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A B S T R A C T 

Tidal disruption events (TDEs) occur when a star gets torn apart by a supermassive black hole as it crosses its tidal radius. 
We present late-time optical and X-ray observations of the nuclear transient AT2019qiz, which showed the typical signs of an 

optical-UV transient class commonly believed to be TDEs. Optical spectra were obtained 428, 481, and 828 rest-frame days after 
optical light-curve peak, and a UV/X-ray observation coincided with the later spectrum. The optical spectra show strong coronal 
emission lines, including [Fe VII ], [Fe X ], [Fe XI ], and [Fe XIV ]. The Fe lines rise and then fall, except [Fe XIV ] that appears late 
and rises. We observe increasing flux of narrow H α and H β and a decrease in broad H α flux. The coronal lines have full width 

at half-maximum ranging from ∼150 −300 km s −1 , suggesting they originate from a region between the broad- and narrow-line 
emitting gas. Between the optical flare and late-time observation, the X-ray spectrum softens dramatically. The 0.3–1 keV X-ray 

flux increases by a factor of ∼50, while the hard X-ray flux decreases by a factor of ∼6. Wide-field Infrared Survey Explorer 
fluxes also rose over the same period, indicating the presence of an infrared echo. With A T2017gge, A T2019qiz is one of two 

examples of a spectroscopically confirmed optical-UV TDE showing delayed coronal line emission, supporting speculations 
that Extreme Coronal Line Emitters in quiescent galaxies can be echos of unobserved past TDEs. We argue that the coronal 
lines, narrow lines, and infrared emission arise from the illumination of pre-existing material likely related to either a previous 
TDE or active galactic nucleus activity. 

Key words: accretion, accretion discs – black hole physics – transients: tidal disruption events. 
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 I N T RO D U C T I O N  

 tidal disruption event (TDE) occurs when a star’s orbit brings
t within the tidal radius of its host galaxy’s central supermassive
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lack hole (SMBH). The star is subsequently ripped apart, releasing
 luminous flare as the stellar material falls back on to the SMBH
Hills 1975 ; Rees 1988 ). Early TDE candidates were disco v ered
ia soft X-ray flares (e.g. Komossa & Bade 1999 ; Komossa &
reiner 1999 ), with luminosities of ∼10 44 erg s −1 and light curves
atching the t −5/3 decay rate expected from theory (Hills 1975 ;
ees 1988 ). Since then, a variety of nuclear transients and extreme
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ariables has been observed, but a consistent class of optical-UV 

ransients has emerged which are widely accepted as being TDEs 
van Velzen et al. 2020 ; Gezari 2021 ). The key features that define
his class include (i) a large amplitude nuclear optical flare; (ii) a
ise time of ∼days-weeks and a decay time of ∼weeks-months; 
iii) extremely broad and weak emission lines from hydrogen and 
elium; (iv) a blue continuum with ef fecti ve temperature around 10–
0 000 K; and (v) roughly constant optical colours during the decay.
e refer to members of this class as ‘spectroscopically confirmed 

ptical-UV TDEs.’ Strictly, speaking it is not rigorously pro v ed 
hat these events result from the disruption of a star, but most
 ork ers accept that a TDE is the most likely explanation, and so

efer to these objects simply as ‘TDEs’ rather than for example 
candidate TDEs’. Empirically, they form a well-defined class which 
s distinct from either known types of supernovae (SNe), or extreme 
ctive galactic nucleus (AGN) variables such as Changing Look 
GN. 
Even within this consistent class, there is a detailed diversity. The 

ppearance or lack of hydrogen, helium, and Bowen fluorescence 
mission lines divides these optically selected TDEs into three 
lasses; TDE-H, TDE-He, and TDE-H + He (Arcavi et al. 2014 ;
eloudas et al. 2019 ; van Velzen et al. 2021b ). It has been shown

