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ABSTRACT
The bright transient AT2018cow has been unlike any other known type of transient. Its high
brightness, rapid rise and decay, and initially nearly featureless spectrum are unprecedented
and dif�cult to explain using models for similar burst sources. We present evidence for faint
� -ray emission continuing for at least 8 d, and featureless spectra in the ultraviolet bands �
both unusual for eruptive sources. The X-ray variability of the source has a burst-like character.
The UV-optical spectrum does not show any CNO line but is well described by a blackbody.
We demonstrate that a model invoking the tidal disruption of a 0.1�0.4 M� helium white
dwarf (WD) by a 105�106 M� black hole located in the outskirts of galaxy Z 137-068
could provide an explanation for most of the characteristics shown in the multiwavelength
observations. A blackbody-like emission is emitted from an opaque photosphere, formed by
the debris of the WD disruption. Broad features showing up in the optical/infrared spectra
in the early stage are probably velocity broadened lines produced in a transient high-velocity
outward moving cocoon. The asymmetric optical/infrared lines that appeared at a later stage
are emission from an atmospheric layer when it detached from thermal equilibrium with the
photosphere, which undergoes more rapid cooling. The photosphere shrinks when its temper-
ature drops, and the subsequent infall of the atmosphere produced asymmetric line pro�les.
Additionally, a non-thermal jet might be present, emitting X-rays in the 10�150 keV band.

Key words: stars: black holes � stars: individual: AT2018cow � (stars:) white dwarfs.

1 INTRODUCTION

The transient AT2018cow/ATLAS18qqn/SN2018cow was discov-
ered at an offset of 6 arcsec (1.7 kpc) from galaxy Z 137-068

� E-mail: n.kuin@ucl.ac.uk (NPM); kinwa.wu@ucl.ac.uk (KW);
yarleen@gmail.com (AL)

(Smartt et al. 2018) by the ATLAS wide-�eld survey (Tonry et al.
2018) on 2018-06-16 10:35:38 UT (MJD 58285.44141, referred
to in this paper as the discovery date Td) at an AB magnitude
o = 14.74 – 0.10 mag (the o band covers 560�820 nm1). A previous
observation by Fremling (2018) on MJD 58282.172 (3.3 d before

1http://www.fallingstar.com/specifications
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the discovery date) with the Palomar 48-inch in the i band did not
detect a source down to a limiting magnitude of i > 19.5 mag, whilst
on MJD 58286 (Td + 0.75 d) i = 14.32 – 0.01 mag, nearly 5 mag
brighter � a rapid rise. Maximum light occurred at MJD 58286.9
(Td + 1.46 d, Prentice et al. 2018).

Spectroscopic follow-up by Perley (2018) and Perley et al.
(2018b) using the SPRAT on the Liverpool Telescope (402�800 nm,
with 2 nm resolution) on MJD 58287.951 (Td + 1.56 d) found
a smooth spectrum. Jones et al. (2018) reported the Ca II H and
K absorption lines close to the redshift of the co-located galaxy,
proving that the transient was near that galaxy. Spectra taken on
the Xinglong 2.16-m Telescope using the BFOSC showed weak
broad bumps or dips in the spectrum (Izzo et al. 2018; Xu et al.
2018) that may be interpreted as highly velocity-broadened lines
though Perley et at (2018a) considered the features as an absorption
trough. The velocity derived from the broadening of the presumably
He emission was �1.6 × 104 km s�1 on (Td + 4.1 d, Prentice et al.
2018). Intrinsic optical polarization was measured on days Td + 4.9
and 5.9 d by Smith et al. (2018b).

