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ABSTRACT

We present and analyse a new tidal disruption event (TDE), AT2017eqgx at redshift z = 0.1089,
discovered by Pan-STARRS and ATLAS. The position of the transient is consistent with the
nucleus of its host galaxy; the spectrum shows a persistent blackbody temperature 7' 2 20 000 K
with broad H1 and He 11 emission; and it peaks at a blackbody luminosity of L &~ 10* ergs~.
The lines are initially centred at zero velocity, but by 100 d, the HI lines disappear while
the He 11 develops a blueshift of > 5000 kms~!. Both the early- and late-time morphologies
have been seen in other TDEs, but the complete transition between them is unprecedented.
The evolution can be explained by combining an extended atmosphere, undergoing slow
contraction, with a wind in the polar direction becoming visible at late times. Our observations
confirm that a lack of hydrogen a TDE spectrum does not indicate a stripped star, while the
proposed model implies that much of the diversity in TDEs may be due to the observer viewing
angle. Modelling the light curve suggests AT2017eqx resulted from the complete disruption of
a solar-mass star by a black hole of ~10%3 M. The host is another Balmer-strong absorption
galaxy, though fainter and less centrally concentrated than most TDE hosts. Radio limits rule
out a relativistic jet, while X-ray limits at 500 d are among the deepest for a TDE at this phase.

Key words: accretion, accretion discs —black hole physics — galaxies: nuclei.

1 INTRODUCTION

A tidal disruption event (TDE) occurs when an unfortunate star
passes so close to a supermassive black hole (SMBH) that the tidal
force of the SMBH exceeds the self-gravity of the star (Hills 1975).

1 NSF Astronomy and Astrophysics Postdoctoral Fellow

© 2019 The Author(s)
Published by Oxford University Press on behalf of the Royal Astronomical Society

020z AINr €1 uo 1senB Aq L££8ZSS/8/81/2/881AVBISTR-0I0IE/SEIU/WO0D"dNO"OILISPEDE//:SARY WO} PAPEOIUMOQ


http://orcid.org/0000-0002-2555-3192
http://orcid.org/0000-0002-4900-928X
http://orcid.org/0000-0002-2558-8010
http://orcid.org/0000-0002-4391-6137
http://orcid.org/0000-0002-3134-6093
http://orcid.org/0000-0003-1830-6473
mailto:mrn@roe.ac.uk

If this takes place outside of the Schwarzschild radius, the result
is a luminous flare with Ly, ~ 101 ergs™!, powered either by
accretion onto the SMBH (Kochanek 1994; Jiang, Guillochon &
Loeb 2016b; Lodato 2012; Piran et al. 2015). Observationally, these
are differentiated from more common transients like supernovae by
their higher blackbody temperatures (7" ~ 20 000-50 000 K) and
coincidence with the centres of galaxies.

Although TDEs were initially expected to peak at X-ray wave-
lengths if they are powered by accretion (Komossa 2002), TDE
candidates have now been discovered in the rest-frame ultraviolet
(UV) and optical by surveys such as SDSS (Sloan Digital Sky
Survey, van Velzen et al. 2011), Pan-STARRS (Gezari et al. 2012;
Chornock et al. 2014; Blanchard et al. 2017; Holoien et al. 2018b),
All Sky Automated Survey for SuperNovae (ASASSN) (Holoien
et al. 2014, 2016a,b), Optical Gravitational Lensing Experiment
(OGLE) (Wyrzykowski et al. 2017), Palomar Transient Factory
(PTF) (Arcavi et al. 2014; Hung et al. 2017; Blagorodnova et al.
2017, 2019), and Zwicky Transient Facility (ZTF) (van Velzen et al.
2019a). Up to ~ 50 per cent of these events are in fact faint in X-rays
(Auchettl, Guillochon & Ramirez-Ruiz 2017), suggesting either that
some events are not powered by direct accretion, or that X-rays can
only escape along certain sightlines (Dai et al. 2018).

TDEs have been found in galaxies with stellar masses ranging
from ~10% to 10" Mg (van Velzen 2018; Wevers et al. 2017,
2019a), corresponding to black hole masses ~10°~108 My, (Mock-
ler, Guillochon & Ramirez-Ruiz 2019), and even greater in the case
of rapidly rotating SMBHs (Leloudas et al. 2016). They provide a
novel way to probe the properties of otherwise dormant SMBHs and
their environments, especially at the lower end of the mass spectrum.
TDESs are more common in galaxies with a high stellar mass surface
density and a centrally concentrated light profile (Law-Smith et al.
2017; Graur et al. 2018), but there remains an unexplained over-
representation of Balmer-strong absorption galaxies (Arcavi et al.
2014; French, Arcavi & Zabludoff 2016; French & Zabludoff
2018).

Studying TDEs is complicated by the wide diversity in their
observed characteristics, in the optical, X-rays, and radio (Zauderer
et al. 2011; Levan et al. 2011; van Velzen et al. 2016; Alexander
et al. 2016; Auchettl et al. 2017). Their optical spectra can exhibit
lines of H1, He1l, or both (Arcavi et al. 2014), but usually retain
their spectroscopic signatures over time. A few instead show broad
absorption lines (Chornock et al. 2014; Leloudas et al. 2016). More
recently, metal lines have been detected in some TDEs (Brown et al.
2018; Blagorodnova et al. 2019; Leloudas et al. 2019; Wevers et al.
2019b), while yet others show spectra dominated by pre-existing
broad- and narrow-line regions from an active galactic nucleus
(AGN, Blanchard et al. 2017; Kankare et al. 2017). Determining
the nature of line formation in TDEs is key to understanding the
physical processes in these events (e.g. Guillochon, Manukian &
Ramirez-Ruiz 2014; Roth & Kasen 2018).

In this paper, we present a new TDE, AT2017eqx, which we ob-
served to undergo a radical evolution in its spectroscopic properties
over time. The spectrum initially showed prominent Balmer and
He 11 emission lines centred at close to zero velocity. Later spectra
showed no evidence for hydrogen emission, while the He 11 feature
became blueshifted by > 5000 km s~'. Both of these morphologies
have been observed before in other TDEs, but to our knowledge
such a transition within the same event has not. Understanding this
evolution can shed new light on the geometry and line formation in
these events.

Our study is organized as follows. We describe the discovery of
AT2017eqx in Section 2 and detail our multiwavelength follow-up
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observations in Section 3. We analyse the light curve in Section 4
to derive bolometric properties and infer physical parameters. We
present and interpret the surprising spectroscopic evolution in
Section 5. In Section 6, we study the host galaxy in the context
of other TDE hosts, before concluding in Section 7.

2 DISCOVERY AND CLASSIFICATION

AT2017eqx (survey name, PS17dhz) was discovered by the
PanSTARRS Survey for Transients (Chambers et al. 2016) on
2017 June 07 UT, at right ascension 22h 26m 48.370s, declination
17° 08> 52.40”. The source was coincident with the centre of a
galaxy catalogued in the SDSS as SDSS J222648.38+4-170852.2,
with an apparent magnitude of ¢ = 20.99 mag in Data Release
14 (DR14, Abolfathi et al. 2018). We determined the offset of
AT2017eqx from the nucleus of this galaxy using a deep g-band
image of the transient obtained with LDSS3 (Low Dispersion
Survey Spectrograph 3) on 2017 July 22 and an archival pre-
disruption image from PanSTARRS DR1 (Flewelling et al. 2016).
We geometrically aligned these images, with 30 common stars
for reference, using the GEOMAP and GEOTRAN tasks in PYRAF.
After transforming to a common coordinate grid and measuring the
centroids of the transient and host galaxy, we find a relative offset of
0.06 = 0.08 arcsec. Thus, the origin of the source is fully consistent
with the nucleus of the galaxy.

We observed AT2017eqx spectroscopically, beginning on 28 June
2017, as part of a search for nuclear transients. The spectrum with
the highest signal-to-noise ratio is shown in Fig. 1. Our observations
show the hallmarks of TDEs: a blue continuum, with a roughly
constant blackbody temperature of (2-3)x 10*K, and emission
lines with widths >10*kms~'. We also detect narrow absorption
lines from the host galaxy, from which we measure the redshift z =
0.1089 £ 0.0005. The host is a Balmer-strong absorption galaxy —
a rare type of galaxy that is greatly over-represented among TDE
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Figure 1. Spectrum of AT2017eqx obtained with Magellan and LDSS3.
The blue continuum and broad emission lines, leading to classification as a
TDE, can be easily seen. Lower panels show zoom-ins around host galaxy
absorption lines from Ca 1 H&K, HS, Hy, HB, Mg 15175, Na1D, He, Ca
11 NIR triplet, from which we securely measure a redshift z = 0.1089.
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hosts (Arcavi et al. 2014; French et al. 2016; Law-Smith et al. 2017,
Graur et al. 2018).