hat the strengths of these lines can vary as the TDE evolves (e.g.
icholl et al. 2019 ; Charalampopoulos et al. 2022 ; Onori et al.
022 ), allowing TDEs to transition between classes. In addition, 
ther features have been observed such as Fe II lines (Wevers et al.
019b ; Cannizzaro et al. 2021 ) and double-peaked emission lines
Hung et al. 2020 ; Short et al. 2020 ; Wevers et al. 2022 ). TDEs
re also e xtremely div erse in their X-ray to optical ratios, ranging
rom ∼10 −4 to 1 (Auchettl, Guillochon & Ramirez-Ruiz 2017 ). This
ould indicate that some TDEs form accretion disks quickly while 
thers do not, or that X-rays are heavily absorbed/re-processed by 
n atmosphere or outflow along the observer’s line of sight (e.g. 
oeb & Ulmer 1997 ; Guillochon, Manukian & Ramirez-Ruiz 2014 ; 
oth et al. 2016 ; Dai et al. 2018 ; Roth & Kasen 2018 ). 
Given that optical-UV TDEs are seen to occur in systems with 

lack hole masses 10 6 −7 M � (Wevers et al. 2017 ; Nicholl et al. 2022 ),
ne would expect a compact accretion disc to have a temperature T

10 6 K, at odds with the observed temperatures of T ∼ 2 −4 × 10 4 

. This may be explained by reprocessing (see paragraph abo v e), but
s the expected EUV continuum actually there? One test is to look
or emission from highly ionized species. 

Prior to the current era of optical sky surveys, Komossa et al.
 2008 ) disco v ered fading high-ionization coronal iron emission
ines, He II and double-peaked Balmer lines in the nearby galaxy 
loan Digital Sky Survey (SDSS, Adelman-McCarthy et al. 
008 ) J095209.56 + 214313.3 (J0952 + 2143) during a search for
mission-line galaxies in SDSS Data Release 6 (DR6). Optical 
hotometry showed a peak in optical brightness in 2004, with an 
ncrease towards the NIR which was inconsistent with previous 
MASS observations. GALEX (Martin et al. 2005 ) data also showed 
 rise in UV flux. Wang et al. ( 2011 ) found a similar example of
oronal line emission in the galaxy SDSS J074820.67 + 471214.3 
hich also had an optical flair, and went on to find 5 more in a

ystematic search for such objects (Wang et al. 2012 ). These authors
roposed that the most likely cause of such coronal emission was an
arlier, unobserved, TDE in a gas rich environment. Of the five new
vents reported by Wang et al. ( 2012 ), three had fading iron lines
s found by Yang et al. ( 2013 ), making these and J0952 + 2143 the
trongest candidates for ECLEs that are caused by illumination by 
n earlier TDE. The case for J0952 + 2143 was made stronger, when
 clear infrared echo was found Komossa et al. ( 2009 ), and when
he associated optical flare was co v ered more densely in LINEAR
ata (P alav ersa et al. 2016 ) retrospectiv ely. 
In this scenario, the broad low-ionization emission lines come from 

e-processing of UV/X-ray flares by outflows directly connected with 
he TDE in question, which matches well the line profiles of H α and
e II (Roth & Kasen 2018 ), while the coronal lines originate from

nteractions with a clumpy interstellar medium or other pre-existing 
aterial. If produced by photoionization, the coronal lines imply 

n ionizing continuum extending into the X-rays, requiring ionizing 
otentials of up to nearly 400 eV in the case of [Fe XIV ]. Coronal
ines are not uncommon in AGN (Grandi 1978 ; Penston et al. 1984 ;
elbord, Mullaney & Ward 2009 ), where we also expect a hard

onizing continuum. 
It is therefore important to test for the presence of highly ionized

