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ABSTRACT

Aims. We study X-ray bright tidal disruption events (TDE), close to the peak of their emission, with the intention of understanding
the evolution of their light curves and spectra.

Methods. Candidate TDE are identified by searching for soft X-ray flares from non-active galaxies in recent XMM-Newton slew data.
Results. In April 2014, X-ray emission was detected from the galaxy XMMSL1 J074008.2-853927 (a.k.a. 2MASX 07400785-
8539307), a factor 20 times higher than an upper limit from 20 years earlier. Both the X-ray and UV flux subsequently fell, by
factors of 70 and 12 respectively. The bolometric luminosity peaked at Ly, ~ 2 X 10* ergs s™! with a spectrum that may be modelled
with thermal emission in the UV band, a power-law with I' ~ 2 dominating in the X-ray band above 2 keV and a soft X-ray excess
with an effective temperature of ~86 eV. Rapid variability locates the X-ray emission to within <73 R, of the nuclear black hole.
Radio emission of flux density ~1 mly, peaking at 1.5 GHz was detected 21 months after discovery. Optical spectra indicate that the
galaxy, at a distance of 73 Mpc (z = 0.0173), underwent a starburst 2 Gyr ago and is now quiescent. We consider a tidal disruption
event to be the most likely cause of the flare. If this proves to be correct then this is a very clean example of a disruption exhibiting

both thermal and non-thermal radiation.
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1. Introduction

When a star approaches very close to a supermassive black
hole (SMBH) the gravitational shear can overcome the self-
gravitation of the star causing it to be torn apart (Hills 1975)
in what is known as a tidal disruption event (TDE). About half
of the stellar debris remains gravitationally bound to the hole
and is accreted on return, causing a flare of thermal radiation
which peaks in the EUV band (Rees 1988). This radiation signa-
ture has been observed in the soft X-ray (Komossa et al. 2004;
Bade et al. 1996; Komossa & Greiner 1999b; Esquej et al. 2007,
Saxton et al. 2012; Maksym et al. 2010; Lin et al. 2015) and
UV (Gezari et al. 2006, 2008, 2009) bands. Optical flares have
also been detected (van Velzen et al. 2011; Cenko et al. 2012;
Gezari et al. 2012; Arcavi et al. 2014) from candidate TDE, with
an apparent temperature of a few x10* K, cooler than that ex-
pected from an accretion disc (e.g. Bonning et al. 2007). Cur-
rent models for the optical emission centre on a thick screen
of debris, which reprocesses the inner thermal radiation and re-
emits it in the optical band (Strubbe & Quataert 2009, 2011;
Guillochon et al. 2014). Strubbe & Murray (2015) suggest that
the initial accretion phase will be highly super-Eddington, re-
sulting in a massive radiation-driven outflow of material that will
absorb the radiation from the central engine and convert it into

* Data for this object are available within the Open TDE Catalog at
https://tde.space/tde/XMMSL1]0740-85
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optical photons. At a later stage, the screen density will drop and
the inner thermal radiation will become visible. A further sig-
nature of reprocessing is given by broad, low-ionisation optical
lines which indicate a large solid angle of absorbing material
orbiting the nucleus. Komossa et al. (2008) discovered super-
strong broad hydrogen, helium and highly ionised narrow Iron
lines which faded over time in SDSS J095209.56+214313.3.
Bright fading optical broad lines were also seen in other
archival SDSS data (Wangetal. 2011) and in ASSASN-14li
(Holoien et al. 2016a). Broad nitrogen and helium lines were
also detected in the UV band from ASSASN-14li (Cenko et al.
2016). The rate at which galaxies produce a soft X-ray TDE
has been estimated from ROSAT observations as 9 x 1076
events/galaxy/year (Donley et al. 2002); from XMM-Newton
slew observations as 2 x 10~* events/galaxy/year (Esquej et al.
2008) and from galaxy clusters 1.2 x 10™* events/galaxy/year
(Maksym et al. 2010). These numbers are comparable to the
rate of TDE, detected from their peak optical emission of
2 x 107 events/galaxy/year (van Velzen & Farrar 2014). Even
though these estimates are based on small numbers of events,
they are difficult to reconcile with a model where the majority of
X-ray events are invisible due to a thick absorber. Furthermore,
strong two-temperature soft X-ray and optical emission has
been observed simultaneously from the well-monitored TDE,
ASSASN-14li, implying that our view to the centre is rather un-
obscured, apart from a highly-ionised, slowly-expanding, screen
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of material with a column of ~10% cm™2 (Miller et al. 2015;
Cenko et al. 2016). Finally, the exceptional X-ray softness of the
first identified TDEs strongly argues against large amounts of
obscuring material (e.g. Komossa & Bade 1999a).