The field was frequently monitored by the Asteroid Terrestrial-
impact Last Alert System (ATLAS, Tonry et al. 2018). The ATLAS
automated search pipeline triggers on 5o detections (Stalder et al.
2017; Tonry et al. 2018) and no new source (with multiple So
detections) was found by the pipeline. We applied forced photome-
try on template-subtracted images at the transient coordinates, and
manually binned the resulting magnitudes to a nightly cadence. This
resulted in several 3¢ detections in the ATLAS o band, including one
prior to the Pan-STARRS Survey for Transients (PSST) discovery.
Synthetic photometry on our earliest spectrum of the transient
indicates a colour 0 — i = —0.02 mag at the time of discovery, in
some tension with the PanSTARRS and ATLAS photometry (o —
i =0.29 mag). While not entirely explained, this may be related to a
broad emission feature at the blue edge of the i band. To compensate,
we added a constant shift of 0.31 mag to all ATLAS measurements
so that the colour is consistent with the higher signal-to-noise ratio
PanSTARRS photometry.

3 FOLLOW-UP OBSERVATIONS

3.1 Photometry

We imaged AT2017eqx in the optical g, r, i, z filters using
the Inamori Magellan Areal Camera and Spectrograph (IMACS,
Dressler et al. 2011) and the LDSS3 on the 6.5-m Magellan
Baade and Clay telescopes at Las Campanas Observatory, and
KeplerCam on the 1.2-m telescope at Fred Lawrence Whipple
Observatory (FLWO). All images were reduced using PYRAF to
apply bias subtraction and flat-fielding. Photometry was measured
using a custom wrapper for DAOPHOT, using stars in the field from
PanSTARRS DR 1 (Flewelling et al. 2016) to determine the point
spread function (PSF) and photometric zero-point of each image.
We downloaded Pan-STARRS1 DRI g, r, i images (Flewelling et al.
2016) as templates for the field and convolved and subtracted them
from the images using the HOTPANTS algorithm (Becker 2015)
to isolate the transient, before measuring its flux with the PSF
model.

We also observed AT2017egx in g, r, i with the 1-m Swope
Telescope at Las Campanas Observatory. The data were re-
duced using the PHOTPIPE photometry and difference imag-
ing pipeline (Rest et al. 2005; Kilpatrick et al. 2018). PHOT-
PIPE is a flexible software package that performs optimal bias-
subtraction and flat-fielding, image stitching, astrometry, and pho-
tometry using DoPhot (Schechter, Mateo & Saha 1993). We
again subtracted PS1 reference images using HOTPANTS. Fi-
nal photometry was performed on the difference images using
DoPhot.

We obtained further images on 2017 August 16 with the low-
resolution imaging spectrograph (LRIS) on the Keck-I 10-m tele-
scope on Mauna Kea, Hawaii. Observations were performed in the
blue and red channels simultaneously with the B + R filters and
V + I filters and the D560 dichroic, and reduced using PHOTPIPE.
For our photometric calibration, we used secondary calibrators in
each image with magnitudes derived from SDSS standard stars
transformed to the BVRI system (Bilir et al. 2011; Alam et al. 2015).
Difference imaging was performed using PS1 g-band images for the
B- and V-band images, r-band images for the R-band images, and
i-band for the /-band images.

Imaging in the UV was obtained using the UV-Optical Telscope
(UVOT) on board the Neil Gehrels Swift observatory. We down-
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Figure 2. Optical and UV light curves of AT2017eqx from PS1, ATLAS,
Magellan, FLWO, Swope, and Swift. Host fluxes have been removed by
subtracting reference images where possible (g, r, i, z, and o bands), or
otherwise by subtracting fluxes derived from a host SED model (Section 6).
A third-order polynomial fit to the early ATLAS and PS1 data (dashed line)
suggest maximum light occured on MJD 57921.6.

loaded the data from the Swift public archive and extracted light
curves in the UVW2, UVM?2, UVW1, and U filters following the pro-
cedures outlined by Brown et al. (2009), using a 5 arcsec aperture.
The magnitudes are calibrated in Vegamags in the Swift photometric
system (Breeveld et al. 2011). No reference images were available
in the UV, so we estimated the host galaxy contribution using our
best-fitting spectral energy distribution (SED) model (Section 6).
The galaxy flux in each UVOT filter was determined by applying
the 3 synthetic photometry package (Inserra et al. 2018) to the SED
model; this was then subtracted from the UVOT measurements of
AT2017eqx. Our optical and UV photometry is shown in Fig. 2 and
listed in Table 1.

Finally, we checked for variability in public data from the Wide-
field Infrared Survey Explorer (WISE; Wright et al. 2010). The
latest DR includes detections in the W1 and W2 bands. These are
consistent with the historical magnitudes of the host galaxy. If there
is significant dust in the nucleus of this galaxy, future WISE data
may show an infrared echo over the next few years (Jiang et al.
2016a).

3.2 Spectroscopy

We obtained six epochs of spectroscopy between 2017 June 28
and November 26 using LDSS3, IMACS, and the BlueChannel
spectrograph on the 6.5-m MMT telescope (Schmidt, Weymann &
Foltz 1989). Spectra were reduced in PYRAF, including bias sub-
traction, flat-fielding, wavelength calibration using arc lamps, and
flux calibration using standard stars observed on the same nights.
We obtained one additional spectrum on 2018 August 06 using
Binospec on MMT. This was reduced using a dedicated pipeline.
The final spectrum shows no evidence of TDE features, and we
therefore consider it a pure host galaxy spectrum. All spectra were
scaled to contemporaneous photometry (interpolated were neces-
sary) and telluric features removed using model fits. We corrected
for extinction using the Galactic dust maps of Schlafly & Finkbeiner
(2011), and assumed negligible extinction in the transient host
galaxy. Host-subtracted spectra are plotted in Fig. 3; a log of spectra
is provided in Table 2.
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Table 1. Log of photometric observations.
MID Phase (d) Magnitude Error Band Telescope MID Phase (d) Magnitude  Error Band Telescope
57905.6 —14.5 20.14 0.18 4 ATLAS 57978 50.9 20.03 0.34 U Swift/lUVOT
57911.6 —9.1 19.7 0.04 i PS1 57978 50.9 19.39 0.24 Wi Swift/lUVOT
57926.6 4.5 19.57 0.14 o ATLAS 57978 50.9 19.28 0.18 M2 Swift/lUVOT
57932.6 9.9 19.99 0.12 o ATLAS 57978 50.9 18.83 0.11 w2 Swift/lUVOT
57936.6 13.5 20.03 0.14 0 ATLAS 57979.2 52 21.1 0.13 g Swope
57938.5 15.3 20.09 0.03 i PS1 57979.2 52 21.16 0.14 r Swope
57945 21.1 19.05 0.2 U Swift/lUVOT 57979.2 52 21.25 0.13 i Swope
57945 21.1 18.82 0.18 wi Swift/lUVOT 57981.4 539 20.71 0.21 B Keck/LRIS
57945 21.1 18.45 0.13 M2 Swift/lUVOT 57981.5 539 20.76 0.21 Vv Keck/LRIS
57945 21.1 18.28 0.09 w2 Swift/UVOT 57981.4 539 20.82 0.19 R Keck/LRIS
57951.3 26.8 20.47 0.05 g Magellan/IMACS 57981.5 539 21.01 0.18 1 Keck/LRIS
57951.3 26.8 20.96 0.04 r Magellan/IMACS 57997.4 68.4 21.54 0.13 g FLWO48/Kepcam
57951.3 26.8 20.93 0.05 i Magellan/IMACS 57997.4 68.4 21.89 0.24 r FLWO48/Kepcam
57951.3 26.8 21.31 0.05 b4 Magellan/IMACS 57997.4 68.4 21.31 0.2 i FLWO48/Kepcam
57952.6 27.9 20.49 0.23 4 ATLAS 58002 72.5 19.66 0.49 Wi Swift/lUVOT
57953 28.3 19.55 0.27 U Swift/UVOT 58002 72.5 19.01 0.28 M2 Swift/lUVOT
57953 28.3 19.06 0.2 wi Swift/lUVOT 58002 72.5 19.49 0.28 w2 Swift/lUVOT
57953 28.3 18.75 0.15 M2 Swift/UVOT 58006 76.1 19.56 0.29 M2 Swift/lUVOT
57953 28.3 18.33 0.09 w2 Swift/lUVOT 58006 76.1 19.32 0.22 w2 Swift/lUVOT
57956.3 313 20.59 0.04 g Magellan/LDSS 58010.2 79.9 21.63 0.09 g FLWO48/Kepcam
57956.3 313 20.88 0.08 r Magellan/LDSS 58012 81.5 19.62 0.24 M2 Swift/UVOT
57956.3 313 21.12 0.11 i Magellan/LDSS 58012 81.5 19.57 0.21 w2 Swift/UVOT
57956.3 313 20.92 0.35 z Magellan/LDSS 58012.2 81.7 21.63 0.26 g Swope
57956.5 315 20.21 0.21 o ATLAS 58012.2 81.7 >21.00 r Swope
57964.5 38.7 20.7 0.22 4 ATLAS 58012.2 81.7 21.62 0.2 i Swope
57965.5 39.6 20.78 0.13 g FLWO48/Kepcam 58019.1 87.9 21.85 0.32 g Swope
57965.5 39.6 20.8 0.11 g FLWO48/Kepcam 58019.1 87.9 >21.26 r Swope
57965.5 39.6 21.08 0.14 r FLWO48/Kepcam 58019.1 87.9 21.97 0.2 i Swope
57965.5 39.6 21.05 0.19 i FLWO48/Kepcam 58028.1 96.1 21.82 0.15 g FLWO48/Kepcam
57968 41.8 20.05 0.37 U Swift/UVOT 58028.1 96.1 22.08 0.14 r FLWO48/Kepcam
57968 41.8 19.13 0.21 wi Swift/lUVOT 58028.1 96.1 >22.01 g Swope
57968 41.8 18.99 0.17 M2 Swift/UVOT 58028.1 96.1 >21.50 r Swope
57968 41.8 18.64 0.1 w2 Swift/lUVOT 58028.1 96.1 22.25 0.24 i Swope
57973 46.4 19.22 0.45 Wi Swift/lUVOT 58035.1 102.4 >22.25 g Swope
57973 46.4 18.89 0.28 M2 Swift/lUVOT 58035.1 102.4 >21.56 r Swope
57973 46.4 19.07 0.26 w2 Swift/UVOT 58035.1 102.4 >22.36 i Swope