pecies in the class of well-confirmed optical-UV TDEs, where we 
ave high-quality optical, X-ray, and spectroscopic data at the time 
f the actual flare. Coronal lines have so far only been observed in
ne such clear optical-UV TDE to date, AT2017gge (Onori et al.
022 ). The lines appeared in this event from ∼200 to 1700 d after
he optical light curve peak. Another potential candidate for a TDE
howing coronal lines is the nuclear transient AT 2019avd. Malyali 
t al. ( 2021 ) observed [Fe X ] and [Fe XI ] emission lines accompanied
y a rise in X-ray flux, and Chen, Dou & Shen ( 2022 ) argue that
his event could be interpreted as a TDE. Ho we ver, observ ationally
t is definitely not a member of our well defined class of optical-UV
DEs – it has a double peaked light curve, and relatively strong
nd narrow Balmer lines. There was also a tentative detection of
oronal lines in the nuclear transient PS16dtm (Petrushevska et al. 
023 ). Like AT 2019avd, it does not show all the classic signs of
he optical-UV TDE class, but is nonetheless argued to be a TDE by
etrushevska et al. ( 2023 ). 
As well as exhibiting coronal lines, AT2017gge was also excep- 

ionally luminous in the infrared (IR). This IR emission arises from
n IR echo, in which dust in the vicinity of the SMBH absorbs
V/optical emission produced by the TDE, and re-radiates this 

nergy in the IR. IR echoes have previously been observed in
pproximately half of optically disco v ered TDEs, but typically the
otal proportion of luminosity arising from the dust is small, implying
hat the co v ering factor is only ∼1 per cent of that observed in the
V/optical (Jiang et al. 2021 ). The co v ering factor derived for the

R echo associated with AT2017gge was ∼20 per cent (Wang et al.
022 ), much larger than typical TDEs disco v ered in optical and
ccurring in quiescent galaxies, and indicating the presence of a 
arger quantity of dust. AT2019avd also exhibited an abnormally 
right IR echo (Malyali et al. 2021 ; Chen et al. 2022 ), further
uggesting a connection between these phenomena. 

The subject of this work is AT 2019qiz, a clear member of the
ptical-UV TDE class first identified on 2019-09-19 (Forster 2019 ) 
t a redshift of z = 0.0153, and reaching a peak at 2019-10-10.
aia data (Gaia Science Alerts Hodgkin et al. 2013 ) show no

urther activity in the optical light curve since the decline from
his peak. The transient was analysed in detail by Nicholl et al.
 2020 ) and Hung et al. ( 2021 ). Light-curve fitting results suggested
hat the flare was produced by a ∼1 M � star being disrupted by
 ∼10 6 M � black hole. The black hole mass derived from the
DE light curve was consistent with that derived from velocity 
ispersion measurements and M −σ relations. Early optical spectra 
how broad, asymmetric H and He II lines, which Nicholl et al. ( 2020 )
rgued were driven by an expanding outflow. The lines became more
ymmetrical as the TDE evolved. He II was replaced by N III λ4641
ia Bowen fluorescence (Nicholl et al. 2020 ; Hung et al. 2021 ), which
ccurs when recombining He II produces an EUV photon which 
MNRAS 525, 1568–1587 (2023) 
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oes on to excite some O III and N III states. These subsequently
ecombine producing ‘Bowen fluorescence’ lines. UV spectra show
igh-ionisation broad absorption lines (HiBALs) and Fe and low-
onization broad absorption lines (FeLoBALs; Hung et al. 2021 ).
nfortunately, there are no spectra of the host galaxy (2MASX

04463790-1013349) taken before the flare. Both studies suggest that
he host galaxy harbours a weak AGN based on Baldwin–Phillips–
erlevich (BPT) diagrams. Early X-ray detections suggest accretion
tarted promptly in this event (Nicholl et al. 2020 ), though the high
ardness ratio may indicate that the X-ray emission originates from
he pre-existing AGN (Hung et al. 2021 ). Ho we ver, Nicholl et al.
 2020 ) note that the hardness ratio varied during outburst, implying
hat the TDE did affect the X-ray emission. 