Radio emission has been associated with TDE in several
events. Swift J164449.3+573451 exhibited strong, variable ra-
dio emission compatible with a forward shock from material
swept-up by an on-axis relativistic jet (Zauderer et al. 2011).
This was also seen in the more distant object Swift 2058+0516
(Cenko et al. 2012). Both of these were discovered from their
super-Eddington, hard (>2 keV) X-ray emission by Swift, as
was a further jetted event, Swift 1112-8238 (Brown et al. 2015).
Hard X-ray emission dominated the spectrum of NGC 5485
(Nikolajuk & Walter 2013), also accompanied by radio emis-
sion (Irwinetal. 2015) which led to the suggestion that
this was another relativistic event, this time viewed off-axis
(Lei et al. 2016). Transient radio emission was seen in ASSASN-
141i (Alexander et al. 2016; van Velzen et al. 2016) but at a
level which may be consistent with a non-relativistic out-
flow rather than a jet. It is an open, and interesting, ques-
tion as to why these events should show a hard X-ray com-
ponent, compatible with power-law emission, while many
TDE show only thermal X-ray emission (e.g. Komossa 2002;
Esquej et al. 2007; Saxtonetal. 2012; Maksym et al. 2010;
Linetal. 2015; Holoienetal. 2016a). In 2MASS 0619-65
(Saxton et al. 2014) hard X-ray emission was not accompa-
nied by a radio flare and it is not yet decided whether the
high-energy photons, which are seen in TDE come from a
jet or from the hot, comptonising, electron plasma which is
believed to be responsible for the same component in AGN
(Sunyaev & Titarchuk 1980; Haardt & Maraschi 1991). Even
in Swift J1164449.3+573451, evidence for X-ray reprocessing
within a few gravitational radii (Ry) of the black hole has
called into question the hitherto accepted view that the huge
X-ray luminosity (Lx ~ 10*® ergs s™' ) was produced by a jet
(Kara et al. 2016).

In April 2014, the XMM-Newton slew survey (Saxton et al.
2008) detected a flare from the nucleus of the quiescent galaxy
XMMSL1 J074008.2-853927 which further monitoring showed
to be both thermal and non-thermal, having simultaneous flares
in the UV, soft X-ray and hard X-ray bands. In Sect. 2 we dis-
cuss the discovery of this flare and the source identification; in
Sects. 3—5 we present X-ray, UV, optical and radio follow-up ob-
servations; in Sect. 6 we perform a temporal and spectral analy-
sis of the source and in Sect. 7 we discuss the flare characteristics
within the TDE model. The paper is summarised in Sect. 8.

A ACDM cosmology with (Qu, Qp) = (0.27,0.73) and Hy =
70 km~!' s~! Mpc~! has been assumed throughout.

2. X-ray flare identification

During the slew 9262100003, performed on April Ist
2014, XMM-Newton (Jansen et al. 2001) detected a source,
XMMSL1 J074008.2-853927 (hereafter XMMSL1 J0740-85),
with an EPIC-pn, medium filter, 0.2-2 keV count rate of 4.2 +
0.6 count s~'. A crude analysis may be performed on the 45 pho-
tons in the slew spectrum to investigate the gross spectral prop-
erties of the detection. Detector matrices were calculated, tak-
ing into account the transit of the source across the detector,
using a technique outlined in Read et al. (2008). A simple ab-
sorbed power-law fit gives a slope I' = 2.9 + 0.5 assuming no
intrinsic absorption above the Galactic value of 1.5 x 10*' cm™
(Willingale et al. 2013). This corresponds to an absorbed flux of
Fop2~4.9+0.7x 1072 ergs s™' cm™2 using the above model.
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The count rate in the 2-10 keV band is 0.8 +0.3 count s~!. Using
the best spectral model from follow-up observations this gives a
flux, Foig ~ 4.8 = 1.8 x 10712 ergs s7! cm™2. We calculate
a 2-sigma upper limit from the ROSAT All-Sky Survey (RASS)
at this position of 0.021 count s~ (see Esquej et al. 2007, for
a description of the upper limit calculation); a factor 20 lower
0.2-2 keV flux using the same spectral model.

The source position lies 3.8” from the galaxy
2MASX 07400785-8539307 (z = 0.0173; Huchraetal.
2012) which with J = 11.92 + 0.03, H = 11.15 = 0.04,

K = 1096 + 0.05, R = 10.7 is the only bright optical and
infrared source within the 8" error circle (Saxton et al. 2008).

3. X-ray and UV observations

An X-ray monitoring program was initiated with Swift
(Gehrels et al. 2004) to follow the evolution of the source flux
and spectrum. Snapshot 3 ks observations were made, initially
once a week and then less frequently, with the Swift-XRT
(Burrows et al. 2005) in photon counting mode and the UV op-
tical telescope (UVOT; Roming et al. 2005). The Swift-XRT ob-
servations have been analysed following the procedure outlined
in Evans et al (2009) and the UVOT data have been reduced as
described in Poole et al. (2008). An accurate position for the
source in the Swift-XRT field can be determined by matching
the UVOT field of view with the USNO-B1 catalogue and regis-
tering the XRT field accordingly (Goad et al. 2007). The result-
ing source position, ajgo = 07:40:08.28, dyp000 = —85:39:32.4
(£2.0”; 90% confidence) is coincident with the galactic nucleus
(see Fig. 1). A more precise position is available from the UVOT
images. The source position from the first Swift-UVOT obser-
vation, which used the wvw?2 filter, is aggp = 07:40:08.43,
Oy000 = —85:39:31.4 with an error dominated by a systematic
offset of £0.42” (90% confidence; Breeveld et al. 2010). This is
consistent, within the error circle, with the galactic centre given
by the 2MASS point source catalogue (@00 = 07:40:08.09,
012000 = —85:39:31.3). We can conclude that the flare was consis-
tent with being from the nucleus of 2MASX 07400785-8539307
to within the accuracy of the UVOT pointing (150 pc at the
galaxy redshift).