Note. ATLAS photometry has been shifted by +0.31 mag to match the o — i colours inferred from spectroscopy

3.3 Radio observations

We observed AT2017eqx using the Karl G. Jansky Very Large
Array (VLA) in C configuration on 2017 July 14 and August 22
(Program ID: 16B-318; PI: Alexander). Each observation lasted
one hour and was split between C and K bands (central frequencies
6.0 and 21.7 GHz). We reduced the data using the VLA CASA
Calibration Pipeline (CASA version 4.7.2) and imaged the data using
standard CASA routines (McMullin et al. 2007). Both observations
used 3C48 as the flux calibrator and J2232+1143 as the phase
calibrator.

No significant radio emission was detected in either epoch.
We therefore combined the epochs to derive deeper limits on
the radio flux, at a mean phase of 55 d after discovery. The
6 GHz limit corresponds to vL, < 3.5 x 10%7 erg s 'at the distance
of AT2017egx. All limits are listed in Table 3. AT2017eqx has
one of the deepest radio limits among TDEs, particularly at this
phase from disruption (Fig. 4). Only iPTF16fnl (Blagorodnova
et al. 2017) and AT2018zr (van Velzen et al. 2019a) have deeper
constraints.

The non-detection in the radio rules out a powerful jet similar
to those associated with the relativistic TDEs SwiftJ1644+57
(Zauderer et al. 2011; Bloom et al. 2011; Burrows et al. 2011)

and Swift J2058+05 (Cenko et al. 2012b). However, most TDEs
are not bright in the radio. Simulations by Mimica et al. (2015)
suggested that this cannot be explained solely by beaming effects,
implying that jetted TDEs are intrinsically rare. ASASSN-14li was
detectable at radio wavelengths due to its proximity (90 Mpc), with
a peak luminosity 3—4 orders of magnitude lower than the Swift
events. This modest radio emission was interpreted as a weak jet
(van Velzen et al. 2016) or a wide-angle non-relativistic outflow
(Alexander et al. 2016). A similar outflow was also detected in
XMMLS11J0740—85 (Alexander et al. 2017), another very nearby
TDE (at 75 Mpc). Despite the much greater distance to AT2017eqx
(520 Mpc), our VLA limits are sufficiently deep to rule out emis-
sion at 6 GHz in excess of that seen in ASASSN-14li, though
slightly fainter emission comparable to XMMSL1 J0740—85 is still
permitted.

Future observations at similar sensitivity may determine if
AT2017eqx could have launched an off-axis jet that later spreads
into our line of sight. The off-axis TDE jet resolved in Arp 299-
B AT1 by Mattila et al. (2018) is an example of such a system.
Regardless, our limit is among the deepest observational constraints
on a non-relativistic outflow during the first months after disruption
for any TDE to date.
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Figure 3. Rest-frame spectra of AT2017eqx, labelled by phase from maximum light. The final spectrum contains only host galaxy light, and has been
subtracted from the others. Darker lines show data after Savitsky—Golay smoothing. Dashed lines indicate blackbody fits with temperatures of ~25 000 K.
Broad emission features from He 1114686 and Ho are also apparent, with the latter disappearing in later spectra. The inset shows the full X-ray to radio SED

from Chandra and the VLA around day 50.

Table 2. Log of spectroscopic observations.

MID Phase (d) Telescope Instrument Grating Exposure (s) Airmass
57933.4 10 MMT Blue channel 300GPM 900 1.1
57953.2 28 Magellan IMACS G300-17.5 1500 2.1
57956.3 31 Magellan LDSS3c VPH-all 3 x 1200 1.5
57991.3 62 MMT Blue channel 300GPM 1800 1.1
58046.0 112 Magellan IMACS G300-17.5 4 % 1200 1.5
58083.1 145 MMT Blue channel 300GPM 3 x 1200 1.1
58277.4 321 MMT Binospec 270 1800 1.3

Table 3. Log of VLA radio observations. Upper limits correspond to 3c.

MID Phase (d) Frequency (GHz)  Image rms (uJy) Flux (uly)
57948.5 25 6.0 9.0 <27
57948.5 25 21.7 27.0 <80
57987.5 61 6.0 8.8 <26
57987.5 61 21.7 25.0 <76
Combined 43 6.0 6.0 <18
Combined 43 21.7 17.0 <50

MNRAS 488, 1878—-1893 (2019)

3.4 X-ray observations

Initial X-ray data was obtained using the X-ray Telescope (XRT)
onboard Swift. Analysis of 5.7ks of data collected between 2017
July 11 and 24 revealed no significant flux in the 0.3-10keV
range. We carried out deeper observations using the Chandra X-ray
Observatory with 10ks integrations on 2017 August 16 and 2019
January 04 (Programs 20625, 21437; PI: Nicholl, Berger), again
resulting in non-detections. We also checked for archival imaging
before the optical flare to rule out previous AGN activity. This
field was observed by XMM-Newton on 2015 May 20 (ObsID:
076247020). We analysed the image using the online XMM-
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Figure 4. Limit on radio emission at 6 GHz obtained with the VLA. The
deep limit rules out a powerful jet in our line of sight, as seen in the
brightest radio TDEs. The possibility of a weaker non-relativistic outflow
cannot be excluded, but the limit places strict requirements that the radio
luminosity from any an outflow does not exceed that seen in nearby events
like ASASSN-14li (Alexander et al. 2016; van Velzen et al. 2016). Further
observations will be required to rule out an off-axis jet such as that seen in
Arp 299-B (Mattila et al. 2018). Comparison data are from Alexander et al.
(2017), Eftekhari et al. (2018), Blagorodnova et al. (2017), Zauderer et al.
(2011), Berger et al. (2012), Cenko et al. (2012b), Alexander et al. (2016,
2017), Eftekhari et al. (2018), Komossa (2002), Bower et al. (2013), van
Velzen et al. (2013), Arcavi et al. (2014), Chornock et al. (2014), Mattila
et al. (2018), and van Velzen et al. (2019a).

