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Abstract

We present the first deep X-ray observations of luminous fast blue optical transient (LFBOT) AT 2018cow at
~3.7 yr since discovery, together with the reanalysis of the observation at ot~ 220 days. X-ray emission is
significantly detected at a location consistent with AT 2018cow. The very soft X-ray spectrum and sustained
luminosity are distinct from the spectral and temporal behavior of the LFBOT in the first ~100 days and would
possibly signal the emergence of a new emission component, although a robust association with AT 2018cow can
only be claimed at 67 ~ 220 days, while at 6z ~ 1350 days contamination of the host galaxy cannot be excluded. We
interpret these findings in the context of the late-time panchromatic emission from AT 2018cow, which includes
the detection of persistent, slowly fading UV emission with L, ~ 10°° erg s~'. Similar to previous works (and in
analogy with arguments for ultraluminous X-ray sources) these late-time observations are consistent with thin
disks around intermediate-mass black holes (with M. ~ 10°~10* M) accreting at sub-Eddington rates. However,
differently from previous studies, we find that smaller-mass black holes with M. ~ 10-100 M, accreting at >the
Eddington rate cannot be ruled out and provide a natural explanation for the inferred compact size (Rou =~ 40 Rg)
of the accretion disk years after the optical flare. Most importantly, irrespective of the accretor mass, our study
lends support to the hypothesis that LFBOTSs are accretion-powered phenomena and that, specifically, LFBOTs
constitute electromagnetic manifestations of super-Eddington accreting systems that evolve to <Eddington over a
~100-day timescale.

Unified Astronomy Thesaurus concepts: Accretion (14); Stellar accretion disks (1579); Supernovae (1668); Black
holes (162); High energy astrophysics (739); X-ray astronomy (1810); Transient sources (1851); X-ray transient
sources (1852)

1. Introduction

High-cadence, wide-area optical surveys have recently led to
the discovery of a new class of luminous transients (peak
bolometric luminosity Lpy ~ 10*'-10* erg s~ "), characterized
by rapid rising times (#;s. < 10 days) and blue colors that are

+ Based on observations obtained with XMM-Newton, an ESA science
mission with instruments and contributions directly funded by ESA Member
States and NASA.
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of the work, journal citation and DOI.

signatures of high effective temperatures >10* K. The class of
fast blue optical transients (FBOTs; Drout et al. 2014)"
collects a few tens of systems (e.g., Poznanski et al. 2010;
Drout et al. 2014; Arcavi et al. 2016; Pursiainen et al. 2018;
Tampo et al. 2020; Ho et al. 2022c). While the observational
properties of FBOTs are heterogeneous and most likely reflect
some intrinsic diversity among the transients, their fast rise
times, high luminosities, and lack of ultraviolet (UV) line
blanketing cannot be easily explained with the radioactive
decay of newly synthesized *°Ni as for ordinary supernova
(SN) explosions. This argument especially applies to the most
optically luminous end of the FBOT population (luminous
FBOTs (LFBOTs)), which shows extreme peak luminosities

7 Also referred to in the literature as fast evolving luminous transients (Rest
et al. 2018).
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reaching Ly ~ 10** ergs ' combined with the shortest rise
times of just a few days.

The key observational properties and inferences on the
subclass of LFBOTSs are summarized as follows: (i) Differently
from FBOTs, LFBOTs are intrinsically rare events (local
volumetric rate <1% of the core-collapse SN rate; Ho et al.
2020; Coppejans et al. 2022). (ii) These studies also revealed
that LFBOTs have luminous X-ray and radio counterparts,
sometimes as luminous as long gamma-ray bursts (LGRBs),
and that, similar to GRBs, (iii) LFBOTs are capable of
launching relativistic outflows, which implies the presence of a
compact object (black hole (BH) or neutron star (NS),
preexisting or newly formed). (iv) LFBOTs show highly
time-variable nonthermal X-ray (and optical) emission (Rivera
Sandoval et al. 2018; Margutti et al. 2019; Ho et al. 2022b),
similar to GRB afterglows and tidal disruption events (TDEs),
and clearly distinct from X-ray SNe that are powered by the
shock interaction with the circumstellar medium (CSM). (v)
LFBOTs are surrounded by dense but radially confined CSM,
as revealed by their rapidly declining radio light curves (Ho
et al. 2020, 2020; Nayana & Chandra 2021; Bright et al. 2022)
and potential infrared “dust echo” signatures (Metzger &
Perley 2023). (vi) In stark contrast with GRBs, the optical
spectra of LFBOTs show the presence of H, demonstrating that
LFBOTs are H-depleted but not H-free (e.g., Margutti et al.
2019; Perley et al. 2019). (vii) Finally, LFBOTs preferentially
occur in low-mass star-forming galaxies, thus showing a
preference for low-metallicity environments, and hence
suggesting a connection with massive stars (Lyman et al.
2020; Coppejans et al. 2022; Yao et al. 2022).'

Physical scenarios to explain the LFBOT population fall
under two broad categories: those invoking the interaction of a
shock with a dense CSM as a way to efficiently convert the
outflow’s kinetic energy into radiation, and those involving the
presence of energy injection by a “central engine” (e.g.,
Prentice et al. 2018; Margutti et al. 2019; Perley et al. 2019). In
this second class of models, LFBOTs could be powered by a
newly formed, rapidly rotating magnetar (e.g., Vurm &
Metzger 2021); an accreting BH (e.g., Akashi & Soker 2021;
Gottlieb et al. 2022) born in a failed blue supergiant star
explosion (Quataert et al. 2019; Antoni & Quataert 2022); and
TDEs by intermediate-mass BHs (IMBHs; e.g., Kuin et al.
2019; Perley et al. 2019). Recently, Metzger (2022) showed
that LFBOTs could also result from the binary merger of a
Wolf-Rayet star with its BH or NS companion. While pure
CSM interaction models (e.g., Fox & Smith 2019; Schrgder
et al. 2020; Leung et al. 2021; Dessart et al. 2022;
Margalit 2022; Pellegrino et al. 2022) struggle to explain the
mildly relativistic ejecta, rapid variability timescales, and
nonthermal X-ray spectra of LFBOTs, it is important to note
that the two sets of models (i.e., “interaction” vs. ‘“central
engine”) are not mutually exclusive, and different parts of the
spectrum can be dominated by different physical mechanisms
(e.g., the radio emission could be shock—CSM interaction
powered, while the rest of the spectrum is not).

Located in the spiral arm of the dwarf star-forming galaxy
CGCG 137—-068 at a distance d ~ 60 Mpc, AT 2018cow is the
nearest LFBOT discovered so far (Prentice et al. 2018; Smartt

'® The lack of evidence of cooling of LFBOTs like AT2018cow makes them
phenomenologically distinct from the new class of luminous, fast-cooling
transients, which occur in early-type galaxies and have no detected X-ray or
radio emission (Nicholl et al. 2023).
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et al. 2018; Perley et al. 2019) and offers an unparalleled
opportunity to test and constrain the scenarios above.
AT?2018cow has been extensively observed across the entire
electromagnetic spectrum (Kuin et al. 2019; Rivera Sandoval
et al. 2018; Ho et al. 2019; Margutti et al. 2019; Perley et al.
2019; Nayana & Chandra 2021). The observational findings
from these campaigns that are most relevant to our study are
summarized below.