At high energies the transient was detected by the Neil Gehrels
Swift Observatory (hereafter Swift; Gehrels et al. 2004) XRT
(Burrows et al. 2005) in the 0.3�10 keV band (Rivera Sandoval
et al. 2018), NICER (0.5�10 keV Miller et al. 2018), NuSTAR (3�
60 keV Margutti et al. 2018b), and INTEGRAL IBIS/SGRI (30�
100 keV, Ferrigno et al. 2018). A search for impulsive emission
by Fermi/GBM (10�1000 keV Dal Canton et al. 2018), Fermi/LAT
(�100 MeV Kocevski & Cheung 2018), the INSIGHT HXMT/HE
(80�800 keV Huang et al. 2018), and Astrosat CZTI (20�200 keV
Sharma et al. 2018) was unsuccessful.

In the radio a search of pre-outburst data by Dong & Hallinan
(2018) found 3� upper limits of 370µJy at 3 GHz and 410µJy at
1.4 GHz. The transient was detected at 90 and 150 GHz on Td + 4.5 d
with a �ux density of �6 mJy at 90 GHz (de Ugarte Postigo et al.
2018), at 350 GHz on day 5.8 with �ux density of 30.2 – 1.8
mJy beam�1 (Smith, Tanvir & Perley 2018a) and with a 5� detection
at 15.5 GHz of 0.5 mJy on Td + 6.3 d (Bright et al. 2018). Further
detections were reported on days Td + 10 and 11 d at 9 GHz and
34 GHz, and on Td + 12 also at 5.5 GHZ (Dobie et al. 2018a,b).

We will adopt a distance to the transient consistent with it being
associated with the nearby galaxy Z 137-068, which has a red-
shift z = 0.01414 – 0.000132 The reddening towards the galaxy is
low, E(B � V) = 0.077 (Schla�y & Finkbeiner 2011) and NHgalactic =
6.57 × 1020 cm�2 (Willingale et al. 2013). Adopting cosmological
parameters H0 = 71.0 km s�1Mpc�1, �m = 0.27, �v = 0.73 (Jarosik
et al. 2011), the distance is 60 – 4 Mpc.3

During our studies and preparation of this paper, three other
studies were published in preprint form (Perley et al. 2018a; Prentice
et al. 2018; Rivera Sandoval et al. 2018), and we discuss and use
their results in our discussion of the nature of the transient whilst
extending their analysis. As in this paper, Perley et al. (2018a)
proposed that the transient could be a tidal disruption event (TDE)
and they discussed constraints on the TDE properties using recent
models. In two further papers, a more general analysis was made
in terms of a central engine (Ho et al. 2018; Margutti et al. 2018a),
leaving open the nature of the source.

We discuss our observations, and present a model derived from
the observations in terms of the tidal disruption of a He white
dwarf (WD) by a non-stellar mass black hole (BH), i.e. a TDE-

2NED refcode 2007SDSS6.C...0000.
3Using NED/IPAC.

WD event, where the debris forms a photosphere that produces
blackbody-like emission in the UV-optical bands and with emission
lines formed above the photosphere. Moreover, a rapidly expanding
cocoon has become detached from the photosphere and envelops the
system initially. It produces very broad emission features attributed
to velocity broadened lines, i.e. the bumps seen by Prentice et al.
(2018) and Perley et al. (2018a). Finally, a jet is associated with the
event, responsible for the high-energy � -ray and X-ray emission.

2 OBSERVATIONS

Swift started pointed observations of AT2018cow with all three
instruments: the Burst Alert Telescope (BAT; Barthelmy et al.
2005),4 the X-Ray Telescope (XRT; Burrows et al. 2005), and the
UltraViolet and Optical Telescope (UVOT; Roming et al. 2005),
on MJD 58288.44 which was 3.0 d after the �rst detection, and
continued with an intensive observing schedule over the following
2 months. Unless said otherwise, the Swift data were reduced using
HEAsoft�6.22 (XRT), 6.24 (UVOT) and the latest Swift CALDB
or, for the UVOT grism data, with the uvotpy calibration and
software (Kuin et al. 2015). The XRT spectra were obtained using
the online XRT product generator at the UK Swift Science Data
Centre (Evans et al. 2009). We used the Galactic absorption NH
from Willingale et al. (2013).