In parallel, XMM-Newton pointed observations were trig-
gered on 2014-04-30 (due to scheduling issues this was split into
three parts; obsid = 0740340301, 0740340401, 0740340501)
and 2015-01-12 (obsid = 0740340601). A summary of observa-
tions and exposure times is given in Table 1. In each observation,
the EPIC-pn and MOS-1 cameras were operated in full frame
mode with the thinl filter in place, while the MOS-2 camera was
used in small window mode with the medium filter. The source
was too faint for statistically significant data to be collected from
the reflection grating spectrometers.

The XMM data were analysed with the XMM-Newton Sci-
ence Analysis System (SAS v14.0.0; Gabriel et al. 2003). Light
curves were extracted from the observations and searched for pe-
riods of high background flaring. These periods were excluded
from the datasets leaving for the first observation a total of
26.6 ks of useful data and for the second observation 16.1 ks.

4. Optical observations

XMMSLI1 J0740-85 was observed by the CTIO 1.5 m tele-
scope, on 2002-01-17, as part of the 2MASS redshift survey
(Huchra et al. 2012). The optical spectrum showed a non-active
galaxy (Fig. 2) at a redshift of z = 0.0173. We calibrated the
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Table 1. X-ray observation log of XMMSL1 J0740-85.

Mission? Date Exp time® Flux(© uvw2 uvm?2 uvwl U B
(s) (1072 ergs s~ cm™2)  mag mag mag mag mag

ROSAT 1990 368 <0.25

XMM slew 2012-08-01 3.9 <0.7

XMM slew 2014-03-24 2.0 <1.7

XMM slew 2014-04-01  10.3 49+0.7

Swift 2014-04-14 2435 32+0.21 16.35+0.03

Swift 2014-04-22 2697 0.43 £0.21 16.49 £ 0.05

XMM pointed  2014-04-30 26 600 0.5+0.15 16.59+£0.05 15.75+0.01 15.52+0.01

Swift 2014-05-05 1895 041 +0.12 16.80 £0.10 16.94+0.08 16.63 +0.10

Swift 2014-05-12 2028 1.4+0.12 17.07+£0.10  17.11£0.10  16.66 + 0.03

Swift 2014-05-19 1399 0.36 +£0.12 17.14£0.10  17.23+0.20 16.76 +0.03

Swift 2014-05-26 509 0.35+0.22

Swift 2014-05-31 1354 1.1 +0.12 17.10£0.06  17.22+0.07 16.68 + 0.04

Swift 2014-07-04 954 0.40 £0.15 17.51 £ 0.3 17.52+0.10 17.24 +£0.40

Swift 2014-08-01 2482 0.41+£0.12 17.52+£0.08 17.77+0.10  16.99 +0.03

Swift 2014-08-29 1651 0.16 £ 0.12 1728 £0.10  17.45+0.09 16.96 + 0.04

Swift 2014-09-26 2485 0.33+£0.12 1740 £0.05 17.56+0.09 17.10 +0.08

Swift 2014-10-24 2073 0.20£0.11 17.53£0.05 17.58£0.09 17.01 +£0.04

Swift 2014-11-21 137 0.30 £ 0.24 17.54 £0.13

Swift 2014-11-26 2472 0.21 £0.14 17.55+0.10 17.72+0.15 16.98 +0.06

XMM pointed ~ 2015-01-12 16100 0.30 £ 0.01 172 0.1 15.92+0.01  15.60 +0.01

Swift 2015-09-20 1890 <0.07 19.0+0.3 18.88+0.21  17.41 +0.20

Notes. @ XMM-Newton, EPIC-pn camera: slew observations performed in full frame mode with the medium filter; pointed observations performed
in full frame mode with the thinl filter. Swift-XRT observations performed in pc mode. ROSAT sky survey data taken between 1990-08-12 and
1991-02-18. ® Exposure time in seconds. For the two XMM pointed observations, this is the remaining exposure after removing times of high
background flares. ) Absorbed flux in the 0.2—2 keV band, calculated by fitting the spectrum of each observation with a two-component model
of a power-law plus black-body absorbed by a Galactic column of 1.5 x 10*' cm™2. Upper limits have been calculated using a power-law model of

slope 2.9 absorbed by the Galactic column.
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Fig. 1. A 2MASS image of the galaxy, shown with the XMM-Newton
slew (blue, 1-0, 8” radius), UVOT-enhanced Swift-XRT (blue, 90%
conf., 2.0” radius; see text), Swift-UVOT (green, 90% conf., 0.42" ra-
dius) and ATCA, radio (orange, 1-0-, 0.3” radius) error circles, centred
on the detections.

raw spectrum using the spectrophotometric standards, LTT 377
and LTT 3864. Observations at CTIO were obtained at 1.8 air-
masses using a fixed E-W slit orientation (Macri, priv. comm.),
which might introduce slit losses at the blue end due to atmo-
spheric differential refraction. However, for the given airmass,
the refraction at 4000 A with respect to the position of the image
at 5000 A corresponds to ~0.95 arcsec (Filippenko 1982). This
is less than half the used slit width, and therefore differential re-
fraction should not greatly impact the observation.

We reobserved the source with the WFCCD imager-
spectrograph mounted on the du Pont 100-inch telescope located

at Las Campanas Observatory (LCO) in Chile on the 4th of
May 2014. The spectrograph blue grism was used resulting in a
spectral resolution of ~8 A. Integration time was 600 s. The data
were reduced using IRAF packages in the standard way. Wave-
length calibration was achieved using HeArNe lamps, while flux
calibration was achieved using the observation of the LTT4364
spectrophotometric standard star. Even though the spectral range
of the observations extended to 9000 A, the analysis was con-
ducted only in the 3895-7150 A spectral window due to telluric
absorption and heavy fringing in the red end.