AT 2018cow displayed luminous, highly variable X-ray
emission (peak Lyx > 10* ergs™') of nonthermal origin with
two spectral components: a persistent, relatively hard power
law (F,xv %% at hv>0.1keV, and a transient Compton
hump feature dominating at hv>10keV at 6r< 10 days
(Rivera Sandoval et al. 2018; Margutti et al. 2019). While the
bright radio to millimeter emission of AT 2018cow stems from
a nonrelativistic shock interaction with a dense medium (Ho
et al. 2019; Margutti et al. 2019; Nayana & Chandra 2021), the
persistent optical/UV blue colors requiring Tegr~ 15,000 K
weeks after discovery (e.g., Margutti et al. 2019; Perley et al.
2019; Xiang et al. 2021), and the broadband X-ray properties
above demand a different powering source, which can be in the
form of a long-lived central engine. Slowly decaying, luminous
(L>10"Lgy) UV emission years after discovery has been
recently reported by Sun et al. (2022, 2023), Chen et al.
(2023a, 2023b), Inkenhaag et al. (2023), and Mummery et al.
(2024), and similarities have been noted with radiation
powered by accretion processes on compact objects. Along
the same lines, a high-frequency (224 Hz) quasi-periodic
oscillation (QPO) feature in the X-ray timing properties of
AT 2018cow supports the presence of a compact object, either
an NS or a BH with mass M < 850 M, (Pasham et al. 2021; but
see also Zhang et al. 2022). While no evidence was found for a
long-lived relativistic jet such as those of GRBs (Bietenholz
et al. 2020; Mohan et al. 2020), panchromatic observations of
AT 2018cow further indicated a complex geometry that
strongly departs from spherical symmetry, as was directly
confirmed by the very large optical polarization (~7%) at early
times (Maund et al. 2023).

Here we present deep X-ray observations of
AT 2018cow performed up to =3.7yr after the optical
discovery, and we discuss the implications of a late-time
X-ray detection on the intrinsic nature of this new class of
transients. The paper is organized as follows: In Sections 2 and
3 we present the analysis of the XMM-Newton and NuSTAR
observations at ¢ > 218 days. We put the X-ray data into the
broader context of the late-time emission from AT 2018cow in
Sections 4 and 5, and we discuss our findings in Section 6. We
conclude in Section 7. In the Appendix we provide an analysis
of Chandra HETG observations at 6t = 8.2 days that has not
been published elsewhere. Times are referred to the epoch of
the optical discovery, which is MJD 58285.44, and we adopt a
luminosity distance of 60 Mpc (Prentice et al. 2018; Smartt
et al. 2018; Perley et al. 2019).

2. Late-time XMM-Newton Follow-up

Since its discovery, AT 2018cow has been targeted four
times by XMM-Newton (PI Margutti). The first two epochs
(Obs1 and Obs2) were presented in Margutti et al. (2019). Here
we report the analysis of the 2019 observation (Obs3, 67 ~ 218
days, Obs ID 0822580601) and the 2022 one (split in three,
Ot~ 1349-1358 days; Obs4a, Obsdb, Obsdc, collectively
Obs4; Obs IDs: 0843550401, 0843550501, 0843550601),
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Table 1
XMM-Newton Observations

Migliori et al.

Observation Log

Obs3 Obs4
0822580601 0843550401 0843550501 0843550601
(Obs4a) (Obs4b) (Obs4c)
Date (YYYY-mm-dd) 2019-01-20 2022-02-24 2022-03-01 2022-03-05
MJD 58503.2 59634.4 59639.1 59643.6
Time since discovery (d) 218 1349 1354 1358
Duration (ks) 56.4 39.3 44.6 44.6
Exposure (ks) 42.5(pn) 31.2(pn) 7.6(pn) 2.2(pn)
54.2(MOS1) 37.4(MOS1) 14.0(MOS1) 15.3(MOS1)
54.4(MOS2) 37.4(MOS2) 17.0(M0OS2) 23.4(M0OS2)
AT 2018cow Detection
Obs3 Obs4

0.2-4.5 keV net count rate (counts s’l)

Detection likelihood
0.3—-10 keV unabs. flux (erg cm~? s’l)
0.3-10 keV luminosity (erg s~ ")

(9.4 +3.2)x10™* (pn)
2.5+ 1.4)x107* (MOS1)
(4.5 £1.5)x10™* (MOS2)

(11.3 £ 3.0)x 10~ (tot.)
10.8
@.s5tHx107"
(1.9 + 0.6)x10%

(5.7 £ 2.4)x10~* (pn)
(7.1 £1.9)x10~* (MOS1)
(2.7 + 1.3)x107* (MOS2)

(6.3 £2.0)x107* (tot.)

9.1
1.0+ 04)x107"
4.3+ 1.7)x10®

Note. Detection count rates and likelihood have been obtained with edetect_chain (Obs3) and edetect_stack (Obs4); see Section 2. The count rates are
calculated under the entire PSF of the detection, corrected for background, vignetting, detector efficiency, and gaps. Unabsorbed fluxes have been derived from the
spectral analysis for Obs3 and from the pn count rate using WebPIMMS for Obs4. In both cases, we used the spectral parameters from the best-fitting power-law
model of Obs3 (I' =2.9 and Nypmw = 5 X 10%° cm™?).
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Figure 1. Mosaic of the 0.2—4.5 keV images of AT 2018cow in the three EPIC cameras for Obs3 (left panel) and Obs4 (right panel). Color intensity scales
logarithmically with the number of counts. The cyan circle (r = 20”) marks the XMM-Newton detection.

which sample the very late time X-ray evolution of an FBOT
(Table 1).

We reduced and analyzed the data of the three EPIC
cameras, pn, MOS1, and MOS2, using the Scientific Analysis
System (SAS) v. 20.0.0 and calibration files CALDB 3.13.
Obs4b and Obs4c were significantly impacted by high-
background flares, while Obs3 and Obs4a were not. For the

former, optimized flare filtering was achieved with esp-
£11t, ' which led to a severe reduction in the effective
exposure time, especially for the pn camera (Table 1).

2.1. Source Detection

An X-ray source is clearly visible at the location of
AT?2018cow in the 0.2-10keV image of Obs3 (see

19 https://xmm-tools.cosmos.esa.int/external/sas/
current/doc/espfilt/espfilt.html
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Figure 1). We restricted our analysis to the 0.2—4.5 keV energy
range (i.e., bands 14 of the XMM catalogs) since above
~5keV the background dominates. We estimated the back-
ground contribution from several source-free circular regions
around AT 2018cow and in the same chip. In the 0.24.5 keV
pn image, which has the best statistics, we measured 41 4 14
net counts in a 20" circular region centered at the optical
coordinates of AT 2018cow. To assess the significance of the
detection, we ran the task edetect_chain for all three
cameras simultaneously over the full 0.2—-4.5 keV energy band
and in four sub—energy bands (i.e., 0.2-0.5 keV, 0.5-1.0 keV,
1.0-2.0 keV, and 2.0-4.5keV). The source is significantly
detected in the full 0.2-4.5keV with a resulting detection
maximum likelihood DET_ML=10.8 (230, Gaussian equiva-
lent). The 0.2-4.5keV net count rates for each instrument are
reported in Table 1. The analysis of the distribution of the
counts in the energy sub-bands shows that most counts are
clustered below 2 keV.

The centroid coordinates of the X-ray source in Obs3 are R.
A. = 244.00104 deg, decl. = 22.26758 deg with a positional
uncertainty of 1”5, fully consistent with the coordinates of the
optical counterpart. Note that the X-ray source closest to
AT 2018cowis at 38" and its flux did not vary through the
XMM-Newton observations, suggesting a negligible level of
contamination. The detection of AT 2018cow in XMM Obs3
has been previously reported by Yao et al. (2022).%° A source is
present also in the fourth XMM-Newton serendipitous source
catalog (4XMM, data release 11 (DR11); Webb et al. 2020);
instead, the nondetection claimed in Pasham et al. (2021) is
likely due to the use of the MOS1 image alone.