Newton Science Archive tools. No source is detected at the position
of the host galaxy.

For all epochs, we assume a power-law spectral model with
I' = 2, and a Milky Way hydrogen column density of Ny =
5.06 x 10?° cm~2 along this line of sight, in order to convert count
rates to fluxes over the range 0.3—10 ke V. We verified that our results
are only weakly dependent on our choice of model, and we derive
similar constraints if we instead assume a blackbody SED with a
temperature of 0.1 keV. The limiting count rates and fluxes are given
in Table 4.

Our limits from Chandra imply an X-ray/optical ratio <1072,
TDEs with optical and X-ray detections have generally exhibited
X-ray/optical ratios ~1. For some TDEs, the ratio can be much
greater. These are generally relativistic TDEs, though XMMSLI1
JO74008.2—853927 (Saxton et al. 2017) appears to be an example
of a TDE with a thermal component that also exhibited a large X-
ray/optical ratio. However, many TDEs have X-ray non-detections
that imply a ratio <1 (Auchettl et al. 2017). AT2017eqgx falls firmly
in this category. Compared to other TDEs which have exhibited
strong X-rays, e.g. ASASSN-141i (Miller et al. 2015; Brown et al.
2017), ASASSN-150i (Holoien et al. 2016b; Gezari et al. 2017,
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Figure 5. Limits on X-ray emission obtained using Swift and Chandra. The
limits imply an X-ray to optical ratio <10~2, much lower than for any TDEs
that do have observed X-ray emission. Comparison data are from Auchettl,
Guillochon & Ramirez-Ruiz (2017) and Gezari, Cenko & Arcavi (2017).
TDE:s plotted with large symbols use the same colour scheme as in Fig. 4.

Holoien et al. 2018a), and SwiftJ1644+57 (Levan et al. 2011,
2016), the X-ray emission from AT2017eqx is at least an order of
magnitude less than that observed in those events (Fig. 5).

4 PHOTOMETRIC ANALYSIS

4.1 Bolometric luminosity and temperature

We determine the bolometric luminosity of AT2017eqx using the
following procedure, implemented via Superbol (Nicholl 2018).
We first interpolate or extrapolate all light curves to a common set
of observation times, defined by having an observation in i or o
bands, using low (first- or second-) order polynomial fits. At each
epoch, we integrate the spectral luminosity over all bands, and fit
blackbody curves to estimate the flux falling outside of the UV—
optical wavelength range. These fits also allow us to constrain the
temperature and radius of the emitting material.

The bolometric light curve and blackbody parameters are shown
in Fig. 6. The best-fitting blackbody temperature is ~21000—
25000K and shows no significant evolution in time within the
errors. Visually there may be a slight rise, though this is sensitive to
extrapolating the UV photometry. The blackbody radius decreases
from 7.6 x 10 to 1.2 x 10" cm. AT2017eqx peaks at a luminosity
~10* ergs™! (with a solid lower limit of >10*"ergs™' in the
observed bands), and emits a total of >4.4 x 10°erg over the
duration of our observations. The luminosity and light curve shape
is typical of optical TDEs.

Table 4. Log of X-ray observations. Upper limits correspond to 3o-.

MJD Phase Telescope Instrument Duration Count rate 0.3-10keV flux

(d) (ks) (s7h (ergs~' cm™2)
57162.5 XMM MOS-1 14.1 <1.95 x 1072 <19 x 10714
57951.5 27 Swift XRT 5.7 <191 x 1073 <79 x 10714
57981.5 54 Chandra ACIS-S 10 <2.01 x 1074 <3.1x 1071
58487.5 510 Chandra ACIS-S 10 <222 x107* <26 x 1071
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Figure 6. Bolometric light curve of AT2017eqx using blackbody fits,
calculated at all epochs with i or o observations. Empty symbols indicate
early epochs where the temperature was estimated assuming zero colour
evolution. We also show the deep X-ray limits corresponding to < 1 per cent
of the optical luminosity. The light-curve evolution is similar to other
TDEs from the literature (Gezari et al. 2012; Chornock et al. 2014; Arcavi
et al. 2014; Holoien et al. 2014, 2016a,b; Blagorodnova et al. 2017; van
Velzen et al. 2019a). The middle and lower panels show the best-fitting
temperature and radius for each epoch. The emitting material contracts at
roughly constant temperature.

4.2 TDE model fit

We fit a physical TDE model to the observed UV and optical
photometry using MOSFiT: the Modular Open Source Fitter for
Transients (Guillochon et al. 2018). This is a semi-analytic code
employing a range of modules that can be linked together to produce
model light curves of astronomical transients, and determine the
best-fitting model parameters through Bayesian analysis. The TDE
model and associated modules in MOSFiT are described in detail
by Mockler et al. (2019). The method is based on an older code,
TDEf it (Guillochonetal.2014), and uses a combination of scaling
relations and interpolations between the output of numerical TDE
simulations to determine the luminosity.

The model has 10 free parameters: the masses of the star
and SMBH; the impact parameter (determining whether a dis-
ruption is full or partial); the efficiency of converting fallback
energy into radiation; two parameters controlling the relation-
ship between the luminosity and radius; the time of disruption
relative to first detection; a viscous timescale over which the
accretion disk forms; the extinction (column density) in the host
galaxy; and a white-noise term parametrizing any unaccounted-for
variance.

To sample the parameter space we used the affine-invariant
ensemble method (Goodman & Weare 2010; Foreman-Mackey et al.
2013) as implemented in MOSFiT. We ran the Markov Chain with
100 walkers for 50000 iterations, checking for convergence by
ensuring that the Potential Scale Reduction Factor was <1.2 at the
end of the run (Brooks & Gelman 1998). We assume the same priors
as used by Mockler et al. (2019), with the exception of the time of
disruption. Given that we have only one or two data points weakly
constraining the rise time of AT2017eqx, we run two fits: one where
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Figure 7. Fits to the light curve of AT2017eqx using the TDE model in
MOSFiT, for the case where we assume disruption occured within 30 d
before the first detection. Coloured lines show 100 Markov Chain Monte
Carlo (MCMC) realizations.

we allow the disruption to occur up to 168 d before first detection
(corresponding to the time of the last ATLAS non-detection); and
one where we restrict disruption to within 30 d before detection, to
force a better fit to the first ATLAS detection.

The model light curves for the latter case are shown in Fig. 7, and
the posteriors of the parameters for both fits are shown as a corner
plot in Fig. 8. These posteriors are overall similar, with narrower
constraints in the case with the stronger prior on disruption time,
though some posteriors show shifts in the median of up to ~2¢
between the fits.

The posteriors point to the full disruption (i.e. scaled impact
parameter ~1) of a ~0.9 M, star. The SMBH mass is more sensitive
to the assumed rise time, with log (Mpy/M) = 6.9 4 0.3 in the more
general case, falling to log (Mpu/Mg) = 6.3 £ 0.1 when the rise time
is constrained to 30 d. The TDE peak luminosity (~10*ergs™")
corresponds to 10-40 per cent of the Eddington luminosity for this
SMBH mass range. The model employs a power-law photospheric
radius, R oc L!; the best fit has [ ~ 1, i.e. the radius of the emitting
region is directly proportional to the luminosity.

The best-fitting viscous time is always much shorter than the
rise time, indicating that the emission has not been delayed by a
long circularization process. This requires either that an accretion
disc forms promptly after disruption or that the optical luminosity
instead arises from stream-stream collisions (Mockler et al. 2019).
Assuming that the energy is released close to the innermost stable
circular orbit of a 103 My, SMBH, the implied blackbody temper-
ature is ~5 x 10° K, which is in some tension with the temperature
range ruled out by our X-ray non-detections, > 4 x 10° K (Fig. 3,
inset). Thus in an accretion-powered model, the disc emission would
have to be downgraded to a cooler spectrum by a reprocessing
layer.

5 SPECTROSCOPIC ANALYSIS

5.1 Line identification

As shown in the previous section, the overall blue continuum in the
spectrum shows little change over time. To analyse the evolution in
our spectra, we therefore first remove this continuum using fifth-
order polynomial fits (e.g. Hung et al. 2017). We excise from
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Figure 8. Corner plot showing the posteriors for our TDE model fit. Black corresponds to the solution with a tight prior on the disruption time (<30 d before
detection); and blue corresponds to the solution with a broader prior using the last non-detection in ATLAS (<168 d).

the fit any regions within £150A (=10000kms™") of the rest
wavelengths of Ho, HB, and He 11 14686 — typically the dominant
features in optical TDE spectra. Fig. 9 shows examples of the
smoothed TDE spectra after subtraction of the continua, with line
features marked.