The red end of the spectrum obtained from LCO is 1.55 times
brighter than that obtained from CTIO, which may be explained
by the different slit widths of 4.8” and 2.6” used respectively
in each observation. In Fig. 2 we compare the two calibrated
spectra, after scaling the CTIO spectrum to match the LCO ob-
servations, and find that the main difference is an increase in
blue flux in the later observation below ~4800 A. The difference
spectrum is featureless apart from a spurious absorption feature
at ~4300 A in the CTIO spectrum which appears as a spike in
the difference spectrum.

The stellar population of XMMSL1 J0740-85 was anal-
ysed using the STARLIGHT spectral population synthesis code
(Cid Fernandes et al. 2005, 2011) on the CTIO spectrum. The
code uses the Bruzual & Charlot (2003) single stellar popula-
tion models and requires the data to be corrected for foreground
Galactic extinction and taken to the rest frame. We used the
Cardelli et al. (1989) extinction curve to correct for foreground
reddening and adopted Ay = 0.437 and shifted the spectrum to
the rest wavelength using z = 0.017292. Figure 3 presents the
results from the spectral population synthesis analysis. The bot-
tom panel shows the observed and total synthetic spectra and the
fit residuals. The histograms present the percentage that each of
the single stellar populations provides to the current total mass
and B-band flux of the galaxy. The fit shows that the stellar

A29, page 3 of 10


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201629015&pdf_id=1

A&A 598, A29 (2017)

J074008.2-853927

U™ W) e

A Mt o
“"'\‘!\"""'w 6“‘"" . ™ J

! f [ AR i aanAnT
m i A i Y
| LCO |

Flux (~ lel5 ergs/s/cm?/A)

H O B N W A UO =N WD U O N
T T T T —T —T—

5500 6000 6500

5000
Wavelength (A)

"~ 4000 4500 7000

Fig. 2. Optical spectra of XMMSL1 J0740-85 taken on 2002-01-17
with the CTIO 1.5 m telescope for the 2MASS redshift survey (blue)
and on 2014-05-05 with the Las Campanas, du Pont 100-inch telescope
(red). The CTIO spectrum has been scaled by a factor 1.55 to match the
Las Campanas spectrum at the red end. The lower panel shows the dif-
ference spectrum, indicating a featureless excess in blue flux in the 2014
observation. The apparent spike in the difference spectrum at ~4300 A
is caused by a spurious absorption feature in the CTIO spectrum.
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Fig. 3. A stellar population fit of XMMSL1 J0740-85 to the 2002-
01-17 CTIO optical spectrum, with the fitted age of stellar populations
providing the blue flux (upper left) and the total mass (upper right).
Residuals to the stellar fit are shown in the bottom panel. See text for
details of the fitting procedure.

emission is dominated by a relatively young stellar population of
age 2 Gyr but that a significant amount of mass could be found
in a much older population. The integrated absolute J magnitude
of J0740 is —22.5, which is about 1 mag below the knee of the
J-band local galaxy luminosity (Cole et al. 2001). It is likely that,
in such a massive galaxy, most of the stellar mass was formed at
rather high redshifts, and this component would most likely be
hidden under the light of the 2 Gyr old component.

The residuals clearly show that no emission lines are present
in XMMSLI1 J0740-85 with a strict upper limit to the OIIIl emis-
sion line flux of 4 x 1015 ergs s™!.
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5. Radio observation

We observed the position of XMMSL1 J0740-85 with the Aus-
tralia Telescope Compact Array (ATCA) on 2015-11-14 UT in
the 4 cm band and 2015-12-01 UT in the 16 cm and 15 mm
bands. We detected a source at ajygy = 07 : 40 : 08.19,
0000 = —85 : 39 : 31.25 (+£0.3”), which is consistent with
the XMM-Newton and Swift positions. The source is detected at
all frequencies, with a peak flux density of 1.19 + 0.06 mJy
at 1.53 GHz. At a distance of 73 Mpc, this corresponds to a
luminosity L, = (7.7 + 0.4) x 10¥ erg s™' Hz~'. This is
slightly lower than the radio luminosity of the nearby thermal
TDE ASSASN-14li (likely produced by a non-relativistic out-
flow; Alexander et al. 2016; van Velzen et al. 2016), an order of
magnitude below the radio luminosity of the candidate TDE IGR
J12580+0134 (possibly due to an off-axis jet; Irwin et al. 2015;
Lei et al. 2016), and several orders of magnitude below the radio
luminosities of relativistic TDEs like Swift J164449.3+573451
(ascribed to an on-axis relativistic jet; Zauderer et al. 2011). Ad-
ditional radio observations of XMMSL1 J0740-85 are planned
and the time-evolution of the emission will be discussed in a fu-
ture paper (Alexander et al., in prep.).

6. X-ray and UV variability

In Fig. 4 we show the historical light curve of
XMMSLI J0740-85. All bands show gradually decreasing
flux with the largest decrement being in the highest-energy
bands. In principle, the date of peak emission can be constrained
to be between an XMM-Newton slew survey non-detection of
2014-03-24 and the detection on 2014-04-01 with a soft X-ray
flux three times higher than this upper limit. Nevertheless, we
see from this and other TDE (Saxton et al. 2012; Levan et al.
2011) that the light curves can be very variable in the early
phase and so the actual peak may have occurred up to a few
weeks earlier then the 2014-04-01 observed peak. The soft and
hard X-ray light curves may be adequately hand-fit by the decay
model predicted by the classical model of TDE (Rees 1988;
Phinney 1989) of L « (t — #)*/3 with a peak time, #, = 35 days
before the first detection (2014-02-25; see Fig. 5).