From visual inspection, no source is apparent in the
individual images of the three exposures of Obs4. To maximize
our sensitivity to faint sources, we ran the SAS task
edetect_stack, which performs source detection on
stacked images from different exposures (Traulsen et al.
2019, 2020). Following a similar argument to that for Obs3,
we restricted our analysis to <5keV. We find evidence for a
point-like*! X-ray source with a combined EPIC detection
likelihood?? DET_ML = 9.1 (3.80 Gaussian equivalent) in the
0.2-4.5keV energy band. However, the source position is
displaced 4”4 north (R.A.:244.00079 deg, decl.: 22.26925 deg)
with respect to the optical position of AT 2018cow. The lo
positional error is 179, and Traulsen et al. (2019) quote a mean
systematic error in the range 0”43-0773, hence an offset of
~2¢ from the optical position. We note that the X-ray position
is also 5”5 offset from the host galaxy centroid. Inspection of
the edetect_stack intermediate steps shows that this offset
is the result of the final maximum likelihood fitting performed
by the em1_detect task, while the input position provided in
the previous step by the ebox_detect task is within 2” from
the AT 2018cow position, suggesting that uncertainties in
merging the images or performing the point-spread function
(PSF) fitting may affect the final position (see, e.g., Rosen et al.
2016; Webb et al. 2020). The 0.2-4.5 keV net count rates are
reported in Table 1.

20 This work focuses on the FBOT AT2020mrf; the detection of AT 2018cow
is reported in the Appendix.

2! The task assigns a zero source extent if the likelihood of the source being
extended falls below a threshold of 4 or its extent radius falls below 6”
(Traulsen et al. 2019).

22 This is defined as equivalent likelihood, i.e., the detection likelihood of the
source in n individual images; see Equation (3) in Traulsen et al. (2019).
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2.2. X-Ray Spectral Analysis

For Obs3, we extracted source spectra using data acquired by
the three cameras. We used a source region with radius defined
as the best-fitting radius for each camera determined by the
detection tool and selected multiple, contiguous and source-free
regions for the background. We employed the W-stat statistic
and simultaneously fit the source and background spectra. We
tested two spectral models, a power-law model and a black-
body model, both combined with an absorption component (
i.e., tbabs™pow and tbabs*bbody). Unsurprisingly, given
the low-number counts, the two models are statistically
indistinguishable. We derived a very soft best-fitting power-
law photon index of I' = 2.97(%, whereas we obtained a best-
fitting blackbody temperature of kT = 0.1670:01 keV. In both
cases, no evidence for intrinsic absorption is found, and we
thus froze the Ny to the Galactic value
Nivw = 0.05x10*? cm ™2 (Kalberla et al. 2005). This is in
line with upper limits derived from high-count spectra at early
times (Nyine < 0.02 X 102 cm ™2 Margutti et al. 2019). We
further explored a multicolor blackbody disk model (diskbb),
which is the implementation of the standard Shakura &
Sunyaev (1973) thin-disk model. The inner disk temperature is
constrained to Ty, =0.23700$ keV, while for the inner disk
radius we infer a maximum value, R;, < 1340 km for a face-on
disk. The UV flux predicted by this model fails to explain the
observed emission from AT 2018cow, and we refer the reader
to Section 5 for a self-consistent UV to X-ray multicolor
blackbody disk modeling. Fitting with a thermal plasma model
(apec) leads to an extremely low temperature (k7 ~ 0.009
keV) and to a worse fit.

To conclude, while the Obs3 data cannot constrain the
spectral shape in detail, there is a clear indication of a spectral
softening of the X-ray emission at 6t > 210 days, which signals
a change with respect to the persistently hard X-ray emission
with I" ~ 1.5 observed at 6t < 82 days (Rivera Sandoval et al.
2018; Margutti et al. 2019, Figure 2). The 0.3-10keV
unabsorbed flux inferred from the spectral analysis ranges
from (3.1 F39)x 107" ergem ™ s~' (blackbody model) to
4.5+ 1)><10_15 erg em 2! (power-law model). Note that
the higher flux of Fx ~ 1.6 x 107'* ergecm ™2 s~ ' reported in
Yao et al. (2022) for this observation is the result of the harder
I"~ 2.0 that was assumed by the authors.

While the limited statistics of Obs4 also leave the spectral
models unconstrained, we note that most of the counts in the
source region are at energies <2keV, which supports the
conclusion of spectral softening of the source. Using the output
of the detection algorithm, we estimated the hardness ratios
(HR) in the 0.2-1keV (b1), 1-2keV (b2), and 2-4.5 keV (b3)
energy bands for the pn data. For HR1 = (b2 — bl)/(b2 4 bl)
and HR2 = (b3 — b2)/(b2 + b3), we obtained
HR1 = —-0.4+ 0.5 and HR2 = —0.1 £ 0.5, respectively, which
are in rough agreement with the values in Obs3
(HR1=-0.9+0.4 and HR2 = —1.0 £+ 0.6), although, given
the large uncertainties, the HR measurements should be
considered as purely indicative. Assuming I' =2.9 as derived
from Obs3, the pn count rate of Obs4 converts into an
unabsorbed 0.3-10keV flux of Fxa (1.0£04) x 10 '
ergem 2 s~ (Table 1).



THE ASTROPHYSICAL JOURNAL LETTERS, 963:1.24 (13pp), 2024 March 1

3. Late-time NuSTAR Follow-up

We obtained deep observations of AT 2018cow with the
Nuclear Spectroscopic Telescope Array (Harrison et al. 2013)
on 2022 March 2 (Program #084355; PI Margutti; 6r = 1354.6
days). NuSTAR observations were processed using NuSTAR-
DAS v1.9.7 and the NuSTAR CALDB released on 2022 May
10. Part of our observations were severely affected by solar
activity. Filtering out periods of increased detector background
with saacalc=23, saamode = strict,
tentacle = yes leads to effective exposures of ~113 and
~111 ks on modules A and B, respectively. No source of
significant hard X-ray emission is detected at the location of
AT 2018cow. Using extraction regions that sample 50% of the
NuSTAR PSF and centered at the optical position of
AT 2018cow, we infer a combined count rate upper limit of
1.1 x 10*counts s ' (1079 keV). This translates into a flux
limit of Fx hara < 1.3 X 107" erg cm 2
s_l(LX,hard <5.%x10% erg s 1) for an assumed spectral
power-law index of I' =2.9 that best fits the XMM-Newton
data (Obs3; see Section 2).

4. Nature of the Late-time X-Ray Emission
4.1. Transient Emission versus Star Formation

Before proceeding further, we discuss the origin of the late-
time X-ray emission, whether it can be ascribed to
AT 2018cow, and in what fraction. In nonactive galaxies, like
the host of AT 2018cow, a possible source of contamination is
represented by the X-ray emission of (i) X-ray binaries (XRBs),
both low-mass and high-mass XRBs (LMXRBs and HMXRBs,
respectively), which are dominant in the 2-10keV energy
range; and (ii) the hot ISM, mainly relevant below 2 keV. The
X-ray luminosities of these components correlate with the star
formation rate (SFR; see, e.g., Mineo et al. 2012, 2014; Lehmer
et al. 2016, and references therein). We adopted the empirical
Lx—SFR relations in Lehmer et al. (2016), which scale with
redshift, SFR, and stellar mass (M), and used the SFR and M,
inferred for the host galaxy of AT 2018cow from the SED
fitting of the optical data in Perley et al. (2019):
SFR=0.227003 M., yr ' and M, = (1.42 T3} x 10° M,
(also in agreement with Michatowski et al. 2019 and Lyman
et al. 2020). We estimated a luminosity range ~(6-9) x 10°8
ergs~' for each of the 0.5-2 keV and 2-10 keV bands (similar
values are obtained using the relation in Mineo et al. 2014).
The estimated 1o scatter in the relations is 0.17 dex, although
the galaxy-to-galaxy spread in the 2—10 keV luminosity could
be larger, up to 0.4 dex, and sensitive to variations in
metallicity, stellar age, and XRB populations (Lehmer et al.
2016).

The level of the observed emission is thus of the same order
as the star formation estimates. However, we note that at
ot=218 days (Obs3) (i) the emission is significantly brighter
than Obs4, thus showing the limitations of the SFR-based
inferences; moreover, (ii) the centroid of the X-ray emission is
consistent with the position of AT 2018cow (and 6”8 from the
host galaxy core); and (iii) the typical star-forming spectral
components (a thermal model with k7~ 0.3-2keV and a
power law with I ~ 1.8-2.0; see, e.g., Lehmer et al. 2016)
cannot satisfactorily model the the X-ray spectrum. For Obs4
(6t = 1349—1358 days), the poor characterization of the X-ray
emission in terms of localization and spectral properties makes
it difficult to be conclusive between AT 2018cow and a star
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formation origin. As a further attempt, we used the Chandra
observation taken at 6t =8.2 days (see the Appendix) and
calculated the X-ray flux in the host galaxy region (excluding
the AT 2018cow emission). Unfortunately, the 90% c.1. upper
limit on the 0.3-10keV unabsorbed flux is 2.4 x 10~ "
ergem 2 s ', corresponding to a 0.3—10keV luminosity of
<10* ergs™', not sufficiently deep to probe the expected star
formation luminosities.