In this paper, we present and analyse two new spectra of AT2019qiz
btained with X-Shooter taken 428 and 828 rest-frame days after the
ptical light-curve peak, a MUSE spectrum obtained 481 rest-frame
ays after optical peak and Swift XRT data taken 816 rest-frame days
ost optical peak, as well as re-examining the spectra taken during
he campaign of Nicholl et al. ( 2020 ). In Section 2 , we detail our
bservations and data reduction process. In Section 3 , we present
ur spectroscopic analysis, in Section 4 we present analysis of Swift
V and X-ray data, and in Section 5 we construct an SED of the
DE in outburst. In Section 6 , we present analysis of NEOWISE IR
ata. In Section 7 , we discuss and interpret our results and analysis,
nd in Section 8 , we provide a summary and conclusion to this work.

 OBSERVATION S  A N D  DATA  R E D U C T I O N  

.1 X-Shooter 

bservations were made on 2020-12-15 and 2022-01-26 with the
-Shooter instrument (Vernet et al. 2011 ) mounted on UT3 at

he Very Large Telescope (VLT) in ESO’s Paranal observatory,
hile. X-Shooter is an intermediate resolving power spectrograph
ith a wavelength range spanning 3000–25 000 Å. The spectrograph

onsists of three arms; the UVB arm which co v ers 3000–5595 Å, the
IS arm which spans 5595–10 240 Å and the NIR arm that ranges

rom 10 240 to 24 800 Å. Slit widths of 1.0, 0.9, and 0.9 arcsec
ere used for the UVB, VIS and NIR arms, respectively, giving

especti ve resolving po wers of R = 5400, 8900, and 5600. Data were
btained under programs 106.21SS.001 (PI Short) and 108.22J7.001
PI Nicholl). We refer to these spectra throughout this paper as the
020 December and 2022 January spectra, respectively. 
Data reduction was performed using the X-Shooter pipeline

ecipes and the EsoReflex GUI environment (Freudling et al. 2013 ).
he NIR arm was reduced in NOD mode, while the UVB and VIS
rms were reduced in STARE mode that was found to impro v e the
ignal to noise. Telluric corrections were performed in the VIS arm
sing telluric standards observed before and after the observations
t a similar position to the target. Telluric features in the NIR arm
ro v ed difficult to correct and, as this wav elength re gion contained no
eatures of interest, this arm was not used in the rest of our analysis.
xtinction correction was performed using the Fitzpatrick ( 1999 )
odel in the EXTINCTION 

1 package in PYTHON , with reddening
alues from the NASA/IPAC Infrared Science Archive (Schlafly &
inkbeiner 2011 ). As the optical continuum luminosity at this phase

s dominated by the host galaxy, the spectra were flux corrected using
he PYSYNPHOT PYTHON package (STScI Development Team 2013 )
o an aperture-matched host r -band mag of 16.47 as determined in
icholl et al. ( 2020 ). The reduced spectra are displayed in Fig. 1 . 
NRAS 525, 1568–1587 (2023) 
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.2 MUSE 

e observed the field on 2021-02-08 with the panoramic integral-
eld spectrograph MUSE (Bacon et al. 2010 ), mounted at UT4 at
SO’s VLT, in the seeing-enhanced adaptive optics wide-field mode

WFM-AO) under clear condition and DIMM seeing < 0.6 arcsec.
USE WFM-AO has a large field of view co v ering 1 arcmin ×

 arcmin and a high spatial sampling of 0.2 arcsec × 0.2 arcsec. It
o v ers the wavelength range from 4650 to 9300 Å with a spectral
esolving power of 2000–4000. The observation consists of three
100-s exposures that were dithered by 1–2 arcsec and rotated by
0 ◦ with respect to each other. We retrieved the reduced science-ready
atacube from the ESO archive, which was reduced with the ESO
USE pipeline version 2.8.4 (Weilbacher et al. 2020 ). We extracted

he spectrum of the host galaxy nucleus using a circular aperture
ith a diameter of 1 × FWHM (stellar PSF). The integral field of
USE also allows us to check for spatial extent. The host starlight

s of course very extended, but the emission line source is compact.
omparing extractions with 1 arcsec and 2 arcsec apertures changed

he [O III ] flux by ∼15 per cent. Given the other uncertainties, this
ives us reasonable confidence in both the Xshooter and MUSE line
ux values. 