The early spectra exhibit two strong broad emission lines, along
with some weaker features. The strongest lines peak close to the rest
wavelengths of Ha and He 11 A4686, with several features matching
the locations of the other Balmer lines. The presence of both He It
and H1 in the spectrum would qualify AT2017eqx as a transitional
event between so-called H-rich and He-rich TDEs, following the
continuum identified by Arcavi et al. (2014). However, later spectra,
>62 d after maximum, look markedly different. The hydrogen

lines have largely disappeared, leaving only a strong emission line
around He 11 A4686. AT2017eqx therefore offers direct evidence that
disruption of a hydrogen-rich star (required by the early spectra) can
form a spectrum with no visible hydrogen. We will return to this
critical point in Section 5.3.

There is some indication of neutral Hel lines in the spectrum,
which could help to explain asymmetries apparent in the line
profiles. A red shoulder in the early-time Ho profile could be
due to Hel 16678, while a blue shoulder in Hell 14686 could
be contamination from Hel A4471. The earliest spectrum shows
a potential He1 A5876, which might support this interpretation,
though Hel lines do not appear to be present at later times (see
Section 5.2).

MNRAS 488, 1878—-1893 (2019)

020z AInF €1 U0 1sanb Aq L.E€8ZSS/8.81/Z/881/10BISqE-9[0IE/SEIUW/WOoo"dNOo-ojWapee/:sdny woly papeojumoq



1886 M. Nicholl et al.

10d

F; - Continuum

Fe 11?7

4000 5000 6000 7000 8000
Rest-frame wavelength (A)

Figure 9. Continuum-subtracted, smoothed spectra of AT2017eqx, with
important line features marked. The early spectra show H1 and He I lines,
possibly contaminated by He I, while later spectra show only a blueshifted
feature close to Hell. The peak of the Hell line at early times appears to
have an additional contribution from N 111, indicating the Bowen flourescence
mechanism may be in effect (Blagorodnova et al. 2019; Leloudas et al. 2019).
We also mark the location of Fell lines recently identified in AT2018fyk
by Wevers et al. (2019b), however we disfavour this identification for
AT2017eqx due to the lack of both X-rays and an optical plateau as seen in
that event.

While early studies of TDE optical spectra primarily identified
emission from hydrogen and helium, several authors have recently
found evidence for metal lines such as NI and Or11, attributed
to the Bowen flourescence mechanism (Blagorodnova et al. 2019;
Leloudas et al. 2019)." This occurs when the 2 — 1 transition in
recombining He 11 emits a photon that happens to resonate with a far-
UV transition in O 111, which in turn produces a photon that resonates
with N11 (Bowen 1935). Optical photons are also produced in
this cascade, which (unlike the far-UV photons) can escape to the
observer. We mark the positions of N1iI lines on Fig. 9 (the O111
Bowen lines are at A < 4000 A). N1 24100 falls too close to
HS for a firm identification. However, N 111 14641 (or possibly C 111
A4649) does appear to be present in the early spectra of AT2017eqx,
manifesting as a bump just bluewards of the centre of the broad
He1r 14686 peak. This is similar to the profile seen in TDEs
iPTF15af (Blagorodnova et al. 2019) and AT2018dyb/ASASSN-
18pg (Leloudas et al. 2019). This supports the claim by
Leloudas et al. (2019) that such features may be common
in TDEs.

The He I line appears shifted to bluer wavelengths in the later
spectra. The shift is too large to be explained by blending with
Ni1 A4641; furthermore, the N 111 14100 line is not strong like that
seen in AT2018dyb, indicating that Bowen features are unlikely to
dominate the blend. It is possible that there is a contribution from
Fe 11, which we also mark on the figure. This was recently identified
by Wevers et al. (2019b) in the spectrum of AT2018fyk/ASASSN-
18ul. In that case the appearance of the line, thought to originate
from dense gas close to an accretion disc, was associated with X-ray
emission and a plateau in the optical and UV light curves. Other
TDEs have exhibited narrow Fe 1l emission, likely from pre-existing
broad-line regions around the SMBH (Blanchard et al. 2017), but

Lines from other ionization states of oxygen, nitrogen, and carbon have
been found in the UV (Cenko et al. 2016; Brown et al. 2018).
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Figure 10. Fits to the main emission features in the spectra of AT2017eqgx.
Lines of the same ion (H1, He 11, and He I) have the same velocity centroids
and widths as well as fixed luminosity ratios. The fits are to the unsmoothed
spectra, but smoothed data are also shown to guide the eye. Derived
parameters for Ho and He 11 14686 are shown in Fig. 11.

their spectra were dominated by multicomponent Balmer emission.
We see none of these properties in the case of AT2017eqx, and
therefore cannot identify Fe IL.

5.2 Line profiles and velocities

We analyse the line profiles quantitatively by means of Gaussian
fits. There are several important caveats to note: blending between
broad overlapping lines complicates their observed profiles. The
fits are also sensitive to the choice of continuum, which we defined
using a fifth-order polynomial fit. Finally, the profile of even
an isolated line is not necessarily Gaussian — lines may have a
large electron-scattering optical depth, and outflows can induce
asymmetries (Roth & Kasen 2018). Nevertheless, we proceed with
Gaussian fits as a simplified means to determine line centres and
widths, following other studies in the literature (Arcavi et al. 2014;
Blagorodnova et al. 2017; Hung et al. 2017).

The most difficult issue to deal with is the effect of blending. We
account for this by fitting the entirety of each continuum-subtracted
spectrum simultaneously (Fig. 10) with a model that includes H1 (¢,
B, v), Hell (4686 A), and HeT (4471, 5876, 6678 A). We neglect
the Bowen fluorescence lines (N 111 and C1II) as these are almost
completely degenerate with He 11 24686 at the observed line widths,
and we do not see a strong N1 A4100 line to suggest that the
Bowen mechanism dominates line formation in this region, as seen
in AT2018dyb (Leloudas et al. 2019). We therefore estimate that the
Bowen lines account for no more than < 20 per cent of the measured
flux in this line blend.

For each line we allow the centroid offset (red/blueshift), velocity
width, and luminosity to vary, but fix lines from the same ion to have
the same offset and width. To further reduce the number of free
parameters, we fix the ratios between lines from a given ion. For
the Balmer lines, we assume case B recombination (Osterbrock &
Ferland 2006), which predicts He/HB = 2.8 and He/Hy = 6.0. Our
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Figure 11. Evolution of line properties from the fits in Fig. 10. The He I/Ho
ratios changes from ~2 to >10, while He 11 develops a blueshift of 5000—
8000kms~!. We are unable to reliably measure a blueshift for He in the
later epochs due to its low luminosity (empty symbol).

analysis is not sensitive to the precise ratios here, and we obtain
essentially the same results for any reasonable choices, though we
get poor fits at early times if He/HB ~ 1. For Hel, we use the
model ratios from Benjamin, Skillman & Smiths (1999), which
show little sensitivity to temperature or density: A5876/14471 ~ 2.5
and A5876/16678 ~ 5. This leaves a total of nine free parameters.
We fit to the spectra using the Optimize routine in SCIPY.

We show the fits in Fig. 10 and plot the derived luminosities,
velocity widths, and shifts of He and Henl in Fig. 11 (Hel
contributes significantly only in the earliest spectrum). He 1 exhibits
a fairly flat luminosity with time, while Ho fades by at least a factor
5. We therefore determine an initial ratio He1r/Hoa ~ 2, but a
markedly different ratio after 100 d of He 11/ Hoe > 10. We measure
an anomalously low He I luminosity in the 62 d spectrum, for which
we cannot rule out an issue due to the low signal-to-noise ratio of
the data.

At early times, lines are centred close to their rest wavelengths,
but we find a substantial shift in the He II line at late times (after Ho
fades) measuring a maximum blueshift of ~8000kms~" at 112 d.
We find a smaller but still significant blueshift of ~5000 kms~! at
145 d, but these data are noisier. Such shifts are too large to be
explained by the unmodelled Bowen lines (N 111 and C111), which
are offset from He I only by 3000 km s~!.