2.1 The UV-optical light curve and SED

The UVOT images were inspected for anomalies, like drift dur-
ing the exposure. Photometry was obtained using the standard
HEAsoft�6.24 tools followed by a check that the source did not
fall on one of the patches of reduced sensitivity; several observations
had to be discarded. A 3 arcsec aperture was used throughout; the
standard aperture correction has been used as described in Poole
et al. (2008); and the �lter effective areas and zero-points were
from Breeveld et al. (2011). For the �tting of the photometry in
Xspec, the UVOT �lter response curves were used so that the �ts
take the interplay between �lter transmission and spectrum into
account.

The galaxy emission in the aperture of 3 arcsec radius was
determined from a UVOT observation at day 120, in order to
correct the UVOT photometry for the host contribution. The galaxy
background was measured in all 6 UV/optical �lters, but the
transient was still judged to dominate the UVOT emission in the UV.
The UV background from the galaxy was estimated by determining
that from the GALEX FUV and NUV �lters using the gPhoton
data base (Million et al. 2016). There is a blue source near the
transient that falls within the 3 arcsec aperture. The GALEX PSF
is larger than UVOT, so the bright source and contribution from
the bulge of the galaxy will lead to an overestimate of the �ux in
the 3 arcsec radius aperture used. An SED was built for the galaxy
emission component and folded through the UVOT effective area
curves to derive the following galaxy �ux and magnitude within
the aperture: uvw2 = 20.46, uvm2 = 20.37, uvw1 = 19.70 (AB).
The host galaxy values from UVOT data taken at day 120 were u
= 19.14, b = 18.50, and v = 17.92 (AB) to an accuracy of 0.08
mag. The galaxy emission becomes important �rst in the UVOT
v band around day 12, and later in the bluer bands. The UVOT
photometry corrected for the galaxy background as described above
can be found in Table A1. The UVOT light curves show a chromatic

4BAT has earlier coverage of AT2018cow from its non-pointed survey data.
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decline, where the uvw2 and uvm2 fall off slower than the optical
u, b, and v bands (see Fig. 1).

The �rst report that the optical-IR spectra resembled a blackbody
was by Chen & Rabus (2018) who reported a temperature of
9200 – 600 K on day Td + 1.7 d. A more detailed �t was made by
Prentice et al. (2018) who discuss the UV-optical/infrared (IR) data
from the �rst 17 d after discovery. They also showed that the data
can be �t well with a blackbody spectrum, with luminosity changing
over an order of magnitude, blackbody temperature changing from
28 000 to 14 000 K and a nearly constant radius of the photosphere
at 5 × 1014 cm. Perley et al. (2018a) subsequently modelled ground-
based photometry and spectra, and reported a slow but steady
decline of the photospheric radius, but they also needed a power-
law (PL) component to �t excess emission in the IR. The IR
excess emission could be synchrotron emission from non-thermal
energetic electrons present in an optically thin coronal atmosphere
above a dense photosphere. Perley at al. (2018a) noted that such
IR synchrotron emitting electrons could produce radio synchrotron
emission at a level consistent with the observation. Analyses by
Ho et al. (2018) showed further support to the scenario that the
IR excess emission and the radio emission are of the same origin.
Using Xspec, we �t a blackbody model to our corrected UVOT
photometry. The results are given in Table 1 and Fig. 2. Our
analysis is con�ned to the well-calibrated UVOT data, with bad data
removed, taking account of the �lter throughput with wavelength,
and correcting for the measured galaxy background. However, the v
magnitudes are generally too bright due to the extra red PL emission
component, and lead to a poor reduced �2. We see a varied evolution
during the �rst 13 d (see Fig. 2), followed by a steady decline in
radius.