In the following we consider two possible scenarios: (i)
either the X-ray emission at 6t = 1349-1358 days (Obs4) is still
mostly contributed by AT 2018cow, or (ii) AT 2018cow had
faded below the detectable level and we are detecting the star-
formation-related X-ray emission from the host galaxy. In both
cases, the hard X—rag emission from AT 2018cow at this epoch
i8S Ly hara < 6 X 10° erg s~ (1079 keV). Furthermore, if sce-
nario (ii) is correct, the star formation component could
contribute up to ~25% of the best-fit X-ray flux measured at
ot =218 days (Obs3). This raises the question whether the star
formation contamination could be responsible for the spectral
softening observed in Obs3. Incidentally, we note that a typical
star formation X-ray spectrum is not expected to be as soft as
the observed one (see, e.g., the template presented in Figure 4
of Lehmer et al. 2016). As a further test, we simulated an X-ray
spectrum and supposed the (pessimistic) scenario of a total
flux, at the time of Obs3, of 2.8 x lOflserg cm 2s ! and a
true host flux of 1.4 x 10~ ergem s~ (both values within
~1o of the measured/estimated values), meaning that fully half
of the flux detected in Obs3 would be from the host galaxy. For
the host galaxy spectrum, we referred to the mean X-ray SED
of local star-forming galaxies presented in Lehmer et al.
(2016): a thermal model with kT =0.5keV was assumed for
the hot gas and a power law with I'=1.9 for the XRB
emission, while the relative contributions were set so that the
former (latter) dominates below (above) ~1.5keV (see Figure
4 in Lehmer et al. 2016). The X-ray spectrum of AT 2018cow
was modeled with a power law with a photon index equal to
1.5, i.e., the value measured at early times. The underlying
assumption is that there is no spectral evolution in the X-ray
emission of AT 2018cow. Fitting the simulated X-ray spectrum
with a composite model that accounts for all contributions, we
obtained for AT2018cow a best-fit photon index
I'=1540.7, while a fit with a simple power-law model
corrected for Galactic absorption, as done for Obs3 spectrum,
gives a best-fit photon index I' =1.8 £ 0.3. This is below the
observed range measured in Obs3, albeit with large uncertain-
ties, thus supporting the indications of a true spectral softening
of the X-ray emission of AT 2018cow.

4.2. AT 2018cow X-Ray Light Curve

The temporal evolution of the soft X-ray flux at the location
of AT?2018cow is remarkable: as shown in Figure 2, at
ot =218 days the 0.3-10 keV Lx has dropped by =4 orders of
magnitude with respect to the time of the discovery (from
~10" ergs™ to ~2x 10 ergs™'). However, between
0t=218 days and O&r=1349—1358 days the X-ray flux
decreases by a factor <4. We fit the X-ray light curve at
Ot < 218 days with a smoothed broken power-law model, thus
assuming that beyond that epoch we are detecting X-ray
emission from the host galaxy. The best-fit model (Figure 2)
indicates an initial decay Ly ox 1 °°*%% which drastically
steepens to Lx o< 1004 g Otpreax ~ 24 + 2 days. Note that
this model has the goal to reproduce the long-term evolution of
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Figure 2. Temporal evolution of AT 2018cow at X-ray energies (0.3—10 keV), as captured by Swift-XRT, XMM-Newton, and Chandra. X-rays are modeled with a
power-law spectrum. In the top panel the measured X-ray photon indexes are reported: I' ~ 1.5 at early time, while the 218-day spectrum suggests a strong softening,
I’ ~ 2.9. No measurement of I" was possible for the last XMM observation. The dotted line and gray shaded area are the averaged photon index at 67 < 83 days and the
relative uncertainty. In the bottom panel, the gray solid line is the best-fit broken power-law decay assuming that AT 2018cow has faded after ¢z < 218 days, the short-
dashed gray lines being the uncertainties on the model parameters. The long-dashed brown line is the broken power law with the addition of a constant component,
mimicking a late-time flattening of the light curve, under the hypothesis that the X-ray flux at ér = 1349—1358 days is associated with AT 2018cow (see text). The
five X-ray-detected FBOTs, CSS 161010 (Coppejans et al. 2022), AT 2020xnd (Ho et al. 2022a; Bright et al. 2022), AT 2020mrf (Yao et al. 2022), AT 2022tsd
(Matthews et al. 2023), and AT 2023thn (Chrimes et al. 2024), are also shown for comparison.

the X-ray emission, not the superposed hour-to-day temporal
variability, evident from the residuals, which was discussed in
previous works (Rivera Sandoval et al. 2018; Margutti et al.
2019). As the spectrum softens, the observed Lx at 6t =218
days appears in excess (~2.70) with respect to the broken
power-law model. In the hypothesis that the emission is instead
still associated with AT 2018cow, a new component, here
chosen to be constant with Ly =4 x 1038 erg sfl, needs to be
added to the X-ray light-curve model (smoothed broken power
law+-constant) to match the last XMM-Newton epoch. We will
discuss the implications of a persistent versus rapidly fading
X-ray emission in FBOTs at 6t 2 100 days in Section 6.

5. Late-time Broadband Radio-UV-X-Ray SEDs

AT 2018cow was observed with the the Karl G. Jansky Very
Large Array (VLA) at 6t = 82-328 days (PI Coppejans; Ho
et al. 2019; Margutti et al. 2019; D. L. Coppejans et al., 2024,
in preparation), with the Giant Metrewave Radio Telescope
(GMRT) extending to 6t =570days (PI Nayana; Nayana &
Chandra 2021) and with HST in the time window &t = 50-1475
days (PIs Y. Chen, A. Filippenko, R. Foley, M. Drout, A.
Levan; Sun et al. 2022; Chen et al. 2023a, 2023b; Inkenhaag
et al. 2023; Sun et al. 2023). In the following we model the
multiwavelength data sets that are approximately coeval with
XMM-Newton Obs3 and Obs4.

Multifrequency radio observations were performed at
o6t=217-221 days (VLA, 1.5-33 GHz; D. L. Coppejans et al.
2024, in preparation) and ot =227-234 days (GMRT, at 0.4,

0.75 and 1.25 GHz; Nayana & Chandra 2021), thus coeval with
XMM-Newton Obs3. The radio-to-X-ray SED is shown in
Figure 3. We fit the radio F, data with a smoothed broken
power-law model of the form

—ar1/s —ayn/s |75
F) = Fpkl(i) + (i) l : )
Vp vp

which is typical of the synchrotron emission originating from
the deceleration of astrophysical outflows associated with
TDEs or SNe (e.g., Chevalier & Fransson 2017). We find a
best-fitting break frequency v, =4.2 =+ 0.7 GHz, peak flux
density of F,=24+14 mly, optically thick slope
o1 =—2.0=£0.3, and optically thin slope a,,=0.7=+0.3
(with a smoothing parameter s = 1.4 + 0.9). The VLA data will
be discussed in detail elsewhere. Here it is sufficient to note
that the extrapolation of the radio to the X-ray band severely
underpredicts the X-ray flux, confirming that the emission in
the two energy bands is produced by two distinct components,
as found for the previous epochs (Margutti et al. 2019).
Specifically, the shock—CSM interaction power that explains
the radio data cannot account for the bright X-ray (and UV; see
Figure 3) emission from AT 2018cow.

