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Ablack hole canlaunch a powerful relativistic jet after it tidally disrupts a
star. If this jet fortuitously aligns with our line of sight, the overall brightness
isDoppler boosted by several orders of magnitude. Consequently, such
on-axis relativistic tidal disruption events have the potential to unveil

cosmological (redshift z > 1) quiescent black holes and are ideal test beds
for understanding the radiative mechanisms operating in super-Eddington
jets.Here we present multiwavelength (X-ray, UV, optical and radio)
observations of the optically discovered transient AT 2022cmc at z=1.193.
Its unusual X-ray properties, including a peak observed luminosity of

210*¥ erg s, systematic variability on timescales as short as 1,000 s and
overall duration lasting more than 30 daysin the rest frame, are traits
associated withrelativistic tidal disruption events. The X-ray to radio
spectral energy distributions spanning 5-50 days after discovery can

be explained as synchrotron emission from a relativistic jet (radio),
synchrotron self-Compton (X-rays) and thermal emission similar to that
seen inlow-redshift tidal disruption events (UV/optical). Our modelling
implies abeamed, highly relativistic jet akin to blazars but requires extreme
matter domination (that is, a high ratio of electron-to-magnetic-field energy
densitiesin the jet) and challenges our theoretical understanding of jets.

AT 2022cmc was discovered in the optical waveband by the Zwicky
Transient Facility (ZTF)' on11 February 2022 as afast-evolving transient,
and was publicly reported to the Gamma-ray Coordinates Network on
14 February 20222 We confirmed the rapid evolution of this transientin
the Asteroid Terrestrial-impact Last Alert System (ATLAS) survey data
with a non-detection 24 h before the ZTF discovery and a subsequent
decline of 0.6 mag d™ (ref. *). Aradio counterpart was identified in Karl
G.Jansky Very Large Array (VLA) observations on 15 February 2022".
Although the optical spectrum taken on 16 February 2022 revealed a
featureless continuum’, spectral features were detected in subsequent
spectrataken1d later with the European Southern Observatory’s (ESO)
Very Large Telescope (VLT)® and Keck/DEIMOS'. In particular, the detec-
tion of [0 111]A5007 emission and Ca 11, Mg 11 and Fe 11 absorption lines
yielded a redshift measurement of z=1.193, or a luminosity distance

of 8.45 Gpc (refs. ®’). The source did not have a neutrino counterpart®.
Our follow-up X-ray (0.3-5 keV) observations with the Neutron star
Interior Composition ExploreR (NICER) on16 February 2022 revealed
aluminous X-ray counterpart’. We also triggered additional multi-
wavelength observations with numerous facilities, including AstroSat,
NICER and The Neil Gehrels Swift Observatory (Swift) in the X-ray and
the UV wavebands (Extended Data Figs. 1-3). We obtained an optical
spectrumwith ESO/VLT (Extended DataFig.4) and imaging with several
opticaltelescopes (for example, see Extended Data Fig. 5and Supple-
mentary Data 1). In the radio band, we acquired multifrequency data
withthe VLA, the Arcminute Microkelvin Imager-Large Array (AMI-LA)
and the European Very Long Baseline Interferometry Network (EVN;
see ‘Observations and data analysis’in the Methods for details of these
observations). We adopted modifiedJulian date (MJD) 59621.4458 (the
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Fig.1| AT 2022cmc’s X-ray evolution on various timescales at different
epochs. a, AT 2022cmc’s k-corrected unabsorbed 0.3-10 keV X-ray luminosity

in comparison with the most luminous known X-ray transients. The grey-scale
circles are asample of 56 of the most luminous gamma-ray burst (GRB) X-ray
afterglows known®. Only data past 50,000 rest-frame s are shown to highlight
the late-time emission from these afterglows. AT 2022cmc is substantially

more luminous than any known GRB afterglow and its X-ray luminosity is only
comparable to previously known relativistic jetted TDEs SwJ1644+57, Sw
J2058+05 and SwJ1112-82. The dotted horizontal blue line at 1.2 x 10* erg s 'is an
estimate of NICER’s background-limited sensitivity limit for sources at z=1.193.
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See ‘GRB and TDE comparison data’ in the Methods for adescription of the
comparison sample used in this figure. b, AT 2022cmc’s sample NICER (0.3-5 keV)
light curve highlighting variability on hour timescales (see also Extended Data
Fig. 6).c, AT 2022cmc’s AstroSat (0.5-7 keV) light curve showing variability on
hour timescales. d, AT 2022cmc’s Swift X-ray (0.3-8 keV) light curve highlighting
aflare more than 3 weeks (in the rest frame) after the initial discovery. All the light
curves are background-corrected. Inb-d, background-corrected count rates
versus rest-frame time since MJD 59621.4458 are shown. All error bars represent
louncertainties. These data are provided as supplementary files ("Figldata.tar").

discovery epoch) as the reference time throughout the Article and all
relative times are in the observer frame unless otherwise mentioned.
The most striking property of AT 2022cmc is its high isotropic
peak X-ray luminosity of 210*® erg s™ (orange data points in Fig. 1a).
High apparent luminosity can be caused by gravitational lensing; how-
ever, this contributes nomore than a10% enhancement for AT 2022cmc
(see ‘Gravitational lens magnification by aforeground structure’in the
Methods). AT 2022cmc’s second compelling aspect is its rapid X-ray
variability over a wide range of timescales: during the weeks after the
initial optical discovery, it showed variability on timescales ranging
from 1,000 s to many days (Fig. 1a-d and Extended Data Fig. 6; see
also ‘Shortest X-ray variability timescale’ in the Methods). The X-ray
spectrum is generally consistent with a simple power-law model with
the best-fit photon index varying between 1.3 and 1.9 (Extended Data
Fig.3and Table1). There areintermittent rapid flares during which the
X-ray spectrum deviates from a power-law model (see ‘y-rays and X-rays/
NICER’ in the Methods). AT 2022cmc’s observed optical and UV light
curves exhibit three phases after reaching their peaks: an early slow
decline phase at $3.1d with a decline rate a = -0.5 steepening further
toa=-2.5at~6.4d, followed by a shallow decline (o =-0.3) at 26.4 d
(Fig.2). We use the convention F,(v) = tv*throughout, where F, is the flux
per unitfrequency, visthe observed frequency, ais the temporal decay
rate, tis the time since peak, and Bis the spectralindex. An optical spec-
trumtaken at~15 d shows afeatureless blue continuum, which could be
fitted using athermal model with arest-frame temperature of -3 x 10*K
(Extended DataFig.4). The 15 GHz flux density, on the other hand, was
rising monotonically with time at 210 d (see Fig. 2). The radio spectrum
seems to be consistent with the standard synchrotron self-absorption
process from asingle-emitting region (for example, see ref. 1°).

AT 2022cmc’s high apparent X-ray energy output, extreme [umi-
nosity variations (a factor of ~-500 over a few weeks; see the grey and
black datapointsinFig.2) and fast variability require an active central
engine.Suchanengine can be naturally explained by an extreme accre-
tion episode onto a black hole, which could be due to a stellar tidal
disruption. Among transients, AT 2022cmc’s apparent X-ray luminos-
ity and evolution are only comparable to SwJ1644+57 (for example,
ref. ), SwJ2058.4+0516 (for example, refs. *'*) and SwJ1112.2-8238
(ref. ™), the three tidal disruption events (TDEs) with relativistic jets. AT
2022cmc’s thermal optical emission with temperature of ~2.3 x 10*K
is oftenseen inlow-redshift (z < 0.2) TDEs" and could be from anewly
formed accretion disk (for example, ref. "), reprocessing (for example,
ref. ®) or from debris stream self-collisions (for example, refs. '>*°). The
high optical/UV luminosity of -2 x 10* erg s at d15-16 post-discovery
(Fig.3) isonly comparable to the extreme TDE candidate ASASSN-15lh
(ref.?). From the rich literature on accretion-driven outbursts from
stellar-mass black holesin X-ray binaries, we now know that accretion
and consequently related ejection can lead to variability on a wide
range of timescales (seeref. > and references therein). Thus, accretion/
ejection following a tidal disruption could also naturally explain AT
2022cmc’s observed flux variability over awide range of timescales.