.3 Neil Gehrels Swift obser v atory 

 Swift (Gehrels et al. 2004 ) observation was made on 2022-01-13
sing the XRT instrument in photon-counting mode and the UV O T
nstrument with the UVW2 filter (Obs ID: 00012012043, PI Short).
he XRT data were reduced and a spectrum was generated using the
nline Swift XRT product builder (Evans et al. 2009 ). The UV O T
VW2 flux was measured using a 5 arcsec aperture, approximately

wice the UV O T point-spread function. This matches the aperture
sed to extract earlier UV O T photometry by Nicholl et al. ( 2020 ).
he count rates were obtained using the Swift UV O TSOURCE tools
nd converted to magnitudes using the UV O T photometric zero
oints (Breeveld et al. 2011 ). The analysis pipeline used software
EADAS 6.24 and UVOT calibration 20170922. We note that the

alibration files have since been updated, but we use the older
alibration for consistency with Nicholl et al. ( 2020 ). We measured
VW2 AB magnitude of 20.58 ± 0.04 which is consistent with the
ost magnitude measured in (Nicholl et al. 2020 ) of 20.51 ± 0.2,
uggesting there is no detectable contribution from the TDE. 

.4 NEOWISE sur v ey 

e obtained MIR data of AT 2019qiz taken as part of the NEOWISE
urv e y (Mainzer et al. 2011 , 2014 ) from the public NEOWISE-R
ingle Exposure (L1b) Source Table. 2 NEOWISE observes the entire
ky at 6 month intervals, with multiple observations at each ‘visit’.
e adopted the median value of the individual measurements at

ach visit as the magnitude, removing measurements flagged as poor
uality or separated from the coordinates of AT 2019qiz by more than
 arcsec. For the uncertainty, we adopted the standard error of mean of
he individual measurements taken at each bi-yearly epoch of WISE
bservation after 3 σ -clipping outliers. We added 0.0026 and 0.0061
ag uncertainties in quadrature to the W 1 and W 2 measurements,

espectively, which are the RMS residuals found in the photometric
alibration during the surv e y period. No e xtinction correction was
ade to the WISE magnitudes. 
 ht tps://irsa.ipac.calt ech.edu/cgi- bin/Gator/nph- scan?mission=irsa&submi 
=Select&projshort = WISE 

https://extinction.readthedocs.io/en/latest/
https://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?mission=irsa\&submit=Select\&projshort=WISE
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Figure 1. The reduced X-Shooter and MUSE spectra. The X-Shooter spectra are binned for ease of viewing. Emission line identifications are marked with the 
grey dashed lines. The upper plot co v ers the X-Shooter UVB arm wav elength range, while the lower plot co v ers the VIS arm. The ‘emission’ features redwards of 
∼6800 Å in the MUSE (green) spectrum are residuals from telluric corrections. The fluxes are scaled to approximately match the stellar continuum in each case. 
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 SPECTROSCOPIC  ANALYSIS  

.1 Host black hole mass 

icholl et al. ( 2020 ) follow the method of Wevers et al. ( 2017 , 2019a )
o fit the velocity dispersion of stellar absorption lines using PPXF 

Cappellari 2017 ). They used an X-Shooter spectrum obtained 140 d 
fter optical light-curve peak, and measured a velocity dispersion of 
0 ± 2 km s −1 . We use the same method on our X-Shooter spectra and
easure a value of 72 ± 1 km s −1 , consistent with that measured in
icholl et al. ( 2020 ). Using the relations of McConnell & Ma ( 2013 ),
 ̈ultekin et al. ( 2009 ) and Kormendy & Ho ( 2013 ) our velocity
ispersion measurement yields black hole masses of log 10 ( M BH /M �)
 5.82 ± 0.41, 6.24 ± 0.48, and 6.54 ± 0.32, respectively. Both 
icholl et al. ( 2020 ) and Hung et al. ( 2021 ) obtain additional black
ole mass estimates from UV and optical light-curve model fits, 
eri ving v alues of log 10 ( M BH 