Late-time multiband UV photometry was acquired with HST
at 6t="714-1136 days and 6r= 1475 days (Figure 2). The
analysis of these observations has been presented in Sun et al.
(2022, 2023), Chen et al. (2023a, 2023b), and Inkenhaag et al.
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Figure 3. Left panel: AT 2018cow radio-to-X-ray SED at 6t ~ 217-234 days. The red solid line is the best-fit broken power-law model for the radio data (GMRT and
VLA from Nayana & Chandra 2021 and D. L. Coppejans et al. 2024, in preparation, respectively). The bow tie is the best-fit power-law model (I' ~ 2.9) from the
X-ray spectral analysis of Obs3. Gray points are data taken at 6t ~ 1100-1440 days. Right panel: optical/UV-to-X-ray SED at ér ~ 700-1440 days. While for the
modeling we formally associate the X-ray flux of Obs4 with AT 2018cow, this assumption is relaxed in the discussion on the nature of the accretor (see the text). The
optical /UV fluxes (colored squares) are the HST data from Chen et al. (2023a, 2023b). Triangles are NuSTAR data. Gray points are data acquired at
8t ~ 217-234 days. In both panels, the long-dashed line is a standard Shakura—Sunyaev (T o< r~*/*) disk modeling the HST and soft X-rays (blue circle) at
6t ~ 1350~1435 days, while the thin black line assumes a disk temperature evolution as T r~1/2 (i.e., Shakura & Sunyaev 1973 “windy” solution, or disks where
radiation is trapped within the inflow and advected onto the accretor). In addition, at 6t ~ 220 days, we added a power law (I" ~ 2.0) with an exponential cutoff at

~3 keV, mimicking a fading Comptonized component.

(2023). These studies agree on the presence of a luminous
(Lyy 2 107 ergs™"), blue (Toe>10*°K), and persistent
(albeit slowly fading) UV source at the location of
AT 2018cow.” The UV spectrum is consistent with the
F, oc 1 expected for the Rayleigh-Jeans tail of an optically
thick thermal spectrum. Chen et al. (2023a) find indications of
a chromatic flux decay, with a flattening of the near-UV
spectrum in the last HST epoch, possibly pointing at cooling
and expansion of the emitting region. The (slow) decay of the
UV emission is not consistent with a stellar origin and suggests
instead a physical association with AT 2018cow. Interestingly,
similarly luminous, hot, and lingering UV emission has been
detected in TDEs in the lower BH mass bin (ie.,
M. < 10°° M) years after the optical flare (van Velzen et al.
2019; Mummery et al. 2024), and the similarity of the UV
behavior of AT 2018cow and TDEs (and its astrophysical
implications) has been recently pointed out by Inkenhaag et al.
(2023).

HST data at 6t = 1475 days are approximately coeval with
XMM-Newton Obs4 and NuSTAR data.”* Given the soft X-ray
spectrum and the similar temporal behavior, we consider the
possibility that the optical/UV emission and X-ray emission
belong to the same radiative component, which we first model
with the standard Shakura & Sunyaev (1973) multicolor
blackbody thin disk with a radial temperature scaling
T(r) x F/A (solid line in Figure 3). The best-fitting parameters
are an inner disk temperature T;, ~ 10°21£002 K (which is
~0.06 keV), outer disk temperature 7oy ~ 10*+45+018 K - and

2 In the following analysis we adopt the HST photometry values presented in
Chen et al. (2023a, 2023b). However, we note that consistent findings would be
obtained by using the photometry presented in the other studies, without any
significant impact on our major conclusions.

24 Based on the very slow evolution of the source at these epochs in both the
UV and X-rays, we do not expect that the difference of Ar ~ 100 days between
the acquisition time of these data sets will impact our major conclusions.

inner disk radius Ry, ~ 10'%**%! cm, which corresponds to the
innermost stable circular orbit ISCO) of a nonrotating BH with
mass M.~ 2.4 x 10* Mg (Risco = 6R,, and the gravitational
radius is R,=GM./c>~ 1.5 x 10%M./10 M.)cm). These
parameters imply an outer disk radius Ry, ~37 R, from
which most of the UV radiation is generated and a BH
accretion rate well below the Eddington limit M. ~ 0.01Mgyq,
where we follow the convention Mgqq = Lpga/0.1 ¢2. Less
steep disk temperature profiles T(r) o< r~ ¢ with o < 3/4 such
as those expected when radial flux advection is important (e.g.,
Narayan & McClintock 2008) lead to similar inferences on T,

Touws and M/Mgpga but smaller accretor masses
10° M, < M. < 10*°M., (Figure 3).

The inferred low temperature T;, ~ T of the inner disk, set
to truncate at the ISCO, is what drives the inference of IMBH-
like accretor masses accreting at sub-Eddington rates (a similar
argument motivated IMBH models for ultraluminous X-ray
sources (ULXs); e.g., Miller et al. 2004b, 2004a; King et al.
2023). For M. < Mggyq, the disk will be a standard thin disk
(e.g., Frank et al. 2002), for which the effective temperature of
the radiation from the innermost radii is approximately given
by

3
SWURISCO

. 1/4 —1/4 ~3/4
0.1 kev| — M M. Risco )
0.01 Mgag 10* M, 4R,

Within this set of models, from Equation (2), smaller
accretors with M. ~ 10-100 M, are coupled with inner disks
that are hotter than (and not consistent with) the observed
X-rays. We note that this argument is independent of the
detected X-rays being physically associated with AT 2018cow
or instead just providing a limit on the emission from

. \1/4
KT ~ k(m) N
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AT 2018cow. Mathematically, this is a consequence of
VF,|uv > VF,|x. For the same reason, our inferences are
consistent with those of Chen et al. (2023a), where the authors
used a shallower X-ray limit from Swift-XRT observations to
reach a similar conclusion. However, differently from previous
studies, we argue that these geometrically thin disk models
cannot be used to rule out M. ~ 10-100 M, BH accretors, as in
that case super-Eddington mass supplies M. > Mgy are
needed, which causes strong deviations from the geometrically
thin disk picture since H/R ~ L(R)/Lgq4q, where H and R are the
disk height and radius, respectively (e.g., Frank et al. 2002).
We discuss models of supercritical accretion that might apply
to LFBOTSs in Section 6.

In this scenario, the disk is supposed to be present also at
earlier times. Modeling of the optical /UV to X-ray emission at
O0t=217-703 days provides us with parameter values con-
sistent with those of the last epoch, with the caveat that the
optical /UV flux at the time of Obs3 could have been higher.
Interestingly, this model leaves an excess in the X-ray spectrum
of Obs3, as supported by the X-ray spectral fit of a blackbody
model resulting in a higher temperature and lower normal-
ization (see Section 2.2). One possibility is that at 6r=218
days we are still detecting the nonthermal component, which
was dominant at early times and is now rapidly fading (see
Figure 3) and possibly driving the fast decay of the X-ray light
curve at 0t > 24 days.

6. Discussion

Deep late-time XMM-Newton observations out to
Ot~ 1360 days revealed a distinctive temporal and spectral
evolution (Figure 2) of the X-ray emission from the direction
consistent with AT 2018cow. Additionally, the last two XMM-
Newton observations of AT 2018cow at 6t > 200 days indicate
a spectral change from a relatively hard to a very soft spectrum.
Given that most of the X-ray photons are detected at very soft
X-ray energies, obscuration is unlikely. We note that the lack of
an intrinsic absorber is in line with observations at early times
(Section 2).

We discuss the implications of a soft X-ray source of
emission in an LFBOT and its connection with the luminous,
declining UV source, reported by Sun et al. (2023) and Chen
et al. (2023a), within the context of the shock interaction model
(Section 6.1) and accretion-powered emission on a compact
object (Section 6.2). In the following, we assume that the
association of the X-ray emission with AT 2018cow is robust
for Obs3. Our main arguments hold true independently from
the soft X-ray source of Obs4 being physically associated with
AT 2018cow or regarded as a limit.