5.3 Interpretation of the line evolution

The spectroscopic evolution of AT2017eqx described in the pre-
vious sections can be summarized in two distinct phases: at early
times, it is strong in HI and He 11, with lines centred close to zero
velocity. At later times, beyond 60-100 d, the spectrum is dominated
by a single broad feature close to He Il but with a blueshift of up to
~8000km s~!. Both of these morphologies have been observed in
previous TDEs, but AT2017eqx is unique among the TDE sample
to date in showing both a strongly evolving He II/H ratio and a
late-onset blueshift.

A TDE changes its spots 1887

Given the surprising spectroscopic evolution in AT2017eqx, we
compare to literature TDEs in Fig. 12. We include H-strong TDEs
PTF09djl (Arcavi et al. 2014) and ASASSN-14ae (Holoien et al.
2014), the H/He-strong ASASSN-14li (Holoien et al. 2016a) and
iPTF16axa (Hung et al. 2017), and the He-strong PS1-10jh (Gezari
et al. 2012), PTF09ge (Arcavi et al. 2014), and ASASSN-150i
(Holoien et al. 2016b); the latter latter two events show a significant
blueshift in their He I line profiles. While AT2017eqx falls neatly
into the H/He-strong group around the time of maximum, the late-
time spectrum is a close match to the He-strong events, including
the blueshift in He I1.

The transition in AT2017eqx from an H-strong to H-poor spec-
trum confirms theoretical arguments that the difference between
H- and He-strong TDE spectra is due to physical conditions rather
than the composition of the disrupted star (Guillochon et al. 2014;
Roth et al. 2016). The fact that AT2017eqx changes its spectral
morphology on a relatively short time-scale indicates that line
formation is likely very sensitive to the precise configuration of
the system.

Early models of TDE spectra suggested that large He 1I/Ho ratios
could be explained as a consequence of near-complete hydrogen
ionization throughout the stellar debris (Guillochon et al. 2014).
Such a situation implies that as the ionizing flux from the inner
disc fades, hydrogen lines (and He I 5876) could become apparent
later in the TDE evolution — the opposite of what we observe in
AT2017eqx. However, Roth et al. (2016) argued that under more
realistic TDE conditions, wavelength-dependent optical depth is
the most important factor in determining line strengths. Their
radiative transfer calculations showed that — all else being equal
— a more compact envelope gives a larger He II/He ratio, because
Ha is self-absorbed at most radii, whereas HeII is thermalized at
greater depth and therefore emitted over a greater volume. Thus the
transition from an H-strong to He-strong spectrum can potentially
be explained if there is a contraction of the envelope towards the
SMBH.

A contracting envelope is consistent with the observed decrease in
luminosity at constant temperature” (Fig. 6). Moreover, our results
from modelling the photometry with blackbody fits and MOSFiT
indicated a photosphere that grows and shrinks in direct proportion
to the luminosity. In the time between maximum light and the
disappearance of the hydrogen lines, the luminosity (and therefore
radius) decreases by roughly an order of magnitude, which could
account for the change in the line ratios (Roth et al. 2016).

Equally important is the blueshift in He 1. Blending with other
lines such as Hel or the Bowen lines may make a contribution,
but these lines are not sufficiently blue to account for the size of
the shift. One species that does emit at approximately the right
wavelength is Fe1l. Wevers et al. (2019b) identified these lines
in AT2018fyk, and argued that they could also account for the
apparently blueshifted Hell line profile in TDEs like ASASSN-
150i. While we cannot rule out an Fe 1 contribution in AT2017eqx,
these lines are thought to originate from dense gas close to a newly
formed accretion disc, and so would seem to be inconsistent with
the lack of X-ray emission or other disc signatures in AT2017eqx.
If a disc was visible, another way to induce a blueshift is Doppler

2A reduction in photospheric radius is also possible even in outflowing
material, if the density and ionization are decreasing as in a supernova,
but this is generally accompanied by a decreasing temperature. Moreover, a
lower density should favour He production, as photons emitted from greater
depths could escape without destruction by self-absorption.
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Figure 12. Spectroscopic comparison of AT2017eqx with other TDEs. All spectra have had continuum removed to highlight line emission. Phases are listed
relative to maximum light or discovery. The early spectra of AT2017eqx show the same lines as the H/He-strong TDEs ASASSN-14li (Holoien et al. 2016a) and
iPTF16axa (Hung et al. 2017), while late spectra match the He-strong TDEs with blueshifted lines PTF09ge (Arcavi et al. 2014) and ASASSN-150i (Holoien
et al. 2016b). This demonstrates that a TDE can change its apparent spectral type, and that observed lines are more indicative of the physical conditions in the
stellar debris rather than its composition. ASASSN-14ae (Holoien et al. 2014) at first shows only hydrogen, but as these lines become weaker it also develops

an He II line, suggesting a similar evolution to AT2017eqx.

boosting of the blue (approaching) side. We disfavour this for two
reasons: first, if the optical depth is low enough to reveal the disc,
we would expect to see He, as in other events with disc-like line
profiles (Arcavi et al. 2014; Holoien et al. 2018b). Second, the disc
should be hotter than the envelope, but we see no clear increase in
temperature, nor the onset of X-ray emission.

Roth & Kasen (2018) explained the blueshifted profiles in TDEs
as evidence for electron-scattered line emission in an outflowing
gas. Yet we have previously shown that the increasing He II/Ho
ratio indicated a net inflow of material. Therefore to account for the
full spectroscopic evolution of AT2017eqx requires both inflowing
and outflowing gas, along with an appropriate geometry. We show
a schematic of such a model in Fig. 13.

In this scenario, the luminosity is generated in a small region,
either from an accretion disc or at the intersection point between
colliding debris streams. Initially, the observer sees (reprocessed)
emission from a quasi-static atmosphere of bound debris (Jiang
et al. 2016b). Its extent, ~10'*~10' cm, is roughly proportional to
the luminosity from the TDE engine. Following Roth et al. (2016),
the dominant emission lines depend on the extent and optical depth
of this layer. Lines from this region are broadened by electron
scattering, but centred at their rest-frame wavelength.

Above and below the plane of the disc, or parallel to the streams,
an outflow forms — either from a disc wind (Metzger & Stone
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2016), or material on unbound trajectories (Jiang et al. 2016b). This
produces emission lines with a net velocity shift (Roth & Kasen
2018). The crucial point is that whether the observer sees outflowing
gas depends on whether their line of sight is obstructed by the
envelope. Buteven for obstructed sightlines, outflows can eventually
be revealed as they expand or the envelope contracts. Applying
this to AT2017eqgx, as the atmosphere shrinks and suppresses the
HT emission, we are exposed to more of the outflowing material,
causing the blueshift of He 11. Thus, this model naturally accounts
for why an evolving He II/Hu ratio is associated with a late-onset
blueshift.

5.4 Implications

Our model for AT2017eqx suggests that for TDEs more generally,
viewing angle may be the primary determinant as to whether we see
inflowing or outflowing gas, the radial extent of which is important
in setting the line ratios. Interpreting the spectroscopic diversity of
TDEs as a manifestation of viewing similar sources from different
angles evokes the unified model for AGNs (Antonucci 1993), in
which the diverse observational properties of AGN depend on our
sightline towards any associated jet, torus or broad-/narrow-line
regions. The term ‘unified model” has recently been applied to TDEs
by Daietal. (2018), who showed using simulations how the diversity
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Figure 13. Schematic of AT2017eqx and unified model for TDE line emission. Left (A): if an accretion disc forms quickly, X-rays heat a reprocessing layer
powering the optical light. In the polar region, a wind can develop (Dai et al. 2018; Metzger & Stone 2016). Right (B): alternatively, energy is produced by
collisions between debris streams. Bound debris forms an atmosphere (Jiang et al. 2016b), while unbound material escapes along the stream directions, leading
to a qualitatively similar inflow/outflow model (see also Hung et al. 2019). In either scenario, extended atmospheres produce He 11 14686 and Balmer lines,
whereas compact ones produce only He 11 (Guillochon et al. 2014; Roth et al. 2016). Outflows produce blueshifted emission lines (Roth & Kasen 2018), but
are visible only for certain viewing angles. If the atmosphere contracts, blueshifted emission can be revealed to observers at larger angles. In case A, viewing
angles far from the disc plane, which show blueshifted lines, may also reveal X-rays earlier, whereas no such correlation exists in case B.

of observed TDE X-ray/optical ratios, temperatures, and jets may
vary as a function of viewing angle. While our interpretation of
AT2017eqx and other TDEs has been developed independently,
and applies primarily to the spectral lines, here we discuss how
our model complements that work towards a unified model of
TDE:s.