Given the similar X-ray luminosity and variability to Sw J1644+57,
the best-studied TDE with arelativistic jet, we modelled AT 2022cmc’s
data under the jet paradigm. In a standard jet scenario, the radio
throughinfrared/optical/UV data are dominated by non-thermal syn-
chrotron emission*?*, However, extrapolating AT 2022cmc’s radio/
optical/UV data to higher frequencies does not provide emission
consistent with the observed X-ray flux (see ‘Preliminary considera-
tions’ in the Methods and Extended Data Fig. 7), suggesting that the
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Fig.2|Multiwavelength light curves of AT 2022cmc. NICER, Swift/XRT

and UVOT (diamonds), Hubble Space Telescope (HST; circles), ground-based
optical (squares) and radio (stars) light curves of AT 2022cmc span -1-83 d after
discovery. Also shown are the single/smoothly broken power-law model fits

to the Swift/XRT (black), r'’-band (red) and 15 GHz (violet) light curves. Their
corresponding best-fitindices are also indicated. The Swift and NICER X-ray
light curves have been converted from 0.3-5 keV observer-frame observed

flux to flux density at 1 keV using the average and time-resolved X-ray spectral
fits, respectively (see ‘Swift/XRT’ and ‘NICER’ in the Methods). The optical light
curve exhibits a steep decay at ~1-3 d in the rest frame, followed by a plateau,
during which the radio light curve is seen torise. Dashed lines indicate w-, i- and
z-band upper limits on underlying host emission obtained from deep stacks

of Pan-STARRS pre-discovery images (see ‘Constraints on host luminosity’in
the Methods and Extended Data Fig. 5). Upper limits are indicated by inverted
triangles. All the photometry presented in this figure represents observed
values that were corrected for Galactic extinction. These data are provided asa
supplementary file. The multifrequency VLA SED taken on 27 February 2022 is
showninFig.3. Allerror bars represent 1o uncertainties. uwl, uw2,and um2 are
the UV filters on Swift/UVOT.

high-energy emission originates from a second component. Similar
to blazars, this second component could naturally arise from inverse
Comptonscattering of either local synchrotron photons (synchrotron
self-Compton (SSC)) or photons originating outside the jet (external
Compton).Inboth cases, the photons would interact with the electrons
in the jet. We therefore investigated these scenarios by fitting three
observedtime-averaged spectral energy distributions (SEDs) with good
multiwavelength coverage (d 15-16, 25-27 and 41-46) with a simple
jet model consisting of a spherical, homogeneous emitting region,
similar to the approach commonly used to infer the properties of the
emitting regioninblazars® . The rapid X-ray variability on timescales
oftens of minutes and self-absorbed radio spectrumindicate that the
observed radio and X-ray emission originate from a compact region,
rather than in an extended outflow, further motivating our choice of
asingle-zone approximation.

We tested two emission models, one in which the only radiative
mechanisms considered were synchrotronand SSC (model1),and one
thatincluded external Compton of thermal photons originating outside
thejet (model2). Model1(the synchrotron + SSCmodel), showninFig.3,
provided anacceptable fit to the radio through X-ray SEDs (x/d.f. = 2.2),
albeit with extreme parameters (see below). Model 2, on the other hand,
was disfavoured because it could not explain the radio flux while still
resultingin similarly extreme parameters (see ‘Modelling results’inthe
Methods and Extended Data Fig. 8). The best-fitting parameters for both
modelsarereportedin Table 2. Contour plots between the parameters
of model 1 are shown in Extended Data Fig. 9. We caution that these
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Fig.3| AT 2022cmc’s multiwavelength SEDs and their best-fit models.

SEDs from three epochs were fitted with a single-zone jet model comprising
synchrotron (dashed), SSC (dotted) and blackbody (dash-dot) emission
components. The radio data are consistent with optically thick synchrotron
emission, while the X-ray emission is well fitted by SSC originating from

the same emitting region. The strength of the SSC component implies a

strongly matter-dominated jet, with U,/U, > 10% where U, is the energy

density of the electrons and U, the energy density of the magnetic field B. The
optical data at 25-27 and 41-46 d after discovery exhibit an excess over the
synchrotron + SSC model; as aresult, we added a blackbody component of
temperature T, =2.3 x 10* K (measured in the source frame) and luminosity

Ly, =1.7 x10* erg s™. The corresponding radius is R, = 2.8 x 10" cm. Owing toa
lack of optical/UV constraints on d 15-16, this component was assumed to remain
constant between days 15and 46 (see ‘Multiwavelength SED modelling’in the
Methods and Table 2). The data in this figure are available as a supplementary file.
Allerror bars represent 1o uncertainties.

numbers could change substantially with amore complex and physical
model, and the fits presented here purely constitute a check that the
data are consistent with the emission from a relativistic jet.

The maintrend emerging frommodellisthatthejethastobevery
powerful (-10** erg s, depending onits composition) and strongly
beamed: the Doppler factor is § = [I} (1 - f; cos((9)]_1 ~ 100, where
;= 86isthejetbulk Lorentzfactor, f;the corresponding speed in units
of the speed of light and @is the jet viewing angle. On the other hand,
model2requires alower jet power (-10* erg s™) and asmaller ;= 5and
6 =10.Under the jet paradigm, the observed X-rays and their variability
arise fromwithin the jet; as aresult, asize constraint can be compared
to the observed variability timescale to check for consistency. On the
basis of asimple 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 =1,000 s x 3 x 10" x § cm = 3 x 10" x § cm for
our case, where § accounts for relativistic beaming®. The emitting
regioninferred had an estimated radius of ~10°™® cm from model 1and
~10" cm from model 2. Both of these estimates were consistent with
the hour-long variability timescale observed by NICER but are only
marginally consistent with ~1,000 s X-ray variations. Such rapid vari-
ability has also been observed in some extreme blazar flares (for exam-
ple, refs.?**°), and is inconsistent with the simple homogeneous,
time-independent single-zone model presented here. Instead, it can
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Fig. 4 |Schematic of our proposed scenario for AT 2022cmc. A mass-loaded,
highly relativistic jet with I; = 80 can explain AT 2022cmc’s multiwavelength SED
with radio emission originating from synchrotron processes and X-rays from
SSC (see ‘Multiwavelength SED modelling’ in the Methods and Table 2). The
optical/UV emission part of the SED on d 25 is consistent with thermal emission

Shock produced by jet interaction
with ambient medium

r\/\f\lf?’;gio (synchrotron)

Jet axis

X-rays from inverse Compton
scattering of synchrotron photons

withatemperature of -2.3 x 10* K and a luminosity of 2 x 10¥ erg s (in the rest
frame). These are comparable to low-z non-jetted TDEs™. It could originate from
an accretion disk, reprocessing by an outflow (for example ref. ') or from stellar
debris stream self-collisions?’. Our viewing angle with respect to the jet axis was
estimated from our SED modelling to be <1° (Table 2).

be reproduced using a complex inhomogeneous, time-dependent
model®. However, applying such amodel to AT 2022cmcis beyond the
scope of this work.

Both models 1 and 2 require a strong SSC contribution to
match the X-ray flux. For this to happen, we require a strongly
matter-dominated jet; thatis, most of the power is carried by the elec-
trons and protons withinthejet, rather than by the magnetic field. Such
amatter-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®*,butisinline with
ref.**, which proposed a structured, radiation-driven jet powered by
super-Eddington accretion. The jet collimation could be provided by
the pressure of the surrounding accretion flow, which is highly inflated
during the super-Eddington phase (for example, refs. ***¥’). These issues
arealso often encountered when modelling blazar jets with adominant
SSC component”?, as well as M87%, suggesting the need for more
complex models. A schematic of our proposed, albeit simple, model
(synchrotron + SSC + thermal optical/UV) is shown in Fig. 4.

Finally, our SED modellingimplies that the underlying physicsin AT
2022cmc’sjet may be distinct from that of SwJ1644+57 and Sw)2058+05,
asinthose sources SSC cannot produce the observed X-ray emission*. It
hasbeen argued thatin Sw]1644+57 the X-rays originate fromacorona/
base of ajet through external inverse Compton scattering by aphoton
field coming from either the disk (for example, refs. >*") or from the disk
wind (forexample, ref. *°). This external inverse Compton model has also
been successfully applied to SwJ2058+05"*, Instead, in AT 2022cmc
external Compton cannot explain the observed X-rays (see ‘Modelling
results’inthe Methods), and thus its high-energy emission seems to be
driven by different mechanisms than previous relativistic TDEs.

Although 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 article
provide an opportunity to explore detailed jet physics at extreme
mass accretion rates.

As a relativistic jet can explain the multiwavelength properties
of AT 2022cmc, we next investigated the plausible mass of the black

hole engine. At the low-mass end, ~-10 M,,, the most powerful known
jets are launched following 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 the Methods for amore thorough/detailed discus-
sion). 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 (for example, ref. "), whereas 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) « v°, whereas
AT 2022cmc exhibits astrongly self-absorbed spectrum with F(v) < V2
Finally, a large-amplitude optical brightness enhancement of -4
magnitudes (see ‘Constraints on host luminosity’ in the Methods) is
unusual for blazars (for example, compare with ref. *). In addition,
thereisnogamma-ray source detected by Fermi/Large Area Telescope
(LAT) within 1° diameter of AT 2022cmc.

ATDEislargely characterized by the pericentre distance (the clos-
estapproach betweenthestarandtheblack hole), the stellar properties
and the black hole mass. The pericentre distance does not affect the
accretionrateifthe disruptionis full (for example, refs. **7*¢), whereas
ifitis partial thereis asteep fallin luminosity with increasing distance
(forexample, refs. ***7*%), For astar of radius R, and mass M, and ablack
hole of mass M, the characteristic TDE accretion rate is
« (M,(/R,()g'/Z(M/M,()_l/2 . For amain sequence star with R, < M, the
luminosity is therefore « M2, and a very massive (and rare) star is
needed to substantially modify the accretion rate (for example, see
fig.4 of ref. *°). On the other hand, the Eddington ratio for a TDE scales
asM>?2,and amodest decreasein black hole massyields alargeincrease
inthe Eddington fraction. Given these considerations, and the approxi-
mate scaling of the X-ray luminosity as =< t* (ref. '), we suggest that
AT 2022cmc could have been powered by the partial disruption (near
the full disruption threshold) of a dwarf star by a relatively low-mass
black hole and its super-Eddington accretion.