6.1. Shock Interaction with the Medium

The SED of AT 2018cow at ~220 days clearly shows that
the emission in the radio and X-ray bands stems from two
separate radiative components and that the X-ray emission is in
clear excess to the extrapolation of the synchrotron spectrum
that best fits the shock-interaction-powered radio emission of
AT 2018cow (Figure 2, bottom panel). However, for shocks
that propagate within regions of CSM with high densities, the
X-ray emission is expected to be dominated by thermal
bremsstrahlung radiation (e.g., Fransson et al. 1996; Chevalier
& Fransson 2017), as was observationally confirmed in
SN 2014C (Margutti et al. 2017; Brethauer et al. 2022; Thomas
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et al. 2022). In this scenario, and assuming electron—ion
equipartition, the temperature of the emission 7 is related to the
shock velocity as T ~ 2.27 x 10% v K, where v, is the
shock velocity in units of 10* km s L 1, ~ 0.6 is the mean
mass per particle including protons and electrons, and we
assumed solar composition and complete ionization, which is
appropriate for a forward-shock-powered X-ray emission.”
The observed very soft spectrum implies k,7 < 0.2keV or
v < 250kms !, which is in stark contrast with the v ~ 0.2¢
derived from the radio modeling at 257 days (Nayana &
Chandra 2021). We conclude that the forward shock that is
powering the radio emission cannot be the source of energy
behind the persistent, soft X-ray emission. A similar conclusion
is supported by the independent analysis of the late-time UV
emission (Chen et al. 2023a), which we do not replicate here.

6.2. Accretion-powered Scenarios for AT 2018cow and
LFBOTs

In this section we explore scenarios that connect the
observed late-time UV to X-rays with manifestation of
accretion processes onto a compact object. We start by
summarizing the inferences from the early-time data at
Ot < 200 days that are relevant here and independently support
this physical scenario.

Generically, Compton hump spectra like those observed in
AT 2018cow (Margutti et al. 2019, their Figure 6) have been
observationally associated with accreting sources like those of
active galactic nuclei (AGN) or XRBs; see, e.g., Reynolds
(1999), Risaliti et al. (2013), and Belloni & Motta (2016). More
specifically, the following apply: (i) The observed X-ray and
uv emission from AT 2018cow reaching
Ly uv~5x10*ergs™', if accretion powered, implies a
super-Eddington regime for any accretor with mass <10° Mg,
Borrowing the argument from the ULX literature (e.g., King
et al. 2023), this large luminosity, if disk powered, requires
beaming of the emission even for super-Eddington mass
supplies. (ii) This supercritical accretion scenario is indepen-
dently supported by the significantly blueshifted Fe Ka
fluorescent line observed in AT 2018cow at &r<8 days
(Margutti et al. 2019). The numerical simulations by Thomsen
et al. (2019), which were originally motivated by the discovery
of such a strongly blueshifted Fe Ko line in the jetted
relativistic TDE Swift J1644 (Kara et al. 2016), showed that hot
(6.7-6.97 keV rest-frame), strongly blueshifted (~8 keV cen-
troid) Fe Ka fluorescent lines are a robust observational
signature of super-Eddington accretion disks irradiated by a
lamp-post corona. Optically thick outflows are launched from
the super-Eddington disk and create a conical funnel structure
that provides the reflecting surface shaping the line profile, in
close similarity to the model invoked by Margutti et al. (2019).
Note that at 6r=218 days we could still be detecting the
rapidly cooling corona emission. (iii) The outflow velocity
required to produce the observed Fe Ka line shift is v~ 0.2c,
which is similar to the inferred velocity of the optical
photosphere of AT 2018cow at early times and to the velocity
of its radio-emitting material (Ho et al. 2019; Margutti et al.
2019; Nayana & Chandra 2021).

These velocities are significantly larger than thermal (or
magnetocentrifugal) winds from sub-Eddington XRBs but

25 For shocked SN ejecta chemical composition and complete ionization,
which is appropriate for a reverse-shock-powered X-ray emission, p, ~ 1.33.
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intriguingly similar to the velocity of ~ a few 0.1c¢ expected to
be associated with outflows launched by super-Eddington
accretion disks (e.g., Thomsen et al. 2019 and references
therein).”®

6.2.1. Inner Accretion Disk Temperature: IMBHs versus
M. ~ 10-100 M, BHs

The inferences above support a physical connection between
the early emission from AT 2018cow and the manifestation of
a super-Eddington accretion phase (like in jetted TDEs, GRBs,
and ULXs) independently from the accretor mass. From an
X-ray perspective, the X-ray constraints at ¢t =200 days
indicate that the system evolves from a luminous, spectrally
hard, and super-Eddington regime to a remarkably fainter,
softer, and <Eddington one (Figure 2). We thus consider that
one of three potential transient events (i.e., a massive stellar
core collapse, Wolf—-Rayet BH merger, IMBH-TDE) results in
the formation of a (super-Eddington) accretion disk of initial
outer radius R;o around a BH of mass M.. The disk spreads
with time as R,(f) and evolves to an innermost ring temperature
Tx by the time of our X-ray observations.

For M. < Mgaq = Lgaa/(0.1¢?), the disk will be a standard
thin disk, for which the effective temperature of the radiation
from the innermost radii is approximately given by
Equation (2). However, for M. > Mgy we expect powerful
outflows from the inner regions of the disk (e.g., Narayan &
Yi 1995; Blandford & Begelman 1999; Kitaki et al. 2021),
which can carry a substantial fraction of accreted matter and
can place the photosphere radius at radii >Rsco. In particular,
a steady quasi-spherical wind with a mass-loss rate M,, ~ M.
and velocity v, ~ ¢ launched from ~Rjgsco will possess a

density profile at radii »>> Risco given by p, = 4:;? . The
optical depth of the wind above a radius 7 is '
o= | pyrdr = 2 3)
r dzrv,,

such that the photosphere radius (7,, = 1) is

. . . =
ron = M _ 10Rg(M.w)( M. )(V_“) , @)
47 Vw M. MEdd C
where we take an electron-scattering-dominated opacity (for
fully ionized gas with H-dominated composition)
K~ or/my,~0.38 cm? gfl, ot and m, being the Thompson
cross section and the proton mass, respectively. Assuming that
the emitted luminosity follows Ly ~ nM.c?> with radiative
efficiency 7~ 0.03 as predicted by simulations of super-
Eddington accretion (e.g., Sadowski & Narayan 2016), this
predicts a maximum emission temperature for thermal emission
from the innermost radii of the disk given by

L 1/4
kTX ~ X >
4mory,

p!
—1/4 y —l/4 —1/2
~0.85 ke /4| - M. (V—) )
IOMQ MEdd c

26 Consistently, these “ultrafast outflows” have been located in several ULXs;
see, e.g., King et al. (2023) for a recent review.

Migliori et al.

where 7_; =1/(0.1); we have taken M,, ~ M. as expected for
super-Eddington accretion disks that lose an order-unity
fraction of their inflowing mass across each decade of radius
(e.g., Blandford & Begelman 1999), and we used Ly = 77M.c2.

Unlike a thin disk for which Ty increases for higher
accretion rate (Equation (2)), for super-Eddington accretion the
thermal photosphere temperature decreases for higher accretion
rate.?’” For example, if M.=100M., M. ~ 10Mgyq, and
1n~0.01, Equation (5) gives kTx ~0.15keV, similar to the
thin-disk temperature (Equation (2)) for a higher-mass IMBH
M.~ 10°M,, accreting at M. < Mgq, corresponding to
Ly ~ 10*° erg st (similar to our last observations of
AT 2018cow; Figure 2). Stated another way, for any observed
Ly and T¥, there can be two allowed solutions: sub-Eddington
for a high-mass (i.e., IMBH-like) BH (Equation (2)), and super-
Eddington for a low-mass BH (Equation(5)). This argument
applies independently of the physical association of the late-
time soft X-ray source to AT 2018cow.

6.2.2. Outer Accretion Disk Radius: IMBHs versus M. ~ 10—100 M,
BHs

Late-time UV observations of AT 2018cow constrain the
outer disk radius at dra 1500 days to a value R;~40R
(Section 5). In this section we discuss the expectations from
accretion disks formed by a core-collapse stellar explosion, an
IMBH-TDE, and a Wolf—Rayet (W-R) BH merger.