In Fig. 6 we show the short-term light curve from the two
XMM-Newton pointed observations. The X-ray flux, from the
first XMM observation, shows large variations, with an ampli-
tude up to a factor 4 on time scales of a few tens of ks. We ex-
posure corrected the EPIC-pn light curve, with the task epiclc-
corr and calculated the fractional variability in the 0.2-0.5, 0.5-2
and 2-10 keV net (background subtracted) light curves with ek-
stest, which uses algorithms developed in Edelson et al. (2002)
and Vaughan (2003). The light curve shows 20-25% variability,
consistent within the errors, across the energy bands (Fig. 7). De-
spite the apparent oscillations, a PSD analysis of the light curve
does not give a significant signal of periodicity.

An estimate of the black hole mass may be obtained from the
characteristics of the short-term variability. We have calculated
the excess variance of the variability, as defined in Ponti et al.
(2012), from three uninterrupted 10 ks segments of the 2014-
04-30 XMM-Newton 0.2—-10 keV light curve, with 60 s binning.
Using the scaling relations of Ponti et al. (2012), we find a black
hole mass of Mgy = 3.5fg:i x 10 M.

The minimum doubling time of the flux in this observation
is 400 seconds, which by light travel time arguments constrains
the size of the emitting region to a radius of 400 light seconds or
1.2x 10'3 cm. This is equivalent to <8-73 R, for a non-spinning
black hole in this mass range.
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The second observation is somewhat less variable; ekstest
gives a fractional variability of 10.2 + 3.0% over the full 0.2—
10 keV band. An excess variance analysis of a 10 ks segment of
the 0.2—10 keV light curve of this observation, with 60 s binning,
gives a weak constraint on the black hole mass of Mgy > 6 X
10° My (90% confidence), consistent with that obtained from
the first observation.

6.1. UV light curve

During the two pointed XMM-Newton observations, the optical
monitor (OM) cycled between the B, U, UVWI filters. Swift-
UVOT observations were performed with the uvwl, uvm2 and
uvw? filters, except for the first two observations which just used
the uvw? filter. The galaxy was detected in all of the filters. Rela-
tive filter fluxes were determined using several nearby sources of
comparable brightness as references. The absolute flux scale was
taken from the Swift-UVOT filters, with the XMM-Newton-OM
UVWI1 points scaled to these by a factor 1.5.

In Fig. 4 we see that the flux, in all the UV filters, has re-
sponded to a strong flare coeval with the X-ray peak. After the
flare the flux declined in all the filters, with the uvw?2 (2120 A)
reducing by a factor 12 = 3 or 2.7 = 0.3 mag, to m = 19.0 in
524 days.

GALEX observed the galaxy on 2011-05-16 finding an NUV
(2267 A) magnitude of 20.14 + 0.15 and flux of 4.2 + 0.6 X
10713 ergs s=! cm™2. The source was not detected in the FUV
(1516 A) band. The NUV filter has a similar bandpass to the
uvw? filter and its flux is one magnitude lower than the last uyw?2
observation of Swift, suggesting that the flux was still decaying
in this filter on 2015-09-25. We can use the GALEX measure-
ment to subtract the contribution of the galaxy from the uvw?2
observations of the flare. The resulting uvw2 light curve (shown
in Fig. 5) has a shallower decay index than the canonical /3
and may be better modelled with an index = (Fig. 5).

The uvw2, uvm2 and uvwl light curves show signs of a re-
covery in flux around day 180, which may be echoed in the X-ray
curves. Similar secondary bumps have been noted in candidate
TDE light curves before (e.g. Merloni et al. 2015).

6.2. X-ray spectral analysis

We extracted spectra from the first XMM-Newton pointed ob-
servation (hereafter XMM1), taken 29 days after the peak flux
seen on 2014-04-01, from circles with optimum radii determined
by the task eregionanalyse for the EPIC-pn and MOS-1 cam-
eras'. Background spectra were created from nearby source-
free regions”. The source spectra were grouped to have a min-
imum of 25 counts per bin and were fitted simultaneously within
the XSPEC package (v12.8.2). Fits were performed using the
Chi-squared statistic over the energy range 0.3—10 keV, using a
constant to account for the small differences in normalisation
between the instruments. The XMMI1 observation had 16500
background subtracted counts in the two cameras and in this
energy range, while the second pointed observation (hereafter
XMM2) had 4700 background subtracted counts. Quoted errors
are 90% confidence unless otherwise stated.

' MOS-2 data were not used in this analysis as the small window mode

data have lower statistics than MOS-1.

2 As the observation was split into three segments (see Sect. 3), source
and background spectra and effective area files were extracted individu-
ally for each segment and combined using the ftools tasks mathpha and
addarf.
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Fig. 4. Long-term X-ray and UV light curve of XMMSL1 J0740-85
plotted against linear time (upper panel) and log time (lower panel)
axes. From top to bottom, 2—10 keV, 0.2-2 keV, Swift-uyw2 (1928 A),
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OM-U (3480 A), XMM-OM-B (4500 A). XMM-Newton points are
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As a first step we fit the XMM1 observation with a simple
power-law model and galactic absorption of 1.5 x 10?! cm™2,
modelled by TBABS with element abundances set to those in
Wilms et al. (2000). The fit is poor (y? = 1774/399) with a slope
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better fitting model of Fyyy, o« [%]71’2 (dashed curve).

curve overlaid with a model of Fy,_, = 1.1 x 10713

-5/3
overlaid with a model of Fyyy, o« [ ] (solid curve) and a

of I ~ 4. If we fit over the 2—10 keV range only, the slope flattens
to 1.76 + 0.11 and large residuals are present at lower energies.