Although non-relativistic TDEs are now routinely discovered
(roughly one every few weeks) in the nearby Universe (z < 0.2)'**,
Doppler-boosted TDEs such as AT 2022cmc can push the redshift
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Table 1| Summary of the best-fit parameters from time-resolved X-ray energy spectral modelling of AT 2022cmc

Start(MJD) End(MJD) Exposure (ks) FPMs Phase Index log[Integ. lum. log[Obs. lum. Countrate x*/number of
(ergs™] (ergs™] (counts s-1) bins
0.01 0.003 0.003
59626.75 59627.25 6.36 52 EO 1'5io.01 47.825f0‘003 47.247410_002 0.2354+0.00M 68.3/77
+0.01 +0.004 +0.002
59627.25 59627.75 5.28 52 E1 158001 47.715%0:004 47.099+0-002 0.1733+0.001M1 97.4/73
+0.01 +0.005 +0.002
59627.75 59628.25 48 52 E2 1667001 47.484+0:9%5 46,8329 0.0971+0.001 112.6/72
+0.01 +0.004 +0.004
59628.25 59628.75 576 52 E3 165:001  47,613+0.00¢ 46.965+0:004 01309+0.001 70.0/73
0.01 0.006 0.004
5962875 59629.25 3.48 52 E4 1647001 47.496+0.006 46.851+0.00¢ 0.1008+0.0013 837/71
0.02 0.008 0.006
59629.25 59629.75 2.28 52 E5 163%)02 47.39% 0008 46.751%5-00¢ 0.0801+0.0019 58.3/66
0.02 0.008 0.006
59629.75 59630.25 2.64 52 E6 1.69J_r0'02 47.4()5:)‘008 46.73721004 0.0792+0.0018 70.4/67
+0.02 +0.007 +0.005
59630.25  59630.75 276 51 E7 1697092 47.483+0.007 46.818+0-05 0.0954+0.0017 64.2/69
+0.01 +0.006 +0.004
59630.75 59631.25 3.84 52 E8 1647001 47.427+0.006 46.786+0-0%¢ 0.0865+0.0014 63.0/71
0.01 0.005 0.004
59631.25 5963175 5.64 52 E9 L6100l 47.377+0.005 46.747+9.9% 0.0785+0.0009 86.8/72
0.02 0.007 0.004
59631.75 59632.25 276 52 E10 L65%::05 47.397* 0o 46.748%00u 0.0801+0.0017 69.5/68
0.02 0.007 0.005
59632.25 59632.75 372 52 EN 1.54+0:02 47.436+0:007 46.83670-905 0.0696+0.0012 731/
0.02 0.007 0.005
59632.75 59633.25 3.36 52 E12 1.5(,*:002 47.2611’0_007 46'654t0.006 0.0621+0.0014 66.2/68
+0.02 +0.007 +0.005
5963325 5963375 312 52 E13 LSO a 46.658+99%° 0.0617+0.0014 74.5/68
+0.01 +0.005 +0.003
59633.75 59634.25 6.36 52 E14 1487091 47.253+0:905 46.68470:993 0.0643+0.0008 71.4/72
+0.02 +0.007 +0.007
59634.25 59634.75 4.44 52 E15 152+002 471361000 46.55+0:007 0.048+0.001 79.7/69
0.02 0.009 0.006
59634.75 59635.25 2.28 52 E16 1544002 471+0.009 46.614+0:00¢ 0.056+0.0019 62.5/63
0.03 0.01 0.008
59635.25 59635.75 1.8 52 E17 1.55:)‘03 47.128J_r0.011 46.5291’0‘008 0.0463+0.0024 50.6/58
59635.75 59636.25 216 52 E18 1544903 47.009+0:91 46.41470:008 0.0355+0.002 45.3/58
59636.25 59636.75 12 52 E19 1874005 46,992+ 46.247003 0.0272+0.0033 32.4/40
0.03 0.013 0.01
59636.75 59637.25 252 52 E20 173199 47.001+9.93 46315709 0.0306+0.0016 50.2/54
59637.25 59637.75 2.28 52 E21 1,31+8~8§ 46-934*8'83 46-436*8'8}3 0.0349+0.0018 125.5/62
59637.75 59638.25 0.84 52 E22 1_53+8-gg 46-912+3'8§ 46.319+84812 0.0288+0.0053 34.9/39
0.04 0.015 0.013
59638.25 59638.75 1.44 49 E23 1_59J_r004 46.982J:0015 46.361:’0.008 0.0322+0.0029 33.5/47
+0.03 +0.011 +0.01
59638.75 59639.25 2.88 52 E24 1617093 46.946+00! 46317991 0.0293+0.0015 64.2/60
59639.25 5963975 2.4 49 E25 153109 46.886+9083 46.295+9.07 0.0272+0.0017 58.0/56
0.03 0.011 0.009
59639.75 59640.25 312 52 E26 1575093 46.921+090 46.31+00%9 0.0284+0.0013 66.2/59
59640.25 59640.75 276 52 E27 1.53+8.g§ 46'999+g.81 46'405+8'g?8 0.0347+0.0015 48.6/59
0.03 0.012 0.013
59640.75 59641.25 2.64 49 E28 1.57:)‘03 46.927J_r0‘012 46.316J_r0_009 0.0286+0.0014 42.5/56
+0.03 +0.012 +0.009
59641.25 5964175 3.0 52 E29 1541003 46.861+0012 46.263199% 0.0252+0.0012 637/56
+0.03 +0.011 +0.01
5964175 59642.25 4.44 52 E30 152:093  46.765%001 4617739 0.0206+0.0009 66.0/61
+0.15 +0.052 +0.042
59642.25 5964275 0.24 52 E31 LS1F0%  46.747%092 4616670942 0.0208+0.0175 11.8/12
+0.05 +0.016 +0.014
5964275 59643.25 2.4 48 E32 1474005 467521001 46.187+001 0.021+0.0019 70.5/56

0.3-5.0keV NICER spectra were fitted with the tbabs*ztbabs*zashift(clumin*pow) model using XSPEC™. Start and End represent the start and end times (in MJD) of the interval used to extract
a combined NICER spectrum. Exposure is the accumulated exposure time during this time interval. FPMs is 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. Integ. lum. is the integrated absorption-corrected power-law luminosity over 0.3-10keV. Obs. lum. is the
observed 0.3-5.0keV luminosity. The count rate is the background-subtracted NICER count rate over 0.3-5.0keV per FPM. All errors represent 1o uncertainties. x2/number of bins represents
the best-fit x2 and the number of spectral bins. The total x2/d.f is 2,135.3/1956. A machine-readable version of this table is available as Supplementary Data 3.

barrier asthey are orders of magnitude more luminous. AT 2022cmc’s
multiwavelength properties are consistent with a TDE with arelativistic
jet closely aligned with our line of sight. All these factors bolster the
exciting prospect of unveiling z>1TDEs, and consequently black holes,
in the upcoming era of the LSST/Rubin observatory®'.

Methods

Observations and data analysis

The data presented in this work were acquired by different tele-
scopes/instruments across the electromagnetic spectrum. Below we
describe the dataand therelevant reduction and analysis procedures.
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Table 2 | Summary of the best-fitting jet models

Model Date range (MJD) Tied parameters
59636.446-59638.446 59636.446-59638.446 59662.446-59667.446
Model 1
B(G) 0.13+5-7 1.03°7 x 1072 9.7t54 %102
R (cm) 5992 x10% 6.9%03 x 108 1.0*,, x 10t
-3 +195 +237 +58
n, (cm™) 973+1% 2200+2% 14458
Vinax 5.0%1% x10° 3.2748 x 10 3.4 x 103
5 4
i 917,
+0.05
P 2217005
I 86+
6(°) 05:01
Ly, (ergs™) 1.71’_'8:5‘ x 1045
Tep (K) 2.34*07¢ x 10*
5 103
P, (ergs™) 5.3x10% 2.0x10% 2.0x10%
Py (ergs™ 1.6x10% 1.5x10% 2.6x10%
P, (ergs™ 3.6x10% 1.1x10% 1.5x10%
P;(ergs™) 41x10% 1.3x107 17x10%
UJUy 325 1.3x10° 77
Rep (cm) 2.8x10"®
59636.446-59638.446 59636.446-59638.446 59662.446-59667.446 Tied parameters
Model 2
2.0 S 14
B(G) 10212 18% 361
R(cm) 11670712 x 104 6.0102 x 1013 22104 101
ne(cm™) 8.7+ x 107 13%02 x 108 42720 x10°
Vmax 12*39 x 10 3.4*22 x10° 6.7722 x 107
Vmin 47tgi
+0.09
P 213+099
fi 5%
6() 13798
Ly (ergs™) 1361010 x 10
Tep (K) 210737 x 10
5 107
P, (ergs™) 45x10% 2.3x10% 76x10%
P; (ergs™) 1.6x10% 1.4x10% 6.9x10%
P, (ergs™) 5.0x10% 2.0x10% 8.2x10%
P;(ergs™) 51x10% 2.0x10% 8.4x10%
UJUy 412 164 1
Ry, (cm) 31x10"