2.2 The UVOT spectra

Daily exposures in the UVOT grisms were obtained from Td + 5 d
onwards, �rst in the UV grism (170�430 nm) until day Td + 23.4 d;
on day Td + 24, 25, 30, and 34 d, we obtained exposures in the more
sensitive V grism (270�620 nm). The UVOT grism images were
closely examined for contamination by background sources using
the summed UVOT UV �lter images as well as by comparison of the
position of the spectrum to zeroth orders from sources in images
from the Digital Sky Survey. The affected parts of the spectrum
were removed from consideration. To improve signal-to-noise ratio
(S/N), spectra were extracted with a narrow slit measuring 1.3 times
the full width at half-maximum of a �tted Gaussian across the
dispersion direction, and the extracted spectra taken close in time
were averaged together. A standard correction to the �ux from the
narrow slit was made to scale it to the calibrated response (see
Kuin et al. 2015) and a correction was made to account for the
coincidence loss in the detector. The resulting spectra (see Fig. 3)
show little evidence for emission lines like in, for example, novae,
nor the characteristic UV absorption features due to blended lines
of singly ionized metals as seen in supernovae (SNe).

Our �rst summed spectra from around day 6 are well-exposed, yet
relatively featureless, just like the optical spectra in Prentice et al.
(2018). The dereddening straightened the bump in the observed
spectra around 2175 ¯ which means that there is no evidence of
dust intrinsic to the environment of the transient. The June 25, day
Td + 9, spectrum shows features near 1910 ¯, which are probably
due to a noise problem, since this feature would likely have been
seen as second-order emission. Therefore, the features are probably
unrelated to the broad 4850 ¯ absorption (or broad emission around
5000 ¯) feature that is seen to emerge in the ground-based spectra

from Perley et al. (2018a) on days 9�13. Our UV-grism spectra from
June 27.5 to July 1.6 were combined to give a spectrum for day 13
(June 29.5 – 2 d). In this spectrum, a weak emission feature near the
He II 2511 ¯ line is seen, as well as a broad feature near 2710 ¯ that
could be due to He I or He II. At wavelengths longer than 3000 ¯,
second-order overlap contamination is present. We should note that
the second-order lines of N III] and C III] would be seen if there were
any, and their absence in second-order con�rms that there is no line
in the �rst order. The UV spectrum from day 18.5 is contaminated
by second-order emission overlap for wavelengths longer than about
3300 ¯, whilst below 2400 ¯ noise starts to dominate (Kuin et al.
2015). The dip near 2200 ¯ is likely due to noise.

At day Td + 34, we got V-grism exposures that were of low
S/N. Usually, the UVOT spectra are extracted from each individual
exposure and then the wavelength reference is corrected to match
the spectra before summing. However, the latter is not possible
if the spectrum in each exposure is too weak. An alternative is
possible for exposures taken with the same spacecraft roll angle. To
get a better S/N for the day Td + 34 spectrum, we cross-correlated
the images and then summed the grism images of the spectrum,
followed by a standard extraction, again using the narrow extraction
slit (Kuin 2014). The spectrum of day 34, which covers the range of
2820�5600 ¯, shows undulations that resemble those shown for the
longer wavelengths in the spectra from Perley et al. (2018a). Below
3800 ¯, which was not covered in the ground-based spectra, we see
no evidence for strong emission lines from other elements, i.e. the
Mg II 2800 ¯ emission line that is often found in late-type stellar
spectra is not seen; nor is there any sign of the O III 3134 ¯ line that
is pumped by He II 304 ¯ nor of He II 3204. Using the BB-�ts to
our photometry, we plot those over the UVOT spectra in Fig. 3.

Whereas the UVOT spectra become quite noisy after day Td + 20
and do not show any lines above the noise, it is of interest to
mention that the He I spectral lines that emerge after � day 22 in
the ground-based spectra from Perley et al. (2018a, �g. 4) show
large asymmetries. The blue wing is seen to be largely missing in
the stronger unblended lines. After the lines become visible above
the continuum, the line emission at �rst peaks at a 3000 km s�1

redshift, whilst moving to lower redshifts until the peak is at the rest
wavelength at day 34. We think those asymmetric line pro�les are
important for understanding the transient.