In the core-collapse case, the initial disk radius R, depends
on the angular momentum of the progenitor star but—insofar
that angular momentum is at a premium (e.g., Fuller &
Ma 2019)—is typically expected to be just outside the ISCO
radius of at most tens of gravitational radii
RgEGM./(,‘2% 1.5 x 10°(M./10 M.) cm. Hence, we expect
Rio < 107 cm in the core-collapse case.

In the IMBH-TDE case, the characteristic disk radius is at
most (i.e., for a typical 5= 1 encounter, where 3= R,/R), is the
penetration parameter, with R, the periapse) equal to twice the
tidal radius R;:

1/3
Rd’() =~ 2R, ~ 2R*(V')

*

~-1/3 1/3
~3 x 102 cm R\ M- M. , (6)
Ro )\ M, 10* M,

where M, and R, are the mass and radius of the disrupted star,
respectively, and we have normalized M. to 10* M, to match
the fall-back time of the debris tg, ~ 5.8 days(M./10* M_)!'/?
(e.g., Stone et al. 2013) with the AT 2018cow peak engine
duration ~optical rise time f,, ~ 3 days.

The disruption process setting the disk size in the W-R
merger case is similar to the TDE scenario, except the BH is
much less massive (M. ~ 10-100 M) and the mass of the WR
star (M, ~ 10 M) is generally greater than that of the Sun,
resulting in R o~ Re ~ 10" cm (e.g., Metzger 2022).

%7 However, we note that nonthermal X-ray emission such as that observed at
early times in AT 2018cow can originate above the photosphere and will not
follow Equation (5).
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After forming, the disk will begin to accrete on the viscous
timescale

7'2
Lyisc,0 ™~ 7
Ra,0
3/2 —1/2 -2
R .
~5.0 days a_é(ﬂ) ( M. ) (H/r) , 7
R, 10 M., 1/3

where v= acH = ar*Qx(H / r)? is the effective kinematic
viscosity, Qx = (GM./r*)'/2, a=10"2a_,, ¢, is the sound
speed, and we have normalized the equation to the case of a
geometrically thick disk with H/r~1/3 (see below). In the
W-R BH merger case, the LFBOT engine timescale <3 days
(for &~ 0.01-0.1) is naturally set by ty;s.0. However, in the
core-collapse case R; o < Rp, and as a result fsc o is too short
to represent the engine activity timescale of AT 2018cow,
which would instead be set by the freefall time of the infalling
stellar envelope. The viscous time in the IMBH-TDE case can
also (just barely) obey fyisco S fise for high a and/or small
stellar radius R, < R,

On timescales f 2 t,;s 0, the disk will establish a steady flow
onto the central compact object. Taking M, o~ M, ~ 1-10 M,
as the mass of the disk, the peak accretion rate near the outer
disk edge ~R; can be estimated as

-1
~ 1028g g1 Md,O Lyisc,0 )
M., J\ 3 days

This is ~6-10 orders of magnitude larger than the Eddington
rate Mgag = Lgaa/(0.1¢2) ~ (M./10 M)10" g s~ ', justifying
our assumption of a geometrically thick disk with H/r~1/3
(e.g., Sadowski & Narayan 2015).

For the high mass inflow rates
M > My = 10 Mpag(Ry0/R;) ~ 10*Mpqq  of  interest,
photons are trapped and advected inward through the disk at
radii SR, (e.g., Begelman 1979). Since the disk cannot cool
efficiently via radiation (e.g., Shakura & Sunyaev 1973), the
accretion flow in this “hyperaccretion” regime is susceptible to
outflows powered by the released gravitational energy (e.g.,
Narayan & Yi 1995; Blandford & Begelman 1999; Kitaki et al.
2021). These outflows are responsible for creating the conical
funnel geometry where the blueshifted Fe Ko line is formed
and provide a natural explanation for the AT 2018cow fastest
ejecta traced by radio observations (Section 6.2). Such outflows
cause the mass inflow rate M to decrease approaching the BH
surface, in a way typically parameterized as a power law in
radius,

. M
My ~ d,0

(®)

tvisc,O

p
M(r) ~ MO(RL) , )

d,0
where values for the parameter p ~ 0.6 are motivated by
numerical simulations of radiatively inefficient accretion flows
(e.g., Yuan & Narayan 2014).

At late times # >> t,;s. 0, the outer edge of the disk will spread
outward from its initial radius R;, owing to the redistribution
of angular momentum:

Ri(t) ~ Rd,()( ) , 1> Hise,00 (10)

visc,0
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where the parameter m depends on the properties of the disk
outflows. If the disk outflows carry away only the local specific
angular momentum of the disk material, then the outer edge of
the disk will grow with time as m =2/3 (e.g., Cannizzo et al.
1990). However, in the case of a net torque on the disk, one can
instead have m=1/(1.5+p)~0.48 (Metzger et al. 2008),
where in the final equality we take p = 0.6.

Thus, by the time of the HST observations 6f ~ 1500 days,
the disk will spread to a radius
Ri5004 Z (1500 daYS/tviSC’())de’o ~ (15—40)Rd’0, where we
demand #yisc0 < 3 days to match the maximum initial rise time
of AT 2018cow. Thus, we predict Ry spoq ~ 15-40 R, for the
W-R BH merger case, in overall agreement with the inferences
from the late-time HST observations of AT 2018cow, but
generally significantly larger or smaller values in the IMBH-
TDE or core-collapse cases, respectively. From this perspec-
tive, the W-R BH merger scenario provides a natural
explanation of the inferred size of the accretion disk at late
times, while the other two scenarios struggle to explain the size
of the UV-emitting region. We note that a potentially viable
option is represented by the IMBH tidal disruption of a very
small star with R, ~ 0.1 R and M, ~ 0.1 M,

We end with a note on the expected evolution of the
accretion power in the W-R BH merger and IMBH-TDE
models. The accretion rate at disk radii » < R; will drop as a
power law in time (e.g., Metzger et al. 2008), viz.,

M o rPr= 4D/ s 1o,

(1)

such that the accretion rate reaching the central BH will decay
as

. . R p _4p+D)
M.NMO(—g ) (,.t ) L
Rd,() visc,0

for > tyisc0. This results in a jetted accretion power
M. M
~1 0457’]72 ( .0

0.4 M, 0.2 y
100Mg ) \10Mg )\ 10 M,
tvisc,()

RO\ 11 ;oY
x| == ergs !, (13)
1 Rg 3 days 3 days

where we have used Equations (6), (8), and (12) for p =0.6.
This expression is valid for 7 2 t,s.o. We observe that L, is
broadly similar in normalization and power-law decay rate
Loce <t 2" to the optical /UV light curve of AT 2018cow (e.g.,
Margutti et al. 2019, their Figure 9; Chen et al. 2023a),
suggesting that the early UV/optical emission from
AT 2018cow might also be powered by accretion processes
onto a BH.

12)

Lace ~ M.c?~

6.3. Comparison with Other LFBOTs: A Unifying Model

The long-term evolution of the X-ray emission from the
location of AT 2018cow is characterized by three regimes: (i)
an initial, highly luminous, slowly decreasing phase at
6t < 24 days with fast temporal variability superimposed; (ii)
a rapid decay (a drop of about three orders of magnitude in
~200 days); possibly followed by (iii) a late-time flattening
phase with Ly ~4 x 10®® ergs™" at 6 > 200 days with a soft
X-ray spectrum, which, however, might be contaminated, or
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even dominated, by the host emission. The presence of
luminous, lingering optical/UV emission during phase (iii)
(Sun et al. 2022; Chen et al. 2023a, 2023b; Sun et al. 2023),
which is reminiscent of TDEs in the lowest mass bin (van
Velzen et al. 2019; Inkenhaag et al. 2023; Mummery et al.
2024), indirectly supports the physical association of the
persistent, soft X-ray emission with AT 2018cow. Indeed, a
further deep X-ray observation, able to probe the flux level
measured in Obs4, could help to better discriminate the
AT 2018cow contribution from the host galaxy one.