The emitting region magnetic field B, radius R, number density n, and the maximum Lorentz factor of the particles y,,,, were left free to vary in each epoch. The minimum electron Lorentz
factor vy, particle distribution slope p, viewing angle 6, blackbody luminosity L., and blackbody temperature T,,, were tied. Asterisks mark parameters that were pegged to their limits. The
statistic for the overall joint fit is x2/d.f.=305.54/138=2.20 for model 1 and 284.45/123=2.31 for model 2. We also report the power P carried by the electrons, protons (assuming one cold proton
per electron) and magnetic field, the total jet power P;=P,+P,+P, and the equipartition fraction U./Us.
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Throughout this Article we adopt astandard A cold dark matter cosmol-
ogy (where A isthe cosmological constant) with Hy = 67.4 km s Mpc™,
0,=0.315andQ,=1-0Q,,=0.685 (ref. *). Using the cosmology calcula-
tor of ref. 3, AT 2022cmc’s redshift of 1.193 corresponds to a luminosity
distance of 8.45 Gpc. H,, Hubble’s constant; Q,, matter density; Q,,
vacuum  energy.

y-rays and X-rays. Fermi/LAT. AT 2022cmc was not detected by Fermi/
LAT (100 MeV to 10 GeV). During the 24 h period starting on 27 Febru-
ary 2022 utc (that is, d 15-16 after discovery), the upper limits on the
photon flux and the energy flux were 2.76 x 10”7 photons cm s, and
5.46 x10*MeV cm™?s™, respectively.

AstroSat/SXT. The AstroSat Soft X-ray Telescope (SXT; ref. °**) observed
AT 2022cmcon 23 February 2022 for an exposure time of 52.8 ksin the
full-window mode. We processed the level-1data using the SXT pipeline
AS1SXTLevel2-1.4b available at the Payload Operation Center (POC)
website (https://www.tifr.res.in/~astrosat_sxt/sxtpipeline.html) and
generated the orbit-wise cleaned event files that were then merged
using the SXTMerger tool (https://github.com/gulabd/SXTMerger.jl).
We extracted the source spectrum and light curve using a circular
region of radius 15 arcmin centred at the source position. The poor
spatial resolution of the SXT spreads the source photons almost over
the entire detector area, thus leaving no source-free regions for back-
ground spectral extraction. We therefore used abackground spectrum
that was generated by the POC from alarge number of blank-sky obser-
vations. We used the redistribution matrix file available at the POC,
and an updated ancillary response file. We grouped the spectral data
to a minimum of 20 counts per bin, and analysed using the spectral
fitting package XSPEC version 12.12.0%. We fitted the 0.7-8 keV SXT
spectrum with a power-law model modified by the Galactic and
host-galaxy absorption; thatis, tbabs x ztbabs x zashift (powerlaw) in
the XSPEC terminology. We fixed the Milky Way column at
Nymw =9 % 10" cm?, obtained from the HEASARC column-density
calculator (https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.
pl)*°. We also fixed the redshift at z=1.193. This model resulted in an
acceptable fit (y*=208.7 for 231d.f.) with I" = 1.63*%55, the host-galaxy

-0.14
absorption column of 2.9%32 x 102.cm~2and the absorption-corrected

0.7-8keV flux of 4.3 x 10 2erg s cm ™2,

NICER. NICER started high-cadence monitoring (multiple visits per
day) of AT2022cmcon16 February 202219:07:03 utc or MJD 59626.80,
roughly 5 d after optical discovery. The resultant dataset comprises
several hundred snapshots (thatis, good timeintervals (GTls)), whose
exposures varied between a few hundred to roughly 1,200 s. In this
work, we report data taken before MJD 59697 (28 April 2022); that is,
fromthefirst 76 d after optical discovery.

Wesstarted the NICER data analysis by downloading the raw, unfil-
tered (uf) datafrom the HEASARC publicarchive (https://heasarc.gsfc.
nasa.gov/cgi-bin/W3Browse/w3browse.pl). We reprocessed the data
usingthe standard procedures outlined onthe NICER data analysis web-
pages (https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/).
We followed the data reduction steps outlined in ref. ¥,

NICER is a non-imaging instrument with a field-of-view area of
roughly 30 arcmin? (radius of 3.1 arcmin). To test for the presence of
potential contaminating sourcesin NICER’s field of view, we extracted
a 0.3-8 keV X-ray image using Swift/XRT observations of the field
(Extended DataFig.1). We found that AT 2022cmc was the only source
within NICER's field of view, implying that the flux from AT 2022cmc
dominates the NICER light curve at all times.

We investigated the X-ray spectral evolution of AT 2022cmc by
extracting time-resolved spectra from the NICER data taken between
MJD 59626 and MJD 59642 at ~-0.5 d intervals (Table 1). Spectral
analysis from data beyond MJD 59642 (that is, where AT 2022cmc’s
flux was reduced and comparable to the NICER background) will

be published in a separate work. The main steps we followed are
described below.

1. First we extracted the combined unfiltered but calibrated (ufa)
and cleaned (cl) event files using the start and the end times of
all GTIs within a given epoch.

2. Thenwe used the 3¢50 background model*® on these combined
ufa and cl files to estimate the average background and source
spectra. All the detectors marked as ‘hot’ at least once in any
of the individual GTIs were excluded. Hot detectors are those
affected by optical light loading (see ref. >’ for more details).

A detector is tagged as hot if its 0.0-0.2 keV raw count rate is
more than 40 above the median of all active (typically 52) NICER
detectors.

3. Using the tools nicerarf and nicerrmf we extract an ancillary
response file (arf) and redistribution matrix file (rmf) for each
epoch.

4. Thenwe grouped the spectra using the optimal binning crite-
rion described by ref.*’, also ensuring that each bin had at least
25 counts. We implemented this using the ftool ftgrouppha with
grouptype = optmin and groupscale = 25.

We modelled theresulting time-resolved spectrainthe 0.3-5.0 keV
bandpass, the energy range in which the source was above the back-
ground using a tbabs x ztbabs x zashift (clumin*power-law) model in
PyXspec, a Python implementation (https://heasarc.gsfc.nasa.gov/
xanadu/xspec/python/html/index.html) of XSPEC®. We fixed the Milky
Way column to Ny = 9 10" cm™, estimated from the HEASARC nH cal-
culator (https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl)*®.
We tied the host-galaxy neutral hydrogen column tobe the same across
allthespectraandincorporated an additional 1% systematic uncertainty
when fittingthe dataasrecommended here: https://heasarc.gsfc.nasa.
gov/docs/nicer/analysis_threads/cal-recommend/. The cosmological
parametersweresetin XSPEC to the values mentioned above. We set the
E...andtheE,,, parameters of cluminto 0.3 and 10.0, respectively, while
theredshift was set to1.193. This allowed us to compute the k-corrected,
unabsorbed 0.3-10 keV luminosities at various epochs. Asample NICER
X-ray spectrumis shownin Extended DataFig.2. We also tried athermal
model thatresultedin strong systematic residuals throughout the X-ray
bandpass considered, and hence we did not proceed any further withiit.

The above modelling resultedinatotal y?/d.f. 0f 2,135.3/1,956. The
reduced y*values are close to unity inall except epoch E21, during which
systematicresiduals below1keV and above 5 keV were clearly present.
This epoch coincided with a hard (2-5 keV) X-ray flare. Multiple such
flares are evident between MJD 59637 and 59697. One such flare was
also captured by Swift (Fig. 1d). The spectro-timing analysis of these
flares will be addressed in future work.

Following ref. **, we set NICER’s sensitivity limit to a conserva-
tive 0.3-5 keV count rate of 0.2 counts s™* (normalized to 50 NICER
detectors). In other words, any particular time segment in which the
background-subtracted 0.3-5 keV count rate was lessthan 0.2 counts s
was treated as an upper limit of 7.4 x 10 erg s™. This upper limit corre-
spondedto ak-corrected 0.3-10 keV absorption-corrected luminosity
of 1.2 x10* erg s for asource at a redshift of 1.193 (Fig. 1a).

Swift/XRT. Swift was not operational during the optical detection of AT
2022cmcand the satellite resumed pointed operations on 17 February
2022, Swift began monitoring AT 2022cmc on MJD 59633 (23 Febru-
ary 2022) and was observed under the ID of 00015023. The source
was observed once a day between MJD 59633 and MJD 59638 and once
every few days after MJD 59638. In this work, we used data until MJD
59703 (thatis, observation IDs 00015023001 through 00015023035).
We sstarted our data analysis by downloading the raw, level-1datafrom
the HEASARC publicarchive and reprocessed them using the standard
HEASoft tool xrtpipeline. Here we only considered the data taken in
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the photon-counting mode. We only used events with grades between
Oand12intheenergy range of 0.3-5 keV tomatch NICER's bandpass. We
extracted the source and background counts using a circular aperture
of 47 arcsec and an annulus with an inner and outer radii of 80 arcsec
and 200 arcsec, respectively. XRT count rates were extracted on a
per-obsID basis and these values are provided in Supplementary Data 2.