2.3 XRT analysis

The X-ray light curve shows a regular pattern of brightenings that
have already been remarked upon by Rivera Sandoval et al. (2018).
These rebrightenings follow a trend, either as �ares above a certain
base-level, or as the main constituent. A simple PL �ts to all data
has � = �1.43 – 0.08 for a �2/d.o.f. = 1316.1/87. Alternatively,
�tting all the data including the �ares with a broken PL has a
slope �1 = 0.85 – 0.11, with a break in its slope at day tbreak
= Td+24.8 – 1.6, followed by a steeper decay with a slope �2
= 2.90 – 0.35 and �2/d.o.f. = 803.7/85. We also made a �t trying
to �nd a trend underlying the �ares. A base level can be de�ned by
masking the points in a �are, �tting a broken PL trend, and iteratively
removing points that are too far from the trend by eye (see Fig. 4).
The best �t found is a broken PL with a slope �1 = 0.89+0.22

�0.23, which
has a break in its slope at day tbreak = Td + 20.3+2.7

�3.8, followed by a
steeper decay with a slope �2 = 2.65+0.57

�0.43 and �2/d.o.f. = 89.3/50.
In Fig. 4, one can clearly see that the single PL does not �t as well
at the beginning and end. The same trend is thus present regardless
of the removal of the �ares. Although the �ares seem to be on top
of a smoothly varying component, this cannot be determined for
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Figure 1. BAT-XRT-UVOT light curve. The UVOT magnitudes are given in six �lters uvw2, uvm2, uvw1, u, b, and v starting at Td and have been corrected
for the galaxy background and have been binned to increase signal-to-noise ratio. The BAT survey data panel includes the NuSTAR data projected into the
BAT band, as well as the BAT survey quality processed data for 8-d periods. During the �rst 8-d period signi�cant detections occur, thereafter the BAT count
rate is consistent with no detection. The �aring seen in the XRT possibly lines up with an increase in the BAT �ux prior to day Td + 8.

sure since the whole overall emission is decreasing over time, and
it could just as well be continuous �aring that shows evolution.
We will investigate the temporal behaviour of the �ares further in
Section 2.6.

2.4 BAT analysis

BAT is a coded aperture imaging instrument (Barthelmy et al. 2005).
A sky image can be constructed by deconcolving the detector plane
image with the BAT mask aperture map (Markwardt et al. 2007).
We performed a special analysis of the BAT data. This analysis
utilizes the BAT survey data from 2018 June 1 to 18 (i.e. the
available HEASARC data at the time of the analysis). Even when
the BAT has not been triggered by a Gamma Ray Burst (GRB),
it collects continuous survey data with time bins of �300 s (see
detailed descriptions in Markwardt et al. 2007).

The S/Ns reported here are calculated using the source count
and background variation estimated from sky images with different
exposure time (for details, see Tueller et al. 2010). Note that due
to the nature of the deconvolution technique, the resulting noise
(background variation) is Gaussian instead of Poissonian. These
sky images are mosaic images created by adding up all the snapshot
observations within the desired durations (i.e. two 8-d intervals
and one 17-d period). The mosaic technique adopted here is the
same one that is used to create the BAT survey catalogues (Tueller
et al. 2010; Baumgartner et al. 2013; Oh et al. 2018). This analysis

pipeline carefully takes care of many instrumental effects, such
as potential contamination from bright sources, systematic noise
introduced by differences between each detector (so-called pattern
noise), and corrections for sources with a different partial coding
fraction when creating a mosaic image from individual snapshot
observations.

The analysis produces results in the following eight energy bands:
14�20, 20�24, 24�35, 35�50, 50�75, 75�100, 100�150, and 150�
195 keV.

Fig. 1 shows the daily BAT mask-weighted light curve in 14�
195 keV. Note that we exclude data collected from 2018 June 3 to
13, during which the BAT underwent maintenance and recovery
activities and the calibration of survey data is uncertain.