We attempted to model the low-energy excess as an extra
emission component, most successfully with a blackbody com-
ponent of kT = 86 + 2eV (Xf = 415/397). Neither intrinsic
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absorption (y? = 460/396) nor relativistically-blurred reflection
from an ionised disc (y?> = 664/396) gave as good a fit (see
Table 2 for details). Good fits could be obtained by adding a
further component. A power-law with two intrinsic absorbers
(x? = 393/393) or a power-law plus a black-body with an
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intrinsic absorber (y? = 383/394) modelled the X-ray spectrum
adequately.

A black-body temperature of kT = 86 eV is significantly
lower than the kT ~ 120 eV equivalent temperature ubiquitously
found for the soft-excess component of AGN (e.g. Done et al.
2012) but is similar to the temperature of thermal emission which
might be expected from material in the inner disc about a black
hole of 10° M, . Based on this we included the UV filters, OM-
UVWI and Swift-uvm?2 in the fit, with intrinsic absorption given
by B — V = 0.14 (Schlafly & Finkbeiner 2011), to test whether
they represent the low-energy part of disc emission. The Swift-
uvm? filter flux was taken from a linear extrapolation of the uvm?2
light curve to the date of the XMM 1 observation (the first uvm?2
measurement was actually taken 5 days later). As these two UV
filters show large flares, they are clearly dominated by nuclear
emission, and no attempt was made to subtract any emission
from the stellar population.

We changed to the optxagnf multi-coloured disc model
(Done et al. 2012) which assumes that the disc emits a colour-
corrected blackbody down to a given radius, within which a
two-phase plasma forms a corona. The model is energetically
self-consistent with accretion energy powering thermal emission
from the disc, a soft X-ray excess produced by Comptonisation
in optically thick plasma, and a high-energy power law produced
by Comptonisation in an optically thin plasma. We first assumed
a pure thermal accretion disc model, with a power-law compo-
nent but no soft excess from optically-thick Comptonisation but
were unable to get a good fit. We then allowed the optically
thick Comptonisation to vary and found an acceptable fit with
the soft X-ray excess, over a hard power-law, being provided
by both thermal emission and the Comptonisation component
(,\/f = 404/395; Fig. 8; Table 3). In this fit the black hole mass,
is only very loosely constrained to Mgy < 2 x 107 My (90%
confidence) and so we fixed it to the best fit value from the vari-
ability analysis, Mgy = 3.5 X 10® My. A non-spinning black
hole was assumed (a = 0). Although the fit is quite good, an
excess is clearly present in the residuals between 4-6 keV. We
attempted to model this with a distant reflector, using the pex-
mon (Nandra et al. 2007) model. This gave a small improvement
of §y* = 5 for two degrees of freedom (d.o.f.), with the redshift
frozen to that of the galaxy. As the residuals appear to be broad
we then tried the diskline model (Laor; Laor 1991) which gave
a better fit (5)(2 = 22 for two d.o.f.; F-test = 99.998%) with a
line energy of 5.85 keV in the source rest frame, which would
indicate a redshift of ~0.09 if the line is due to neutral Fe K,.
As an alternative we fit the spectrum with a partially-covering
intrinsic ionised absorber (zxipcf; Reeves et al. 2008) which also
gave a good result (x> = 19 for three d.o.f.; F-test = 99.989%).

For this model, the accretion rate is riz = 0.047f8j8?? Meqq for a

Schwarzchild black hole of Mgy = 3.5 x 10% M,,. Note that the
accretion rate during the 2014-04-01 slew observation will have
been roughly 10 times higher than this.

If we now look at the XMM?2 spectra, taken 285 days af-
ter discovery, then we can see that the major change is a re-
duction in the observed flux below 2 keV and a reduction, or
removal, of the 4-6 keV excess seen in XMM1 (Fig. 9). We
again simultaneously fit the EPIC-pn, MOS-1, OM-UVW1 and
extrapolated Swift-uvm?2 datasets with the optxagn model and
the same fixed values of Mgy and spin. The fit is reasonable,
X2 = 117/105. In this case no significant improvement was found
by adding an additional intrinsic absorption or broad line com-
ponent (Table 3). From the fits we find that the accretion rate has

reduced in XMM2 to riz = 0.015%0.008 rizeqq.
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Fig. 8. A fit of a multi-colour disc model (optxagn), absorbed by the
Galactic column, to the EPIC-pn (black), MOS-1 (red) and OM-UVW1
(blue) data from the XMM-Newton pointed observation of 2014-04-30
and to the Swift-uvm? filter flux, extrapolated to the same date (green;
see text).
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Fig. 9. A comparison of EPIC-pn spectra from the XMMI1 and

XMM2 pointed observations of 2014-04-30 (black) and 2015-01-
12 (red). The lower panel shows the residuals from the model fit,
TBABS*optxagn*zxipcf to the 2014-04-30 spectrum.