To convert Swift/XRT count rates to fluxes, we extracted anaverage
energy spectrum by combining all the XRT exposures. We fitted the
0.3-5.0 keV spectrawith apower-law model, modified by AT 2022cmc’s
host-galaxy neutral hydrogen column and Milky Way, the same as
the model used for the NICER data mentioned above. Because the
signal-to-noise ratio of the Swift XRT spectrum is low, the host-galaxy
hydrogen column was fixed at 9.8 x 10*° cm™ 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 was consistent with the NICER spectral
fits. From this fit we estimated the observed 0.3-5 keV flux and a count
rate-to-flux scaling factor of 3.6 x 10 erg cm™ counts™ to convert from
the 0.3-5 keV background-subtracted XRT count rate to the observed
fluxinthe 0.3-5keV band (Fig. 2). The uncertainties on the count rates
and, consequently, the scaled fluxes, were computed using the formu-
lae for small number statistics described in ref. .

GRB and TDE comparison data. To compare the X-ray light curve of
AT 2022cmc with other relativistic transients, we compiled asample
of X-ray light curves of the three known relativistic TDEs, together
with the bright GRBs from ref. °>. For the GRBs in our comparison
sample, we downloaded the 0.3-10 keV count-rate light curves from
the UK Swift Science Data Centre (UKSSDC)®*** and corrected them
for absorption using the ratio of time-averaged unabsorbed flux
to time-averaged observed flux per burst provided in the UKSSDC
catalogue (https://www.swift.ac.uk/xrt_live_cat/). We k-corrected
the light curves to rest-frame 0.3-10 keV luminosity following
ref. %, assuming a power-law spectrum with photon index given by
the time-averaged photon-counting mode photon index from the
UKSSDC catalogue.

We extracted X-ray light curves of the three relativistic TDEs
using the UKSSDC XRT products builder (https://www.swift.ac.uk/
user_objects/)®***. We used a time bin size of 1 d. We converted the
0.3-10 keV count-rate light curves to unabsorbed flux using the
counts-to-flux ratio of the time-averaged spectral fits,and k-corrected
themtorest-frame 0.3-10 keV luminosity as described above. The X-ray
spectralindices for SwJ1644+57 and Sw]2058+0516 varied between1.2
and 1.8 (ref. *'). This range is similar to AT 2022cmc (see Table 1). Here
we used the following fiducial values: Sw J1644+57: counts:flux =9.3
2x10"erg cm™count™, photon index =1.58 + 0.01; SwJ1112.2-8238:
counts:flux = 6.13 x10 ™ erg cm™ count™, photon index =1.35 + 0.08;
SwJ2058.4+0516: counts:flux = 5.36 x 10 erg cm™ count™, photon
index =1.55 + 0.08. We plot these light curves, together with the GRB
X-ray light curves extracted above, in Fig. 1.

UV/optical observations. ZTF. AT 2022cmc was discovered and
reported by the ZTF'and released as a transient candidate ZTF22aaajecp
inthe publicstreamtobrokers and the Transient Name Server, with data
available in Lasair (https://lasair.roe.ac.uk/object/ZTF22aaajecp)®®.
We performed point spread function (PSF) photometry onall publicly
available ZTF data using the ZTF forced-photometry service® intheg
andrbands. Wereport our photometry corrected for Galactic extinc-
tion of A, = 0.0348 mag (ref. °®) and converted to flux density in mil-
lijansky. A, is the total photometric extinction in the V (550 nm) band.

ATLAS. ATLAS (ref. ©) is a 4 x 0.5 m telescope system that provides
all-sky nightly cadence at typical limiting magnitudes of ~19.5 in cyan
(g+r)and orange (r +i) filters. The data were processed in real time
and the transients were identified by the ATLAS Transient Science
Server’’. We stacked individual nightly exposures and used the ATLAS

forced-photometry server” 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 fluxin ref. .

Follow-up optical imaging. Follow-up observations of AT 2022cmc
were conducted as part of the ‘advanced’ extended Public ESO Spec-
troscopic Survey of Transient Objects (ePESSTO+)">using the EFOSC2
imaging spectrographat the ESO New Technology Telescope to obtain
images in the g, r and i bands. Images were reduced using the cus-
tom PESSTO pipeline (https://github.com/svalenti/pessto), and the
PSF photometry was measured without template subtraction using
photometry-sans-frustration; an interactive Python wrapper that
uses the Astropy and Photutils packages’”. Aperture photometry was
applied tothe fewimagesinwhich the target PSF was slightly elongated,
otherwise the magnitudes were derived from PSF fitting. All photom-
etry was calibrated against Pan-STARRS field stars.

AT 2022cmc was also followed up in ther, i, zand w bands with
the 1.8 m Pan-STARRS2 telescope in Hawaii’*. Pan-STARRS2 operates
in survey mode, searching for near-Earth objects, but the survey can
be interrupted for photometry of specific targets. Pan-STARRS2 is
equipped with al.4 gigapixel camera with a pixel scale of 0.26 arcsec.
The images were processed with the image processing pipeline” and
differenceimaging was performed using the PS1Science Consortium ™
3m 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”®inthe g, randibands with the 0.4 m SLT at Lulin Obser-
vatory, Taiwan. Theimages were reduced using astandard IRAF routine
with bias, dark and flat calibrations. We used the automated photom-
etry of transients pipeline”’ to perform PSF photometry and calibrate
against SDSS field stars’®. We used the Lulin one-metre telescope for
deeperimagingin the g, r,i and z bands over four nights spanning
13.4-16.2 d post discovery. The images were also reduced using the
standard charged-coupled device (CCD) processing techniques in IRAF.
We performed aperture photometry calibrated against SDSS field stars.
Inacombined stack of theimages from the Lulin one-metre telescope,
AT 2022cmc was clearly detected in the g, r and i bands, with magni-
tudes of21.76 + 0.14,21.71 + 0.18 and 21.93 + 0.31 mag, respectively, and
undetected inthezband withan upper limit of >20.69 mag. We list the
photometry from ourindividual observationsinSupplementary Datal.

We compiled additional optical photometry from the Gamma-ray
Coordinates Network circulars”*’ and corrected for extinction. These
arealsoincluded in Supplementary Datal.

Swift/UVOT. We performed photometry on Swift/UVOT®’ observations
of AT 2022cmc with the uvotsource task in HEAsoft package v6.29 using
a5arcsecaperture onthe source position. Another region of 40 arcsec
located at a nearby position was used to estimate the background
emission. Because the host galaxy was not detected in the GALEX”!
co-added UV images and AT 2022cmc’s UVOT detections are -2 mag
brighter then host upper limits (see ‘Constraints on host luminosity’),
we did not attempt any type of host subtraction.

AstroSat/Ultra-Violet Imaging Telescope. The AstroSat Ultra-Violet
Imaging Telescope®’® onboard AstroSat®™ also observed the source,
simultaneous with the SXT, with its far-UV channel using the F148W
(Arean = 1,481 A; A1=500 A) and F154W (A,,.., = 1,541 A; A1 =380 A)
filters forexposures of 6,024 sand 9,674 s, respectively. We processed
the level-1 data using the CCDLAB pipeline” and constructed broad-
band images. We extracted source counts using a circular aperture
of radius 10 arcsec centred 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
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the flux densities using the flux conversion factors provided inrefs. **%,

We did not detect the source, and obtained 30 flux upper limits of
4.7x10"ergecm?s? A (F154W)and 6.4 x 107 ergcm2s™ A (F148W).

Optical spectroscopy. We observed AT 2022cmc with the X-shooter
spectrograph’ onthe ESO VLT on 27 February 2022. Datawere obtained
in on-slit nodding mode using the 1.0”, 0.9” and 0.9” slits in the UVB,
Visand near-infrared (NIR) arms respectively, with a spectral resolution
of -1 A in the optical. We reduced the data following standard proce-
dures”. We first removed cosmic rays with the tool astroscrappy
(https://github.com/astropy/astroscrappy), which is based on the
cosmic-ray removal algorithm inref. °®, Afterwards, we processed the
data with the X-shooter pipeline v3.3.5 and the ESO workflow engine
ESOReflex**'°°, We reduced the UVB and Vis-arm data in stare mode to
boost the signal to noise by afactor of v2compared with 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 spectraof eacharminastatistically
optimal way using tools developed by J. Selsing (https://github.com/
jselsing/XSGRB_reduction_scripts). Finally, we converted the wave-
length 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 did not detect a trace of the target in the NIR
arm, and thus do not discuss the NIR data further.

The extracted spectrum consisted of a steep and largely feature-
less blue continuum, which we rebinned by 5 pixels to increase the
signal-to-noise ratio (Extended Data Fig. 4). At the reported redshift
z=1.193, thereisahint of absorption features at wavelengths consistent
with the Ca 11 H and K lines. The apparent absorption at 2,600 A was
notareal feature, butinstead alow-sensitivity, noisy region close to the
edge of the UVB arm. The spectrum (covering approximately rest frame
1,500-4,500 A) could be fitted well by ablackbody with T= 30,000 K,
althoughapower law with F, =< v*®also provided a satisfactory fit. The
thermal model was preferred due to its consistency with the optical
bumpinthebroadband SED (Fig. 3). This value was consistent with the
measurement of -2.3 x 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 was similar to other optical TDEs'"".

