little soft X-ray
flux, and as in model 1 the emission at these frequencies is dominated by SSC.
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Extended Data Table 1: The first few entries of the multi-wavelength data presented in this
work. The entire dataset can be found in machine-readable format in the supplementary file
named “allphot.txt”. The Time column lists days in observer frame since MJD 59621.4458.
All optical/UV photometry (Flux in milliJansky) has been corrected for MilkyWay extinction.
AT 2022cmc’s host galaxy was not detected in the pre-explosion panSTARRs images so host-
subtraction was not performed. Observatory is the name of the facility. Values of 1 and 0 in
the “Detection” column indicate flux measurements and 3o upper limits, respectively.

The first few entries of the multi-wavelength data presented in this work.

Time Observatory Instrument Filter Frequency Flux Flux Error Detection? data
(days) (Hz) (mJy) (mJy) (1=Yes) source
1.03 x 10° ATLAS NA o 452 x 10 893 x 1072 8.62x 1073 1 This work
1.05 x 10° ZTF NA g’ 6.46 x 10 5.93 x 1072 3.37x 1073 1 This work
1.07 x 10° ZTF NA r’ 490 x 10 871 x 1072 3.27x107% 1 This work
2.07 x 10° ATLAS NA o 4.52 x 10 5.05x 1072 6.42x 1073 1 This work
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Extended Data Table 2: Summary of time-resolved X-ray energy spectral modeling of
AT 2022cmc. Here, 0.3-5.0 keV NICER spectra are fit with thabs*ztbabs *zashift(clumin*pow)
model using XSPEC (45). Start and End represent the start and end times (in units of MJD) of
the interval used to extract a combined NICER spectrum. Exposure is the accumulated expo-
sure time during this time interval. FPMs: The total number of active detectors minus the “hot”
detectors. Phase is the name used to identify the epoch. Index is the photon index of the power
law component. Log(Integ. Lum.) is the logarithm of the integrated absorption-corrected
power law luminosity in 0.3-10 keV in units of erg s™'. Log(Obs. Lum.) is the logarithm
of the observed 0.3-5.0 keV luminosity in units of erg s—!. Count Rate is the background-
subtracted NICER count rate in 0.3-5.0 keV in units of counts/sec/FPM. All errorbars represent
1-0 uncertainties. x*/bins represents the best-fit y* and the number of spectral bins. The total
x?/degrees of freedom is 2135.3/1956.

Best-fit parameters from fitting time-resolved 0.3-5.0 keV NICER X-ray spectra

Start End Exposure FPMs Phase Index Log(Integ. Lum.) Log(Obs. Lum.) Count rate x*/bins
(MID)  (MID)  (ks) (0.3-10 keV) (0.3-5.0 keV) (0.3-5.0 keV)