7. Discussion

The lack of emission lines in the optical spectrum taken
during the 2MASS redshift survey make it unlikely that
XMMSLI J0740-85 was a steadily-emitting AGN before the
2014 flare. We have confirmed this diagnosis with a further op-
tical spectrum which allows us to constrain the luminosity of
the [OII[]A5007 line to Loy < 4 x 10713 ergs s7! cm™2. The
unabsorbed 2-10 keV flux from the XMM-Newton slew obser-
vation of 2014-04-01, Fy_jg ey ~ 4.8 x 107'% ergs s™! cm™2,
gives a ratio Ly_jg kev / Lom > 1000, well in excess of the ra-
tio ~1-100 found in samples of Seyfert galaxies (Panessa et al.
2006; Lamastra et al. 2009). The WISE colours, W1 - W2 = 0.0,
are also suggestive of a non-active galaxy (Stern et al. 2012).
With only a single epoch of observations, an association
between the radio emission and XMMSL1 J0740-85 is nec-
essarily tentative. There are no archival radio observations of
the host of XMMSL1 J0740-85 but from the above analysis
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Table 2. Spectral fits to XMM-Newton pointed observations of XMMSL1 J0740-85.

Power-law* Power-law” | Bbody¢ Brem? Reflection® wxipef ! C/d.o.f9
r Norm r kT kT Norm xi Nu xi cf
keV~!cm™2 57! eV eV x107%  ergcm/s | 10% cm™ log %
XMM-Newton observation 1 — 2014-04-30 (XMM1)
4.61 +£0.08 1.26 ++0.08 x 10™* | 1.43 +0.09 516/397
1.94+£0.06 1.13+0.05x107* 86 +2 415/397
1.82+0.06 0.98 +0.06 x 10~ 170+ 5 416/397
1.48 +0.06 58+04x107° 24704 8550)% 664/396
331+£0.04 1.72+021x1073 17.5%09  1.95+£0.02 921 | 460/396
2.45+0.20 4.0"19 x 107 864 18.0%32 1.96+9% 6819 | 383/394
XMM-Newton observation 2 — 2015-01-12 (XMM?2)

4.15%54 6.7728 x 107 1.97 +0.21 115/105
238 +0.11 1.10*548 x 107 85+7 122/105
228 +0.13 1.04*012 x 107 177 + 24 116/105
3.07 £ 0.06 52721 x10™ 14+ 1.8798 747 | 122/104
2.79+£0.24 2.84+107 % 107 76715 61108 -0.55*23%  61*1% | 116/102

Notes. All fits include absorption by the Galactic column (model TBABS, Ny = 1.5 x 10! cm™2, abundances from Wilms et al. 2000). Errors are
90% confidence. ” Continuum power-law with photon index and normalisation, ® slope of secondary power-law modelling high-energy emission,
© black-body model temperature,  bremsstrahlung model temperature, ) ionized reflection (reflionx; Ross & Fabian 2005) with ionization
state and normalisation, convolved with a relativistic blurring model (kdblur; Laor 1991; Fabian et al. 2002), with fixed emissivity index = 3,
inner radius = 4.5 GM/c?, outer radius = 100 GM/c? and inclination = 45°, ) jonized absorption (zxipcf; Reeves et al. 2008) with equivalent
column density, ionization state and covering fraction, @ C-statistic/number of degrees of freedom.

Table 3. Fits with a multi-coloured disc model to XMM-Newton pointed observations of XMMSL1 J0740-85.

optxagnf ¢ Disc line” zxipcf ¢ C/d.of.
m slope kT Te Jol Eiine Norm Ny xi cf
log(riteqq) (eV) (keV) x107% | 10?> cm™ log %
XMM-Newton observation 1 — 2014-04-30 (XMM1)
—1.37’:8:}2 1.87 £ 0.07 101’:2 331’};9 0.25f81?3 404/395
—1.36’:8:{% 2.06 +£0.10 92jg 493(1) 0.28f818§ 5.76f8:iz 5.363:% 382/393
—1.33’:8:(1’? 1.84 +0.09 1533; 17j§ O.lStgzgg 0.711):2 2.16f8§; > 63 | 383/392
XMM-Newton observation 2 — 2015-01-12 (XMM?2)
—1.81’:8:5 230+0.12 114+20 24fé9 0.24f8f‘2‘ 117/105
—1.87’:8:;2 2.37+0.13 106:61 251’32 O.28t81‘1‘§ 6.84f8:‘31 1.7’:%:(7) 116/103
—1.831’83 2.32f8:%(7) 110j?§ 25”_’%5 O.27t8:f§ 15:130 <6 <1 | 117/102

Notes. All fits include absorption by the Galactic column (model TBABS, Ny =
parameters of the optxagnf model (Done et al. 2012) with black hole mass fixed to Mgy =

1.5 x 10*' cm™). Errors are 90% confidence. > Shown are
3.5 x 10° M, and spin to a = 0; accretion rate,

power-law slope, electron temperature of the soft Comptonisation component, optical depth, the disc radius, within which emission changes from
black-body to a Comptonised spectrum, and the fraction of energy emitted as a power-law; ) observed energy of a relativistically broadened line

given by the (Laor model; Laor 1991); © ionized absorption with equivalent column density, ionization state and covering fraction (zxipcf).

it is unlikely that the radio emission is due to AGN activity.
The stellar population synthesis modeling discussed in Sect. 4
suggests that the radio emission is also unlikely to be due to
ongoing star formation. The upper limit on OIII emission of
4 x 10715 ergs s™' cm™? corresponds to a star formation rate
of <0.4*0% M, /year (Moustakas et al. 2006). This rate implies
a radio flux density of <0.5*)7 mJy at 1.5 GHz (Condon et al.
2002). A more restrictive estimate of the current star formation
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rate can be obtained from the 2011 NUV detection of the
host galaxy by GALEX (Sect. 6.1). Following the method of
Wilkins et al. (2012), we estimate the star formation rate to be
~0.02 Mg, /year. This rate implies a 1.5 GHz radio flux density
of ~0.03 +£0.01 mJy, which is a factor of 40 less than the flux we
observe.