Constraints on host luminosity. To derive upper limits on the lumi-
nosity of the host galaxy, we created deep reference images in the w,
i and z bands by stacking Pan-STARRS1 and Pan-STARRS2 images of
the field containing AT 2022cmc. These images were obtained during
routine survey operations over a period spanning June 2010 to Janu-
ary2022. The wband is awide filter (3,900-8,500 A) with an effective
wavelength A= 6,000 A, and can thus be treated as the r band. The
effective exposure times for the co-added reference stacks were 2,475 s,
13,700 s and 16,260 s in the w, i and z bands, respectively. The host
galaxy of AT 2022cmc was not visible in any of these stacks, with upper
limits of w > 23.85 mag, i >23.05 mag and z > 22.89 mag (Extended
DataFig.5).

The deepest observer-frame limit (r band) corresponded to
arest-frame absolute AB magnitude of M, ,,, > -19.9, with a simple
k-correction of 2.5log(1 + z) and the observer-frame central wavelength
converted to rest-frame (approximately 2,740 A), with only aMilky Way
reddening correction applied to the observer-frame flux. The redder
bandssimilarly corresponded to M; 45, > -20.7 and M55, > —20.8. We per-
formed similar analyses on GALEX” near-UV (A= 2,300 A) and far-UV
(A=1,535 A) filtered data by stacking all images that contained the
position of AT 2022cmc. No underlying host emission was detected in
any of stacked images, and the 3cupper limits were >22.6 mag (near-UV)
and >22.5 mag (far-UV).

Radio. VLA. We observed AT 2022cmc on 27 February 2022 (-15 d post
discovery) with NSF VLA under programme 20B-377 (PI: K.D.A.). The
observations were takenwhenthe array was inits most extended A con-
figuration. We used the C, X, Ku, K and Kaband receivers with the 3-bit
digital samplers to obtain nearly continuous frequency coverage from
4t037 GHz. We used 3C286 for bandpass and flux density calibration.
We used]1329+3154 for complex gain calibrationat the Kand Kabands,
and 3C286 otherwise. Wereduced and imaged the data using standard
proceduresinthe Common Astronomy Software Applications (CASA)
v5.6.1-8'2, 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 Fig. 3.

AMI-LA. AMI-LA is aradio interferometer consisting of eight 12.8 m
dishes with baselines from 18 to 110 m, located in Cambridge, UK'*.
AMI-LA observes at 15.5 GHz with a bandwidth of 5 GHz divided into
4,096 channels'®*. We observed AT 2022cmc with AMI-LA beginning
14.7 d post discovery?. We reduced the AMI-LA observations using a
custom pipeline REDUCE_DC'®. The pipeline averaged the data down
toeightchannels and performed flagging for radiofrequency interfer-
ence and antenna shadowing. We used 3C286 for both amplitude and
complex gain calibration. We performed additional flagging, imaging
and deconvolutionin CASA (v4.7.0). We combined the statistical uncer-
tainty on the 15.5 GHz flux densities with a 5% systematic calibration
uncertainty in quadrature. We detected an unresolved source with a
flux density of 0.49 + 0.03 mjy in the first epoch'*®, and initiated subse-
quentobservations at near-daily cadence. We present the full 15.5 GHz
light curve in Fig. 2 and list the flux density measurements in Supple-
mentary Data 1. We compiled additional radio measurements of AT
2022cmcreported onlinein Gamma-ray Coordinates Network circulars
and Astronomer’s Telegrams’*'?'% together in Supplementary Data1.

EVN sub-milliarcsecond position. We used the EVN to observe AT
2022cmcon22-23March2022 (18:08-02:11UTC), under project code
RMO17A (PI:J.C.A.M.-).), making use of the real-time eVLBI mode. We
observedindual-polarization mode at a central frequency of 4.927 GHz.
Our array consisted of 15stations, with 10 standard EVN stations (Jodrell
Bank Mk II, Effelsberg, Hartebeesthoek, the 16-m dishes at Irbene,
Medicina, Noto, the 85" dishes at Onsala, the 65-m dishes at Tianma,
Torun and Yebes) that observed with a bandwidth of 256 MHz, and 5
stations from the eMERLIN array (Knockin, Darnhall, Pickmere, Defford
and Cambridge), which observed withareduced bandwidth of 64 MHz.

We processed the data through the EVN pipeline to derive the
a priori amplitude calibration and bandpass corrections, and con-
ducted further processing with the Astronomical Image Processing Sys-
tem (v.31DEC19'°). We phase referenced the dataon AT 2022cmcto the
nearby (1.66° away) calibrator sourceJ1329+3154, with an assumed posi-
tionof (J2000)13 h29 min52.864912 s, +31° 54’ 11.05446”. We detected
AT 2022cmcas an unresolved point source with asignificance of 6.40at
apositionof (J2000) 13 h34 min43.201308(6) s, +33°13:00’ 6506(2)”.
The quoted uncertainties (denoted in parentheses for the last sig-
nificant digit) are purely statistical, with potential systematic errors
(such as those from uncorrected tropospheric delay or clock errors)
estimated to be at the level of -0.07 mas.

Shortest X-ray variability timescale

Manualinspection of the 0.3-5 keV background-subtracted NICER light
curve of AT 2022cmc (provided as a supplementary file as "allphot.
txt") 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 spec-
trum (PDS) using uninterrupted exposures that were each 950 s long.
Increasing the accumulation time to 1,024 s exposures yielded fewer
samples (13, compared with 29) and only resulted in a marginal gain
inlow-frequency information from1/950 Hz to 1/1,024 Hz) within the

Nature Astronomy | Volume 7 | January 2023 | 88-104

96


http://www.nature.com/natureastronomy
https://github.com/astropy/astroscrappy
https://github.com/jselsing/XSGRB_reduction_scripts
https://github.com/jselsing/XSGRB_reduction_scripts

Article

https://doi.org/10.1038/s41550-022-01820-x

first month of discovery (that is, 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 fluctua-
tions, we considered only exposures that were above the background;
that is, 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 ref. *®. In addition to the standard filters described
in “y-ray and X-rays/NICER’ we imposed a filter to remove exposures
where the observed mean 15-18 keV count rate was beyond 20 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 isimportant for variability studies. This gave a total of 29 time
series with acumulative exposure 0f27.55 ks (950 x 29). We computed
a Leahy-normalized (ref. "°; mean Poisson noise level of 2) average
PDS sampled at1/8 s from these time series (Extended Data Fig. 6). We
found that the PDS was consistent with the Poisson noise level of 2 at
high frequencies (21072 Hz); however, the PDS started to rise above the
noise level at <2 x 107 Hz, and the lowest-frequency bin at 1/950 s is
clearly well-above the noise level. This suggested that AT 2022cmc has
systematic X-ray variability on timescales at least as short as ~1,000 s
inthe observer frame.

Arguments against a GRB afterglow

Apotential association with the Fermi GRB 220211A™ was ruled out by
amore precise localization of that GRB2. Nevertheless, the early optical
evolution resembled an off-axis gamma-ray burst GRB. Long GRBs
occur as aresult of the core collapse of massive stars (for example,
refs. "71%), Their emission comes in two phases: prompt emission,
which consists of high-energy y-rays generated within the ultrarelativ-
isticjet thatislaunched following collapse"®"’, and the afterglow, which
is produced by shocks as the jet is decelerated in the environment
surrounding the burst"®"°, High-cadence NICER and Swift/XRT moni-
toring 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 (Fig. 1a). The most striking difference between AT
2022cmcand GRB afterglowsis the persistence of rapid X-ray variability
(forexample, Fig.1and Extended DataFig. 6). The NICER observations
reveal short (-2.4 hobserver frame, correspondingto -1 hinthe source
rest frame) flares with increasesin the count rate by factors of2-10 that
remain detectable until at least ~40 d post discovery. This variability
requires that the X-ray emitting region be smaller than
R=2I%ct ~ 10—“1“1.2 pc. In contrast, the expected tangential radius of
aGRB afterglowatasimilar timeis-0.5 pc for typical parameters* and
I;52. Continued central engine activity, which operates at much
smaller radii (-10* cm, for example ref. ) may produce rapid variabil-
ity'??, but even the longest GRBs (the so-called ultra-long class; ref. %)
donot showssigns of central engine activity beyond a day after trigger
(forexampleref.'**). Onthe other hand, X-ray variability on timescales
of tens of minutes has been inferred for the relativistic TDEs Sw
J1644+57'* and Sw J2058+05"¢. These properties strongly favour a
non-GRB origin.