In the accretion-powered paradigm, Dai et al. (2018) find that X-
rays only escape for viewing angles close to the pole. In our model,
such sightlines are associated with blueshifted emission in the early
spectra (or possibly disc profiles for very small angles). If most
TDEs are powered by accretion, there should exist a correlation
between blueshifted line profiles and detectable X-ray emission. In
the case of stream—stream collisions, material may still ultimately
accrete onto the SMBH and produce X-rays, but because the optical
flare occurs off-centre, we would expect no correlation between
X-rays and blueshifted lines. Correlating the X-ray and optical
properties of TDEs can therefore be used to test our proposed model,
and possibly provide a way to determine whether most TDEs are
powered by accretion or stream—stream collisions (see also Pasham
etal. 2017).

There are several complications to this picture, such as the non-
spherical geometry of real TDESs, and the fact that powerful outflows
can also produce X-rays (at least in some relativistic TDEs).
Moreover, some TDEs show two light curve maxima, or a far-
UV excess several years after disruption, which may indicate both
accretion and stream collisions are at work (Leloudas et al. 2016;
Wevers et al. 2019b; van Velzen et al. 2019b). Searching for this
correlation will therefore require large statistical samples of TDEs,
but these will be provided soon by current and next-generation
surveys.

5.5 Application to other TDEs

The schematic shown in Fig. 13 implies three possible scenarios for
a typical TDE spectrum:

(i) The TDE is viewed approximately parallel to the disc (A)
or orbital plane (B). An observer sees only reprocessed optical
radiation from the envelope, with lines centred close to zero velocity.
The ratio of He I/Ha depends on the optical depth in this material,
which may evolve as the debris expands or contracts in response to
heating from below.

(ii) The TDE is viewed perpendicular to the disc (A) or orbital
plane (B). This observer can see outflowing material, and spectral
lines will have a net blueshift. If the power source is accretion onto
the SMBH, and the outflow carves a cavity in the envelope, this
could also be observed as an X-ray TDE.

(iii) The TDE is viewed at an intermediate angle. This observer
will most likely see only the envelope initially, but if this layer
contracts, the outflow on the near side can be revealed leading to
blueshifted emission lines. X-rays may not become visible until
much later. This scenario may explain the spectroscopic evolution
seen in AT2017eqx.

Here, we consider some other TDEs within this context. Spectra
have been obtained from the Open TDE Catalog (Guillochon
et al. 2017) and Weizmann Interactive Supernova Data Repository
(Yaron & Gal-Yam 2012).

PS1-10jh, one of the earliest optical TDEs, showed only He 1t
lines, but in this case without a blueshift even at 250 d. No X-
rays were detected despite deep observations. Our model naturally
accounts for this, as even if an accretion disc did form promptly, it
may never become visible due to an approximately side-on viewing
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angle through the atmosphere (6 ~ 90° in Fig. 13), in agreement
with other studies (Dai et al. 2018).

ASASSN-14ae (Holoien et al. 2014; Brown et al. 2016) initially
shows only hydrogen lines in its spectrum, but it gradually develops
an Hell line over time, while Ho becomes weaker. By 93 d,
Hem is stronger than Ho. Thus ASASSN-14ae evolves from
an H-strong to a mixed H/He spectrum, as shown in Fig. 12,
analogous to how AT2017eqx evolves from an H/He to an He-
strong spectrum. Therefore this is another event consistent with
a contracting envelope. ASASSN-14ae did not exhibit X-ray
emission.

iPTF16fnl showed H1and He 11 in its early spectra (Blagorodnova
et al. 2017; Brown et al. 2018), centred close to their rest-frame
wavelengths, and the X-ray/optical ratio was constrained to be
<1072 (consistent with background fluctuations; Auchettl et al.
2017; Blagorodnova et al. 2017). Along with these similarities to
AT2017eqx, this event may also show a comparable evolution in the
He 11/ Huo ratio, indicating the atmosphere could be contracting in a
similar manner. However, no blueshifts are observed, suggesting a
viewing angle closer to side-on.

ASASSN-150i showed blueshifted He I around maximum light
(Fig. 12), and X-ray emission that gradually increased in time as
the optical light faded (Holoien et al. 2016b; Gezari et al. 2017,
Holoien et al. 2018a). In our model, seeing the blueshifted emission
at early times implies a viewing angle close to the direction of the
outflow, so if a disc had formed promptly we may have expected
that this event would be X-ray bright from the beginning, rather
than slowly increasing over a year. Thus, if our proposed geometry
applies to ASASSN-150i, this could support the interpretation
Gezari et al. (2017): that the X-rays were a sign of gradual disc
formation, and that the earlier optical emission was therefore
collisional.

ASASSN-14li is one of the best-studied H- and He-strong TDEs
(Holoien et al. 2016a; Brown et al. 2017). The optical lines in this
event are consistent with their rest-frame wavelengths (though He 11
may show a slight offset due to blending with N 111; Leloudas et al.
2019). This event was also detected in X-rays and radio, with X-ray
absorption lines and radio luminosity corresponding to a velocity
of up to ~0.1¢ (van Velzen et al. 2016; Alexander et al. 2016;
Kara et al. 2018). However, other X-ray and UV lines are seen at
much lower velocities, of a few hundred kms~! (Miller et al. 2015;
Cenko et al. 2016), implying material with a range of velocities.
Based on cross-correlating the temporal evolution of the emission
in the X-ray, optical, and radio regimes, Pasham et al. (2017) and
Pasham & van Velzen (2018) argue that the X-rays are produced
by an accretion disc that modulates the radio jet, while the optical
emission comes from a stream intersection region further away. In
the context of our model, seeing early-time X-ray emission with
only low-velocity spectral lines would appear to be possible only
in case B, supporting the collsional picture preferred by Pasham &
van Velzen (2018).

Overall, it appears that the limited sample of optical TDEs
can be accommodated within a picture like that presented in
Fig. 13: PS1-10jh, ASASSN-14ae, and iPTF16fnl are consistent
with either accretion or stream collisions, but ASASSN-150i and
ASASSN-14l1i seem to favour the latter. However, to consistently
explain the X-ray and optical properties together likely requires a
combination of both processes on different time-scales. This may
make it difficult to identify the suggested correlation between X-
ray emission and blueshifts until much larger TDE samples are
available.
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6 HOST GALAXY

A surprisingly large fraction of TDEs have been found in a specific
class of quiescent Balmer-strong absorption galaxies (Arcavi et al.
2014; French et al. 2016; Graur et al. 2018; Law-Smith et al.
2017), defined spectroscopically by the presence of Balmer lines in
absorption and a lack of nebular emission lines. This combination
signifies that star formation was likely significant up to ~1 Gyr
ago but has now largely ceased, leaving behind A-type stars that
dominate the stellar light (whereas the ionizing O and B stars have
already died).

From our host galaxy spectrum, we measure a Lick index (the
equivalent width of H§ using line and continuum bandpasses defined
by Worthey & Ottaviani 1997) H8, = 1.85 A. We also find that Ho
is visible only in absorption, with an equivalent width of 3.1 A.
This combination satisfies the cut used by French et al. (2016),
encapsulating 75 per cent of TDE hosts known at the time, and only
2 per cent of SDSS galaxies. Using the largest TDE sample to date,
a more recent study by Graur et al. (2018) found that the fraction
of such host galaxies among optical TDEs is ~ 33 per cent, which
is still a significant overabundance. The host of AT2017eqx adds
to this over-representation of Balmer-strong absorption galaxies in
the TDE host population.

The galaxy is also detected in a number of sky surveys with
public catalogues. We retrieved ugriz magnitudes from SDSS DR 14
(Abolfathi et al. 2018), grizy magnitudes from PanSTARRS DR1
(Flewelling et al. 2016), and the W1 magnitude from WISE (Wright
et al. 2010), and fit the resultant host SED using Prospector
(Leja et al. 2017) to derive physical parameters such as stellar mass
and star formation rate (SFR). The code includes the effects of
stellar and nebular emission, metallicity, dust reprocessing, and a
non-parametric star formation history, within a nested sampling
framework.