Scaling the best fitting spectral model from the XMM!1 ob-
servation to the 2014-04-01 XMM-Newton slew count rate gives
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Lo ~ 2 x 10% ergs s~1. As this is in excess of even the bright-
est ULX, the conclusion is that the SMBH of XMMSL1 J0740-
85 has experienced a sudden increase in available fuel, probably
from the tidal disruption of a stellar object.

From the relationship of black hole mass to bulge K-band
luminosity (Marconi & Hunt 2003) we find Mgy ~ 6 X 10° M,
using the point source 2MASS magnitude of mg = 11.72, with a
systematic error of 0.3 dex (2 x 10° M,). This is consistent with
the value of Mpy = 3.5*53 x 10 M, derived from the X-ray
variability study (Sect. 6).

The total energy release, integrating between the discovery
date and the XMM2 observation 285 days later is ~5 x 10°° ergs,
equivalent to a consumed mass of 0.025 M, assuming a conver-
sion efficiency of 0.1.

The fact that we cannot fit the UV and soft X-ray excess with
a single thermal disc model implies that they are not part of the
same thermal component. This is in common with many TDE
where the UV emission appears to be the high-energy part of
a separate, lower-temperature, optical component (Gezari et al.
2012; Holoien et al. 2016a,b).

In the late stages of a flare the X-ray spectrum has been
seen to harden on several occasions (Vaughan etal. 2004;
Komossa & Bade 1999a; Komossa et al. 2004). At peak, how-
ever, most TDE discovered in the soft X-ray band did not
have significant emission above ~2 keV (e.g. Komossa & Bade
1999a; Esquej et al. 2008; Saxton et al. 2012; Lin et al. 2015).
XMMSLI J0740-85 has comparable flux in the soft and hard
X-ray bands (Fig. 10) and is a clear example, without significant
internal absorption, of a TDE with strong thermal and power-law
emission.

It is not yet completely demonstrated whether power-
law X-ray emission in TDE is produced in a jet or an
AGN-like comptonisation region. While the luminosity of
XMMSLI J0740-85 is below that of the proposed Swift on-axis
relativistic jets it is comparable with NGC 4845, whose hard
(" ~ 2.2; Nikolajuk & Walter 2013) X-ray emission has been as-
cribed to an off-axis jet (Lei et al. 2016) based on its radio emis-
sion (Irwin et al. 2015). The detection of radio emission from
XMMSLI J0740-85 may point in this direction. However, the
detection of spectral features around 6 keV, whether due to in-
trinsic absorption or ionised reflection, are more suggestive of
non-jetted intrinsic emission. In this context the radio emission

could be interpreted as a non-relativistic outflow akin to that seen
in ASSASN-14li (Alexander et al. 2016). The nature of the ra-
dio emission in XMMSLI1 J0740-85 will be explored further in
Alexander et al. (in prep.).

It has recently been discovered that a large fraction of
optically-selected TDE occur in host galaxies which have expe-
rienced a starburst that has recently finished (Arcavi et al. 2014;
French et al. 2016). From detailed stellar population modelling
in Sect. 4 we showed that the host galaxy of XMMSL1 J0740-
85 has undergone a period of strong star formation about 2 Gyr
ago. French et al. (2016) use line diagnostics to identify these
galaxies by the presence of an Hy absorption line with equiva-
lent width (EW) > 3 A and an H,, emission line with EW < 3 A.
We measure an EW, in absorption, of Hy ~ 3 A from the CTIO-
2MASS (pre-flare) spectrum and determine a strict upper limit
to the H, emission of <1 10\, from the, higher statistic, Las Cam-
panas spectrum after correcting for stellar absorption. Therefore,
this TDE also appears to be hosted in a rare post-starburst galaxy.

8. Summary

A flare was detected from the galaxy XMMSL1 J0740-85 on
April Ist 2014, reaching a bolometric luminosity, Ly, = 2 X
10* ergs s~!. The source flux subsequently decayed by a factor
>70 in the 2—-10 and 0.2-2 keV X-ray bands and by up to 2.7 mag
in UV filters. The flux change in the optical, B filter was small.
While the UV emission may be thermal, we model the soft X-ray
flux as an excess on top of a significant power-law component
which extends out to at least 10 keV. Weak radio emission, peak-
ing at 1.5 GHz, was detected 21 months after discovery. From the
rapid X-ray variability we calculate the mass of the black hole
to be 1 x 10® < Mgy <~ 1 x 107 M, and constrain the loca-
tion of the X-ray emission to within <73 R, of the black hole.
The galaxy shows no signs of previous AGN activity and we at-
tribute the flare to the accretion of debris from a star which was
tidally destroyed during a close approach to the nuclear black
hole. XMMSLI1 J0740-85 is perhaps the cleanest example yet
found of a TDE emitting both thermal and non-thermal radiation.
It continues the recently-discovered trend of TDE being prefer-
entially hosted in post-starburst galaxies. If XMMSL1 J0740-85
is a TDE then its flux should continue to reduce over the coming
years.
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