Multiwavelength SED modelling

Preliminary considerations. The full multiwavelength (radio to
X-ray) SED of AT 2022cmc cannot be simply explained by synchrotron
emission. To see this, we consider the SED at ~15.6 d post discovery
(Extended DataFig.7) atradio (VLA), millimetre-band (GBT), UV (Swift/
UVOT) and X-ray frequencies (NICER). The start and the end times of the
GBT observation were MJD 59637.2868 and MJD 59637.2928. We found
that the spectralindex from the GBT millimetre-band (90 GHz) obser-
vation to the centre of the NICER X-ray band was S,,,.x =—0.63 + 0.01
(corresponding to vF, < v°*). This was inconsistent with the observed
hard NICER spectrum, By = — 0.40 + 0.02 (corresponding to vF, < v*°),
Furthermore, the interpolation from the radio to the X-rays using the
above spectral index overpredicted contemporaneous Swift/UVOT

UM2-band observations (when corrected for Galactic extinction) by
afactor of -4. This is unlikely to be explained by UV variability, which
seems to be <20% at this time. While extinction due to dust could
suppress the UV flux, there is no evidence for substantial dust extinc-
tion along the line of sight, as evidenced by the blue z’ - g’ = 0.1 mag
colour, as well as the blue optical spectrum at this time (see ‘Optical
spectroscopy’). The absence of substantial extinction was further
confirmed by the HST F160W and F606W measurements at -25.4 d,
which yielded a spectral index of Br¢ps_ri60 = 0.34 £ 0.08. Thus, it was
not possible to extend a single power-law spectrum from the radio to
the X-rays without a mismatch between the required spectral index
and the observed X-ray spectral index, and without overpredicting
the optical/UV flux, indicating that the radio and X-ray flux arise from
distinct emission components at this time.

Furthermore, the optical SED at this time seems to peak in approxi-
mately the gband, withaspectralindex ,_,, = — 1.5 £ 0.5. This declin-
ing 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,,.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
(ay=-2.2and optical (&, ~ —0.3) at~10-40 d post discovery.

The radio SED at 525 GHz was optically thick (8 = 2), whereas the
spectral index between the flux density measured with the VLA at
24.5 GHz and with the GBT at 90 GHz is B i = — 0.96 £ 0.06, indicat-
ing that a spectral break is present near the GBT frequency. A simple
broken power-law fit to the radio-millimetre SED at this time with
the post-break index fixed at = -1 yielded a break frequency of
Vo =57.5+ 0.1GHzand aspectral peak flux density of F, ,, = 4.1+ 0.1 mJy
at 15.6 d. Identifying this as the peak of a synchrotron SED, a simple
energy equipartition argument suggests aminimum kinetic energy of
Ey 5o = 10°° erg and radius of R, = 10" cm for this component'”’. In the
next section, we relax the assumption of equipartition and performa
fullmodel fit with a physical modelincluding SSC emissionin the X-rays
and ablackbody component in the optical.

Model set-up. For our modelfits, we created three SEDs of AT 2022cmc
by combining the data taken on d 15-17, 25-27 and 41-46, as these
epochs had the best multiwavelength coverage. In each of these SED
epochs we had only single measurements in the optical, the UV filters
andthe variousradio bands. However, multiple NICER/X-ray exposures
were present. These were merged to extract combined spectra using
the procedure outlined in ‘NICER’. We fitted each SED with a simple
homogeneous single-zone model, similar to those used for blazars, for
example refs. 7. In this model, a power-law energy distribution of
electrons with number density n,, energy index p, and minimum and
maximum Lorentz factors y,,and yma,was injectedin aspherical region
of radius R, threaded with a magnetic field B and moving with a bulk
Lorentz factor I with respect to the observer at viewing angle 6. The
quantities B, n,and Rwere calculated in the emitting region co-moving
frame. We tested two different model set-ups to probe which radiative
mechanisms were responsible for the high-energy emission. In the
simplest case (which we callmodel 1), we considered synchrotron and
SSCexclusively. Inthe second case, we tested a simple external inverse
Compton model (model 2 from now on), in which the seed photons
were provided by the optical blackbody component. Unlike ref. ¢, we
could not test whether the seed photons originated in the accretion
disk, as this component was not detected in any of the SEDs we mod-
elled and was therefore entirely unconstrained.

Modelling the UV/optical emission as, for example, a disk wind is
very complex and beyond the scope of this work*’. Given the thermal
appearance of the UV/optical SED, we made the simplifying assumption
that this was blackbody emission originatingin a thin shell at a radius
Ry = (Lpp/470g, T‘gb)l/2 (in analogy with how blazar jet models typically
treat the torus around the AGN, for example ref. ), and derived L, and
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Ty, from the temperature and normalization of the thermal component
aswe ranthefit. To estimate the relative contribution of external Comp-
tonand SSCwe needed to calculate the energy density inthe co-moving
frame of the jet. For this, we needed to assume an opening angle ¢ to
convert the radius of emitting region R to a distance from the central
engine. For simplicity, we took ¢ =1/I;and estimated the distance from
the black hole as d = R/¢ =IR. Finally, we calculated the blackbody
energy density Uy, as follows. For d < R, the emitting regionin the jet
is moving towards the blackbody (in which case external Compton is
expected to contribute meaningfully to the SED) and we had simply
Upp = szth/(47zR§bc). For d > R,;,, we accounted self-consistently (fol-
lowing the prescriptioninref.?’ for an AGN torus) for the deboosting
of the photons, as the jet emitting region is moving away, rather than
towards, the optical-emitting region. This choice of jet opening angle
meant that the efficiency of external Compton was maximized with
respect to SSC. This is because maximizing the jet opening angle (by
setting ¢ =1/I;) minimized dfor a given R, which in turn made it more
likely that the optical photons would be Doppler-boostedin the frame
ofthejet. We note that for AGN jets, VLBI surveys find typical values of
¢ =0.1-0.2 [ (ref. °°). This smaller opening angle would push the emit-
ting region farther away from the blackbody, reducing the efficiency
of external Compton. The cyclosynchrotron and inverse Compton
emission were calculated using the Kariba libraries from the publicly
available BHJet model”.

Weimported the dataand modelinto the spectral fitting package
ISISv.1.6.2-51"" and jointly fitted the SEDs at the three epochs. We tied
Ymin» P, I;and 0 across all epochs (meaning that the parameters are
free during the fit, but forced to be identical for each SED) and jointly
fitted all three SEDs, aiming to simplify the parameter space as much
as possible. To obtain a starting guess for the model parameters, we
performed an uncertainty-weighted least-squares fit using the y* sta-
tistic with the subplex minimization algorithm. We then explored the
parameter space via Markov chain Monte Carlo with emcee” using
50 walkers for each free parameter (for a total of 900 walkers). We
ran the Markov chain Monte Carlo for 15,000 steps and discarded the
first 6,000 as ‘burn-in’. We report the median and 1o credible intervals
(correspondingto 68% of the probability mass around the median) on
each parameter, as well as additional derived quantities of interest, in
Table 2. We present the model corresponding to the median values
of the parameters in Fig. 3 and Extended Data Fig. 8 for models 1and
2, respectively. We also show the 2D posterior distributions of the
best-fitting parameters (for model 1) that exhibit some degeneracyin
Extended Data Fig. 9.

Modelling results. In the case of model 1, we found that all the model
parameters were well constrained by the data with minimal degeneracy,
as is typical of single-zone models (for example refs. ?***). The con-
straints were weaker for model 2, but the model parameters remained
fairly well determined. This behaviour can be understood as follows. The
SED samples seven observable quantities: the synchrotron
self-absorption frequency v, (set by the multiple radio points on the
d15-16 SED), the synchrotron luminositiesin the optically thin and thick
regimes L, i, and L 4, (constrained by the radio and optical data), the
inverse Comptonluminosity L. (set by the NICER data), the X-ray photon
index, the synchrotronscale frequency v,and theinverse Comptonscale
frequencyv.. Thefree parametersin the model affected each observable
quantity differently, and as a result it was possible to relate one to the
other. For example, the bolometric synchrotron luminosity scales as
L < n ,R*B*6*,while the SSCbolometric luminosityscalesas L. =< n.,R*6*U,,
with U, =L /4TIR’c6*. Asaresult, Ly, « n2B2R*6% sothatL /L ><n.R:fora
fixed synchrotron luminosity, the large X-ray luminosity observed with
NICER required alarge number density and/or alarge emitting region.
Inasimilar fashion, B, n., Rand  were further constrained by the depend-
ency of v, L, i Vs and v, on the model parameters. The constraints on
the remaining model parameters were more intuitive: p was determined

by the slope of the X-ray spectra, because (to first order) a power-law
electrondistribution produces a power-law SSC spectrum with spectral
index 8= (1- p)/2.Finally, once B and 6 were determined, ¥, aNd Yimax
were constrained by requiring that the synchrotron spectrum fell
between the radio and optical frequency, and that the low-energy end
ofthe SSC spectrum fell between UV and X-ray energies.

The mainresults of model 1 were as follows. First, we required the
jet to be highly relativistic (I; = 86*%), viewed at a very small angle
(6<1°) and very powerful (-10** erg s™, depending on the epochand
jet matter content). For comparison, this power was near or at the
Eddington luminosity of a10® 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 was ~10%-10' cm, which was
marginally consistent with the observed variability timescale of
~1,000 s owing to the strong beaming (6 = 100). Finally, all of our
best-fitting models required the energy density of the electrons
(U.=(y)n.m.c*, where (y) is the average Lorentz factor of the radiating
electrons) to be larger than that of the magnetic field (U, = B>/8n) by a
factor of ~10% (up to 10° for d 25-27, although this number is probably
driven by our choice of tying multiple parameters), implying that
thebulk of the jet power is carried by the matter, rather than the mag-
netic field.