The other five X-ray-detected LFBOTs showed an X-ray
luminosity comparable to or larger than AT 2018cow
(Figure 2), with AT 2022tsd rivaling the brightest LGRB ever
detected (Matthews et al. 2023). In the accretion-reprocessing
scenario, more luminous X-ray emission can be a consequence
of more powerful accretion and/or more favorable geometry (
i.e., a pole-on viewing angle; Metzger 2022), so that brighter or
dimmer X-rays detected for other LFBOTs might be a
consequence of the geometry of the emission and the location
of the observer with respect to the pole.”® Since Fe Ko
fluorescent lines are visible only to nonequatorial observers (
i.e., for observers at large angles from the poles the Fe Ko
emission is hidden by the optically thick disk and wind), it is
plausible that the other LFBOTs with luminous X-rays also had
transient Fe Ka spectroscopic features (and Compton humps)
that were missed because their X-ray monitoring started too
late (Figure 2). As a reference, the Fe Ka line subsided at
ot > 10 days in AT 2018cow, and no other LFBOT has X-ray
observations at these early epochs. Similarly, the large
distances of all other LFBOTSs prevent meaningful constraints
on the presence of faint persistent X-ray emission at late time
ot > 200 days. Therefore, other LFBOTSs need to be discovered
in the local universe (i.e., within d < 50 Mpc) and at very early
stages of their evolution (i.e., within days), in order to assess
the occurrence of the Fe Ka line complex (and the associated
Compton hump feature) and validate the late-time soft X-ray
flattening.

We end by noting that this LFBOT unification model, where
the optical /UV and X-ray emission is powered by accretion (in
the super-Eddington regime at early times, decreasing to
<Eddington at late times) and the radio emission is powered by
the deceleration of the outflows into the CSM, naturally
predicts the presence of AT 2018cow-like transients that are
viewed edge-on and will thus appear X-ray dim if their optical /
UV emission is detectable by these “equatorial” observers.

7. Summary and Conclusions

We presented the first deep X-ray observations of an LFBOT
at ~3.7 yr after optical discovery. These observations sampled
a pristine portion of the observational phase space of FBOTSs
and revealed the presence of a luminous, persistent, soft X-ray
source of emission at the location of AT 2018cow. The
association with AT 2018cow of such emission appears robust
at 6t~220 and uncertain at 6t~ 1350 days, given the
potentially comparable level of the X-ray flux from the host
galaxy. We modeled the soft X-ray emission in the broader
context of the late-time panchromatic observations of
AT 2018cow, which includes luminous and slowly fading

28 We note that the highly aspherical geometry invoked here is consistent with
the large polarization degree reaching ~7% measured at optical wavelengths at
a few days post-discovery of AT 2018cow (Maund et al. 2023).
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UV emission that is reminiscent of that detected from TDEs in
the lowest mass bin years after the stellar disruption, as recently
pointed out by Inkenhaag et al. (2023). We find that these late-
time panchromatic observations of AT 2018cow are consistent
with either sub-Eddington accretion on an IMBH
(M.~ 10°-10* M) or the manifestation of ~Eddington-like
accretion processes on a lower-mass accretor, e.g., a BH of
M. ~ 10-100 M. While similar arguments have been used in
the ULX literature based on the detection of soft X-rays from
these systems,”” we note that this conclusion is independent of
the physical association of the soft X-ray source with
AT2018cow (i.e., the argument applies even if we interpret
the soft X-ray emission as a limit on the X-ray luminosity
output of AT 2018cow at these late epochs).

Assuming that the UV emission originates from the outer-
most annuli of a spreading disk, we showed that, with the
exception of very small stars, the IMBH-TDE model
(M. ~ 10°-10* M) struggles to explain the inferred accretion
disk radius, in addition to lacking a natural explanation for the
dense CSM with a steep cutoff at r ~ a few x 10'® cm implied
by the analysis of the radio observations of AT 2018cow and
other LFBOTs. The detection of an X-ray QPO signature in
AT 2018cow, if interpreted as an orbital frequency in the
accretion disk, furthermore implies M. < 850 M. Neverthe-
less, if the IMBH-TDE is the correct physical scenario
powering LFBOTSs, we predict that other LFBOTs will be
associated with larger disks at late times (e.g., cooler late-time
emission). On the other hand, the W—R BH merger scenario
that invokes lower-mass BHs offers a natural source of dense
CSM within 7 ~ a few x 10'® cm in the form of W-R mass loss
and relic disk from the common-envelope phase (Tuna &
Metzger 2023), while being able to explain the compact size of
the disk at late times of our monitoring. A similar scenario,
involving an NS spiraling-in inside the envelope of a massive
star, has been proposed by Soker et al. (2019) (see also
Grichener 2023).

Most importantly, independently from the BH mass, our
work provides support to the hypothesis that LFBOTs are
accretion-powered transients, thus also indirectly supporting
the picture where the early, luminous, and short-lived UV-
optical emission that gives LFBOTs their name originates at
least in part from (partial) reprocessing of the high-energy
X-rays by outflows launched by the super-Eddington accretion
disk. In this accretion-powered scenario the LFBOTSs' observa-
tional properties at early times represent electromagnetic
manifestations of super-Eddington accreting systems, later
transitioning into an Eddington-to-sub-Eddington accretion
ratio over the timescale of a few hundred days. In this
perspective LFBOTs qualify as new laboratories for super-
Eddington accretion physics. However, AT 2018cow is still
the only event for which meaningful observations and detailed
studies of its early- (i.e., 6r<1 week) and late-time (i.e.,
0t > years) evolution can be performed thanks to its proximity.
Going forward, wide-field-of-view UV missions like ULTRA-
SAT (Sagiv et al. 2014) and UVEX (Kulkarni et al. 2021) will
fill up this observational gap by providing early UV detections
of LFBOTs in the local Universe. Finally, if related to an
IMBH-TDE, LFBOTs are expected to produce gravitational
waves, observable in the future in the local Universe (~10-25

2 Specifically we note how IMBHs have been invoked in the ULX literature
for systems that later were revealed to host pulsars; see, e.g., King et al. (2023)
and references therein.
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Mpc) using the LISA detector (e.g., Eracleous et al. 2019, and
references therein).
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Appendix
Early-time Chandra Observations

Chandra observed AT 2018cow with the Low Energy
Transmissions Gratings (LETG), using the High Resolution
Camera (HRC) spectroscopy detectors for 48 ks, beginning on
2018 June 24 (6t = 8.2 days). A quick reduction was presented
in a telegram shortly after the data were taken (Maccarone &
Rivera Sandoval 2018), and our more careful analysis is
consistent with that work. We use the TGCAT data reductions
(Huenemoerder et al. 2011) and use all orders of the spectrum
for£1 to £8. The initial goal for using this mode was to
determine whether there was an extreme-UV excess from this
source, given the strong UV emission observed by Swift-
UVOT (Kuin et al. 2019; Rivera Sandoval & Maccarone 2018).
Such an excess was not present, and the spectrum below about
0.2 keV was heavily dominated by background. We thus fit the
data between the chip gap energy and 7 keV. For the negative
orders the range of fitted energy is 0.3-7 keV, while for the
positive orders it is from 0.24 to 7 keV.

We group the data into bins with at least 100 counts and fit
using x* with Gehrels (1986) weighting. Using an absorbed
power-law spectrum, with the Xspec (Amaud 1996) phabs
model within Sherpa (Freeman et al. 2001), we find Ny =
55138 % 1020 cm % (thus consistent with Ny yw),
I' = 1.6670%;, and a total unabsorbed flux from 0.25 to
7.0keV of (8.54+0.7) x 107"% erg s™' em % with x*/v of
136/162. Additional parameters are thus not well justified. The
0.3-10 keV luminosity is (4.8 + 0.4) x 10* ergs™ ', and it is in
line with the values measured by the other X-ray observatories
at the same epoch.
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