A spectrum was created for the 17-d period starting from 2018
June 16 (day 0) to July 2, as well as for two 8-d periods of 2018
June 16�23 and 2018 June 23�July 1. For the 17-d period, the S/N
was 3.3, and for the two 8-d periods 3.95 and 1.31, respectively. For
new sources, the BAT detection limit is a higher level of S/N of 5,
so these 3�4� detections are marginal detections that do not stand
on their own.

2.5 The high-energy spectra

The Swift XRT data up to day 27 have been discussed in Rivera
Sandoval et al. (2018) who �t an absorbed PL to the data. Their
spectral �ts did not show any evidence for spectral evolution in the
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Table 1. Results of the black-body model �ts to the UVOT photometry
(1700�6800 ¯).

Time TBB RBB LBB �2/d.o.f.
(d) (103 K) (1014 cm) (1043 erg s�1)

3.06 25086 – 650 10.62 – 0.27 31.80 – 3.67 23.33/4.0
3.78 23840 – 1227 9.71 – 0.58 21.69 – 5.16 17.48/4.0
5.25 25424 – 1657 6.67 – 0.48 13.22 – 3.95 25.54/4.0
6.25 25117 – 1712 5.93 – 0.46 9.96 – 3.11 21.29/4.0
8.37 21328 – 1013 5.37 – 0.36 4.26 – 0.99 17.44/4.0
9.17 19973 – 1004 5.28 – 0.39 3.16 – 0.79 6.79/4.0
10.70 17738 – 804 5.60 – 0.40 2.21 – 0.51 12.97/4.0
12.91 16719 – 698 5.36 – 0.38 1.60 – 0.35 10.37/4.0
14.29 15334 – 620 5.73 – 0.40 1.29 – 0.28 8.41/4.0
15.19 15050 – 537 5.35 – 0.36 1.05 – 0.21 7.06/4.0
16.51 14809 – 507 4.79 – 0.31 0.79 – 0.15 15.1/4.0
18.06 13751 – 496 4.82 – 0.34 0.59 – 0.12 17.99/4.0
18.35 13939 – 542 4.62 – 0.34 0.57 – 0.12 15.51/4.0
21.53 13355 – 533 4.24 – 0.33 0.41 – 0.09 13.39/4.0
23.25 13090 – 571 4.08 – 0.35 0.35 – 0.09 5.52/4.0
25.25 13018 – 696 3.50 – 0.38 0.25 – 0.08 12.48/4.0
26.68 13101 – 805 3.12 – 0.39 0.21 – 0.07 8.23/4.0
29.31 12383 – 996 3.05 – 0.51 0.16 – 0.07 6.35/4.0
31.09 12031 – 1042 3.11 – 0.57 0.15 – 0.07 5.48/4.0
34.15 12851 – 1296 2.33 – 0.48 0.11 – 0.06 5.99/4.0
37.63 13618 – 1641 1.95 – 0.46 0.093 – 0.063 11.08/4.0
39.32 14753 – 2700 1.36 – 0.46 0.062 – 0.062 1.5/4.0
41.22 12567 – 1902 1.87 – 0.59 0.062 – 0.054 4.29/4.0
44.60 12928 – 2685 1.52 – 0.64 0.046 – 0.054 12.21/4.0

Figure 2. Blackbody model �t to the UVOT data in a log�log plot. Note that
the luminosity decays approximately as a PL with different slopes before
and after day Td + 6.5. After day Td + 44, the galaxy background emissions
in v and b do no longer allow a good �t to be made.

0.3�10 keV band, and no evidence for spectral evolution during the
�ares. The latter is also consistent with no changes being seen in
the hardness ratio. Their estimate for the peak X-ray luminosity is
1043 erg s�1.

We addressed the UVOT data in detail in Section 2.1, but here
we want to address the question of whether the origin of the X-ray
emission is related to the UV emission. The emission in the UV-
optical is well �tted by a hot thermal blackbody (BB) which we


