The picture is quite different in the case of model 2. First, this
model required asmall emitting region radius (R = 10" cm) and /;(-5).
This behaviour occurred because if external Compton was to contrib-
ute meaningfully to the SED, the emission had to originate close enough
totheblack holethatd < R,,, so that the external photons were Doppler
boostedinthejet co-moving frame. Invoking asmaller emitting region
resulted in larger estimates for B and n.. In turn, this caused the syn-
chrotron self-absorption frequency to move to ~102 Hz, well above
where the observed break lies in the data, and suppressing the pre-
dictedradio flux asaresult. Consequently, the external Compton model
predicted negligible radio flux, and the radio emission in this model
must originate in a separate region. Requiring not one, but two, indi-
vidual self-absorbing active regions in the jet meant that this external
Compton model would require substantially more fine-tuning than
the SSC model. We accounted for the inability of the external Compton
model to reproduce the observed radio flux by neglecting the radio
data entirely in the final model 2 fits (not doing so caused the fit to
either recover the model 1 fits, or produce fits with y%/d.f. = 70, rather
than -2.3 without the radio data). Neglecting the constraints
provided by the self-absorbed synchrotron data also meant that the
best-fitting parameters for model 2 were less well determined.
Moreover, for seed blackbody photons peaking at v, = 10" Hz the
external Compton component only begins to be important at a
frequency vc ~ 6312, Vi ~ 1018 Hz (ref. *®). This scaling caused the
external Compton component to only produce bright hard X-ray and/
or soft y-ray emission, while underpredicting the soft X-ray flux.
Instead, at frequencies <10'"® Hz the bulk of the flux was still produced
through SSC, as in model 1. A similar behaviour was also found when
modelling the SEDs of powerful blazars****°, in which the X-ray emis-
siontypically originates through SSC, while the y-ray emission is domi-
nated by external C. Similarly to model 1, producing a large soft X-ray
flux through SSC required the jet to again be matter dominated, with
U./U,=100. Finally, model 2 required smaller jet powers, with
P=10%ergs™.

In summary, model 1 could satisfactorily fit the data at every
epoch, although requiring a very highly beamed, matter-dominated
jet. Model 2, on the other hand, greatly underpredicted the radio
data, whichinstead required some fine-tuning in the formof asecond
self-absorbed emitting region farther downstream. While in this case
the beaming requirements were less severe, a large SSC contribu-
tion was 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 model1over model 2, with the caveat that our treatment of the

Nature Astronomy | Volume 7 | January 2023 | 88-104

98


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-022-01820-x

external Compton process is fairly simplistic. Despite this caveat, the
models presented here provide strong evidence that the emission of
AT 2022cmc originatesin arelativistic jet pointed towards Earth.

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 detected. AT 2022cmc is located
5.6 arcsec from the galaxy SDSSJ133443.05 + 331305.7, at aphotometric
redshift of z=0.4 £ 0.1, and 3.7 arcmin from the galaxy group WHL
J133453.9 + 331004 at a spectroscopic redshift of z= 0.4 (ref. **). The
optical luminosity of the group, and the sky location and colours of
this galaxy, are consistent with our line of sight to AT 2022c¢mc passing
adjacenttoastar-forming galaxy located in theinfall region of (R ~ r,,)
of a galaxy group with a mass M,o, ~ 3 x 10" M, where the mass esti-
mate was obtained by combining the optical luminosity from ref. **
with the mass-observable scaling relations from ref. *, To estimate
lens magnification by the group, we assumed an NFW density profile
with concentration ¢y, = 5, and adopted the formalism from ref. *° to
estimate a magnification of u ~1.02 (thatis, just an approximately 2%
magnification of the flux). To estimate magnification by the galaxy, we
compareditsapparent magnitudeinred passbands (thatis, relatively
insensitive to any ongoing star formation) withamodel for a passively
evolving stellar population formedinaburst at aredshift of z> 2. This
yielded an estimated luminosity relative to the luminosity function of
cluster and group galaxies' of ~0.3 .. Combining this estimate with
the scaling relations between mass and luminosity commonly used
to estimate galaxy masses in gravitational lens models (for exam-
ple, ref. *®) we obtained a velocity dispersion estimate for the bulge
of the galaxy of 0~ 120 km s™. Then, adopting a singular isothermal
sphere model of the galaxy mass distribution, and using the stand-
ard expressions for the lensing properties of a singular isothermal
sphere (for example, ref. *%), we derived an estimated Einstein radius
of 6 ~ 0.25 arcsec and lens magnification of u ~1.05, based on the
lens redshift of z, = 0.4 and source redshift of z;=1.193. In summary,
the lens magnification suffered by AT 2022cmc seems to be modest at
H~1.05-1.1, and cannot account for the high observed luminosity of
the X-ray toradio counterpart.

Data availability

All the NICER and Swift data presented here are public and can be
found inthe NASA archives at: https://heasarc.gsfc.nasa.gov/cgi-bin/
W3Browse/w3browse.pl. All the photometry presented in this work
is available in Supplementary Data 1. Time-resolved NICER spectra
can be downloaded from https://doi.org/10.5281/zenod0.6870587.
Swift/XRT photometry is provided in Supplementary Data 2. The
data presented in Table 1 are also available in a machine-readable
format in Supplementary Data 3. Source data are provided with
this paper.

Code availability

Please provide a code availability statement here.
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Extended Data Fig. 1| Neil Gehrels Swift XRT 0.3-8 keV image of NICER’s FoV. circle shows NICE /XTI's approximate field of view of 3.1’radius. There are no
Theyellow circle with a radius of 47 and is centered on AT 2022cmc’s radio contaminating sources within NICER’s FoV. The north and east arrows are each
coordinates 0f13:34:43.2, +33:13:00.6 (J2000.0 epoch). The outer/dashed cyan 200’long. The color bar shows the number of X-ray counts.
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Extended Data Fig. 2| A sample NICER X-ray spectrum. The orange and the blue data represent the source and the estimated background spectra, respectively. This

particular dataset is from the EO epoch of Table 1. The 1o uncertainties are smaller than the data points.
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Extended Data Fig. 3| AT 2022cmc’s X-ray luminosity and energy spectral
slope evolution. (a) Logarithm of the observed 0.3-5keV (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 error bars 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 inindex around day 7 (rest-frame) coincide with a hard

6
Time (in rest-frame days)

X-ray (2-5keV) flare that happened during epoch E21 (the data point with best-fit
photonindex of - 1.3; see Table 1). The neutral Hydrogen column of the host was
tied across all epochs and the best-fit valueis (9.7 + 0.3) x 10 cm?. All the error
barsrepresent 1o uncertainties. The individual NICER spectra are provided as
supplementary data.
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Extended Data Fig. 4 | VLT/X-shooter spectrum of AT2022cmc, obtained at = 15 days after discovery. The featureless blue continuum can be modelled witha
blackbody with T=30,000 K (solid blue line), consistent with the optical bump in the broad-band SED from day 25-27 (Fig. 3). The inset shows azoom in on the region

with Call absorption lines identified by (7).
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Extended Data Fig. 5| Pre and post-outburst opticalimages of AT2022cmc. with their photometric redshifts are shown (circles). Right panel: A PS2 w-band
Left panel: A colour composite image of the field prior to the outburst, made image of AT2022cmc post outburst. The size of both image cutoutsis 1.1 x 1.1,
using data from the Legacy Imaging Surveys (140) using g, r and zfilters. There is Northand the Eastarrows are each 10",

no emission at the location of AT2022cmc (cross). Nearby catalogued objects

Nature Astronomy


http://www.nature.com/natureastronomy

Article

https://doi.org/10.1038/s41550-022-01820-x

Leahy Power
w ~ o (@)}

N
1

L ’

Extended Data Fig. 6 | Average X-ray (0.3-5 keV) power density spectrum of
AT2022cmc. The frequency resolution and the Nyquist frequency are 1/950 Hz
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ontimescales of ~1000 s (lowest frequency bin) is evident. All the frequencies
and hence the timescales are as measured in the observer frame. The error bars

and1/8 Hz, respectively. This power spectrum is an average of 29 individual PDS. represent 1o uncertainties.
The dashed, red curve is the best-fit power-law model. Systematic variability
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days after discovery. Data at radio (VLA), mm-band (GBT), UV/optical (Swift/ vF, = v°¥, which (i) is substantially shallower than the observed NICER spectral
UVOT, ZTF, PanSTARRS) and X-ray frequencies (NICER), demonstrate that the index (vF, = v°%) and (ii) over-predicts the UV flux at this time. All the error bars
SED at this time cannot be explained as a single synchrotron spectrum. The represent 1o uncertainties.

SED at < 25 GHzis optically thick (vF, = v3), with aspectral break near = 90 GHz.
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Extended Data Fig. 9 | 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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