The galaxy SED and Prospector fitting results are shown
in Fig. 14. A small offset is visible between the SDSS and PS1
photometry, but the model well captures the SED shape. We find
a stellar mass log(M,/My) = 9.36 + 0.1, with low SFR and
metallicity. The star formation history is of particular interest: this
drops by an order of magnitude over the past Gyr, consistent with
expectations for the galaxy spectral type. Using the scaling relation
between bulge stellar mass and SMBH mass from Kormendy & Ho
(2013), and assuming that M, yug = M, for an elliptical galaxy, we
estimate a black hole mass of log (Mgu/My) ~ 6.8, consistent with
the results of fitting the TDE light curve.

The SMBH mass we infer for AT2017eqgx is typical for optical
TDE host galaxies, ~10% Mg, as measured from stellar velocity
dispersions by Wevers et al. (2019a). The same study found that X-
ray-selected TDEs have a flatter distribution in Mgy and typically
show a smaller emitting region, consistent with an accretion disc
rather than an inflated atmosphere. This may indicate that the
dominant emission source can vary depending on the SMBH mass.

The host of AT2017eqx has a lower stellar mass and SFR than any
of the galaxies studied by Law-Smith et al. (2017), with the possible
exception of the host of RBS 1032 (Maksym, Lin & Irwin 2014),
whose origin as a TDE has been questioned (Ghosh et al. 2006).
Typical TDE hosts have an SFR that is ~0.5 dex below the star-
forming main sequence for a given mass. The host of AT2017eqx
is similar, though with a slightly larger offset of ~1 dex. This is
consistent with the positions of other quiescent, Balmer-strong
galaxies (French et al. 2016).

TDE host galaxies also tend to have centrally concentrated
mass distributions (Graur et al. 2018; Law-Smith et al. 2017),
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Figure 14. Fit to the archival SED of the AT2017eqx host galaxy using
Prospector (Leja et al. 2017). The lower panels show the star formation
history, and posteriors for stellar mass, present-day SFR, and metallicity.
The recent decline in SFR is consistent with other TDE hosts.

with an average Sérsic index of 4.3ﬂ:8 , significantly higher than
typical galaxies in the same mass range (Law-Smith et al. 2017).
We retrieved an r-band image of the host of AT2017eqx from
PanSTARRS DRI, and fit the light profile using GALFIT (Peng
et al. 2002). We find an excellent fit with a Sérsic index of only
0.7 (Fig. 15), indicating a less sharply peaked light distribution than
typical TDE hosts.

Graur et al. (2018) showed that TDE hosts generally have a
stellar mass surface density log(Z /(Mg kpc™2)) > 9, which is
consistent with typical quiescent galaxies, but high for star-forming
TDE hosts. This can be interpreted as evidence for a high density
of stars around the central SMBH, which could naturally lead to
a higher rate of TDEs (Graur et al. 2018), as earlier proposed
by Stone & Metzger (2016) and Stone & van Velzen (2016). For
consistency with that study, we recalculate the stellar mass of the
AT2017eqx host galaxy by fitting only the SDSS magnitudes, using
LEPHARE (Arnouts et al. 1999; Ilbert et al. 2009). We find log M, =
9.19 + 0.17, consistent with our results from Prospector. To
convert mass into surface density, we use the half-light radius from
our Sérsic fit: 1.82 arcsec = 1.67kpc, giving a surface density
log (Xp) = 8.74 £0.2.

We plot this compared to other TDE hosts in Fig. 15. AT2017eqx
resides in one of the faintest galaxies for known TDEs, and has an
unusually low surface mass density. Only PS1-10jh has a host with
comparable X,... However, this galaxy had a Petrosian half-light
radius (from SDSS), rather than Sérsic. Taking the Petrosian radius
of the AT2017eqgx host from SDSS, and applying the conversion
Rso = Ryeyro — 0.3 arcsec (Graur et al. 2018), we find an even lower
stellar surface mass density of log (2,) = 8.24 £ 0.2, significantly
offset from other TDE hosts.

The low surface mass density compared to other TDE hosts is
consistent with the lower Sérsic index. The surface mass density is
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also low compared to average quiescent galaxies, but is typical for
star-forming galaxies in the volume-weighted sample from Graur
et al. (2018). Taking their empirical relation between TDE rate and
Zmx, we find that < 10 percent of TDEs are expected to occur
in a galaxy with this surface density. We therefore conclude that
although the host of AT2017egx is somewhat unusual for TDE:s, it
is not overwhelmingly improbable to find a TDE in such a galaxy.

7 CONCLUSIONS

We have presented an in-depth study of anew TDE, AT2017eqx, dis-
covered by the PanSTARRS Survey for Transients and ATLAS. We
followed up this event with optical photometry and spectroscopy,
UV photometry from Swift, X-ray imaging and Chandra and radio
observations with the VLA. The SED maintains a roughly constant
colour temperature of 2> 20000 K for at least 150 d.

Non-detections in the radio indicate that AT2017eqx did not
launch a relativistic jet, and constrain the luminosity of any slower
outflow to at most the level seen in ASASSN-14li. Our X-ray limits
are among the deepest for any TDE to date. If an accretion disc
formed promptly after the disruption, the system would have to
remain optically thick to X-rays for at least 500 d.

Modelling of the UV and optical light curve with MOSFiT
suggests that AT2017eqx resulted from the complete disruption of
a solar-mass star by a black hole of > 10%3 M, with no significant
viscous delay, similar to other UV-optical TDEs (Mockler et al.
2019). This SMBH mass is consistent with the observed properties
of the host galaxy, with SED fitting indicating a host stellar mass
~10°3 M. The inferred star formation history, and analysis of
a galaxy spectrum, show that this is yet another Balmer-strong
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absorption galaxy hosting a TDE. However, it is one of the least
massive TDE hosts to date, and the stellar mass surface density is
relatively low compared to typical TDE hosts (Graur et al. 2018).

The most important new results come from the spectroscopic
evolution of AT2017eqgx. In the first months following the light
curve maximum, the spectrum shows broad emission lines from
He1n 14686 and the Balmer series, with some evidence for NIII
Bowen flourescence (Blagorodnova et al. 2019), and Hel in the
earliest spectrum. The H1 and He 11 lines initially have widths of >
20000 km s~!, but are centred close to their rest-frame wavelengths.
This resembles other TDEs such as ASASSN-14li, iPTF16axa,
and AT2018dyb. However, between 60-100 d after maximum, the
H1 lines disappear, while He1 develops a blueshift of ~5000—
8000 kms~!, resembling He-strong TDEs such as PTF09ge and
ASASSN-150i. Such a stark transition has not been seen in TDEs
before, and it confirms theoretical arguments that a lack of H1 lines
in the spectrum of a TDE does not indicate a low abundance of
hydrogen in the disrupted star.

We propose that the evolution can be explained if the debris
around AT2017eqx consist of a quasi-spherical envelope, and a
relatively narrow outflow from a disc wind or unbound debris.
Viewing from an intermediate angle (i.e. neither parallel nor
perpendicular to the outflow), we initially see emission lines of
H1 and He1l from the envelope at zero velocity. As this layer
contracts, either due to simple fallback or in response to decreasing
radiation pressure, the increasing optical depth suppresses hydrogen
emission. At the same time, we see more of the outflow, which
produces the observed blueshift in the Hell line at late times.
The picture we have proposed for AT2017eqx is compatible with
many TDEs from the current available samples, though these are
limited in size. It has recently been shown that many TDEs exhibit
outflow signatures in their UV spectra (Hung et al. 2019). Future
work should determine whether it can also be applied other TDEs
with featureless spectra or absorption lines (Cenko et al. 2012a;
Chornock et al. 2014; Leloudas et al. 2016; Blanchard et al. 2017),
or with disc-like line profiles (Holoien et al. 2018b).

Furthermore, determining whether our model applies to both
X-ray weak and strong TDEs will crucial to understanding TDE
physics and geometry. We suggest that searching for a correlation
between X-rays and blueshifted spectral lines in TDEs is a promis-
ing avenue to distinguish between reprocessed accretion power and
stream—stream collisions as the dominant power source. However,
this picture quickly becomes more complicated if many collision-
powered optical TDEs also form X-ray accretion discs on relatively
short time-scales. Identifying such a correlation between X-ray and
optical properties will therefore require a much larger statistical
sample, but this can soon be provided by the many ongoing and
planned sky surveys such as ASASSN, ATLAS, PanSTARRS, ZTF,
and LSST.
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