59626.75 59627.25 6.36 52 EO 151901 47.82579:908 472474900 0.2354+0.0011  68.3/77
59627.25 59627.75 5.8 52 El 1585900 47.715+5:5% 47.09910 003 0.173340.0011  97.4/73
59627.75 59628.25 4.8 52 E2 1.6675:01  47.4847500 46.832+5:002 0.0971+0.001  112.6/72
59628.25 59628.75 5.76 52 E3 1.657501  47.61375004 46.965700% 0.1309+0.001  70.0/73
59628.75 59629.25 3.48 52 E4 1647501 47.4967500 46.85115:004 0.1008+0.0013  83.7/71
59629.25 59629.75 2.28 52 E5 1634002 47.3975:00¢ 46.75170:006 0.0801£0.0019  58.3/66
59629.75 59630.25 2.64 52 E6 1.697002  47.40550008 46.7375900 0.0792+0.0018  70.4/67
59630.25 59630.75 2.76 51 E7 1.697002  47.48350007 46.818700% 0.0954+0.0017  64.2/69
59630.75 59631.25 3.84 52 E8 1647000 47.4275000¢ 46.786109%¢ 0.0865+0.0014  63.0/71
59631.25 59631.75 5.64 52 E9 1617000 47.377550% 46.747599% 0.0785+0.0009 86.8/72
59631.75 59632.25 2.76 52 EI0  1.65M00: 47.3975500 46.74800% 0.0801+0.0017  69.5/68
59632.25 5963275 3.72 52 El1l 1547592 47.43670:007 46.836+5:003 0.0696+0.0012  73.1/71
5963275 59633.25 3.36 52 EI2  1.56700: 47.26175007 46.654 1590 0.0621+0.0014  66.2/68
59633.25 59633.75 3.12 52 EI3  1.527002  47.24775007 46.6581000° 0.061740.0014  74.5/68
59633.75 59634.25 6.36 52 El4 1485001 47.2531500% 46.6841000 0.0643+0.0008  71.4/72
59634.25 59634.75 4.44 52 EI5  1.525002 47.1367500 46.551000% 0.04840.001  79.7/69
59634.75 59635.25 2.8 52 El6  1.547000 47.2179009 46.61475:0% 0.056+£0.0019  62.5/63
5963525 5963575 1.8 52 E17  1.55000% 47.1287001, 46.52970008 0.0463+0.0024  50.6/58
59635.75 5963625 2.16 52 EI18  1.54700%  47.0097001 46.414750% 0.0355+£0.002  45.3/58
59636.25 59636.75 1.2 52 E19  1.87H00 46.992700 46.247501 0.0272+0.0033  32.4/40
59636.75 59637.25 2.52 52 E20  1.73%003  47.00170013 463157500 0.0306+0.0016  50.2/54
59637.25 59637.75 2.28 52 E21 1317003 46.9347001 46.4367501° 0.0349+0.0018  125.5/62
59637.75 59638.25 0.84 52 E22  1.53100% 46.912700 46.31975018 0.0288-+0.0053  34.9/39
59638.25 59638.75 1.44 49 E23  1.597001 46.9827001° 463617500 0.0322+0.0029  33.5/47
59638.75 59639.25 2.88 52 E24  1.61700% 46.9467001 463175500 0.0293+0.0015  64.2/60
59639.25 59639.75 2.4 49 E25  1.53%001 46.8867001% 46.2955007 0.0272+0.0017  58.0/56
59639.75 59640.25 3.12 52 E26 1570003 46.9217001 46312505 0.0284+0.0013  66.2/59
59640.25 59640.75 2.76 52 E27  1.53%00% 46.999700] 46.40550% 0.0347+0.0015  48.6/59
59640.75 59641.25 2.64 49 E28  1.57M003 46.92770012 4631675003 0.02860.0014  42.5/56
59641.25 59641.75 3.0 52 E29  1.54700% 46.8617001 46.263750% 0.0252+0.0012  63.7/56
59641.75 59642.25 4.44 52 E30  1.52700% 46.7657001 46.1775000; 0.0206£0.0009  66.0/61
59642.25 5964275 0.24 52 E31 1517072 46.747700%% 46.16675 052 0.0208+0.0175 11.8/12
5964275 59643.25 2.4 48 E32 147150 467527501 46.1871501 0.02140.0019  70.5/56
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Extended Data Table 3: Summary of the best-fitting jet models. The emitting region magnetic
field B, radius 12 and number density n,., as well as the maximum Lorentz factor of the particles
Ymax Were left free to vary in each epoch. The minimum electron Lorentz factor vy, particle
distribution slope p, jet bulk Lorentz factor I';, viewing angle ¢, black body luminosity Ly,
and black body temperature 7}, were tied. The parameters marked with a * were pegged to
their limit. The statistic for the overall joint fit is x?/d.o.f. = 305.54/138 = 2.20 for model
1 and 284.45/123 = 2.31 for model 2. We also report the power carried by the electrons,
protons (assuming one cold proton per electron) and magnetic field F,, P,, P, the total jet
power P; = P, + P, + P,, the equipartition fraction U, /U, and the black body radius R}y,

Model 1 59636.446 - 59638.446  59636.446 - 59638.446  59662.446 - 59667.446 Tied
B (G) 0.13%9 0% 1092 x 1072 9.7t52 x 1072
R (cm) 5.9702 x 10%° 6.9703 x 10'° 1.0% 5 x 1016
n. (cm™3) 973715 22001237 144158
Yimax 50752 x 10 3.275% x 10 3.4754 x 108
“Ymin 91412
P 2.217008
T 8677,
0 0.5101
Lumy,y, (erg/s) L717573 x 10
Tiy, (K) 2.347015 x 10*
) 103
P, (erg/s) 5.3 x 10% 2.0 x 10 2.0 x 10%
Py, (ergls) 1.6 x 10% 1.5 x 10" 2.6 x 108
P, (ergls) 3.6 x 10% 1.1 x 10Y7 1.5 x 10
P; (erg/s) 4.1 x 10 1.3 x 10%7 1.7 x 10%6
U./U, 325 1.3 x 10° 7
Ry, (cm) 2.8 x 10°
Model 2 59636.446 - 59638.446  59636.446 - 59638.446  59662.446 - 59667.446 Tied
B (G) 10.2+29 185 361"
R (cm) 1.167575 x 10™ 6.0753 x 10%3 2.2704 x 10
n, (cm~?) 8.7 x 107 1.3703 x 10% 4.2732 x 106
Yemas 1.2709 x 10* 34773 x 10° 6.7773 x 10?
“Ymin 47t82
D 2.137008
s
0 1.3%05% )
Lumy,, (erg/s) 1.3670 09 x 10%
Ty, (K) 2.10%915 x 10*
) 10.7
P, (erg/s) 4.5 x 10% 2.3 x 108 7.6 x 10%2
Py, (erg/s) 1.6 x 104 1.4 x 104 6.9 x 10*
P, (erg/s) 5.0 x 10% 2.0 x 10% 8.2 x 10%
P; (erg/s) 5.1 x 10% 2.0 x 10% 8.4 x 10*
U./U, 412 164 1.1
Rup (cm) 3.1 x 10
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Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

 allphot.txt
e Figldata.tar

* nicertimeresolvedspectralfits.txt


https://assets.researchsquare.com/files/rs-1700217/v1/49a2734a6f6b0a213c0ab170.txt
https://assets.researchsquare.com/files/rs-1700217/v1/60a9237f2cd66b4ce0082c1b.tar
https://assets.researchsquare.com/files/rs-1700217/v1/cbbf096ae50fcc4197368ca2.txt
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