/M �) = 5 . 89 + 0 . 05 
−0 . 06 and 6.14 ± 0.10,

espectively. These are both consistent with the estimate from the 
elocity dispersion. Additionally, Nicholl et al. ( 2022 ) re-fit the 
ight curve after correcting for a calibration error affecting UV O T
hotometry at the time of the AT2019qiz outburst. The slightly 
ncreased value of log 10 ( M BH /M �) = 6.22 is still consistent with
he velocity dispersion results. Given the range of estimated values, 
or simplicity we assume an intermediate SMBH mass of M BH = 

0 6 M � for the remainder of this analysis, but note that this has an
ncertainty of at least a factor of 2. 

.2 Low ionization lines 

he spectra feature narrow emission lines, including [O II ], [O III ],
N II ], [S II ], H α, and H β, as well as broad H α. The H β and H α
egions are displayed in Fig. 2 . To measure the flux and widths of
ach line we use the PYTHON package LMFIT 3 to fit a single Gaussian
omponent to the line and a polynomial component to the local
ontinuum in that line region. In order to separate the narrow H α

nd [N II ] emission lines from the broad H α feature, we fit the
ntire region with 5 Gaussian components simultaneously. The broad 
eature is not well fit by a single Gaussian so we fit two components
o this, while the remaining three components are fit to the narrow
 α and [N II ] λλ 6549, 6584 Å lines. The [N II ] λ6584 Å/ λ6549 Å

atio is fixed to 3 and the [N II ] λ6549 Å line width is fixed to match
hat of the 6584 Å line. The fits, shown in the right-hand panel of
ig. 3 , were performed on both X-Shooter spectra and the MUSE
pectrum and provide a satisfactory fit, hinting that the broad line may
e double peaked. When measuring H β, an absorption component 
s clearly visible which we fit separately. A stellar absorption feature
s likely obscured in the H α blend, meaning that the total H α

ux could be underestimated. Flux measurements of all emission 
ines are shown in Tables A1 –A3 . We note that the third spectrum
eems to have an anomalous [O III ] 5007/4959 ratio. Ho we ver, the
atio of peak values is much closer to the expected value of 3. There
s an additional systematic error in deriving line fluxes that arises
rom the uncertain line wings in the presence of both noise and
tructured stellar continuum. We estimate this systematic error to be 
15 per cent of the line flux. 
There are a number of changes in the emission lines from

he 2020 December spectrum to the 2022 January spectrum. The 
road H α line increases in flux from the 2020 December to 2021
ebruary spectra but then drops again in the 2022 January spectrum.
MNRAS 525, 1568–1587 (2023) 
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Figure 2. The H β + [O III ] and H α regions for our late-time spectra. The narrow Balmer lines have brightened considerably o v er time, while the broad H α

has risen in the 2021 February (green) spectrum before dimming again in the 2022 January spectrum (orange). 

Figure 3. Fits to H α regions in (left) an early X-Shooter spectra obtained 20 191 113 and (right) our 2020 December spectrum. In both cases, the broad H α

feature is well fit by two broad Gaussian components, though in the earlier spectra the second component is much broader and offset. 
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eanwhile, the narrow H α, H β, and [S III ] lines increase in strength.
he [O III ] lines do not change significantly. We also observe the
ppearance of [O I ] λ6300 Å and He II λ4686 Å in the 2022 January
pectrum, neither of which were detectable in the previous spectra. 

In Fig. 4 , we plot the evolution of both broad and narrow H α

mission o v er time. We use X-Shooter spectra from Nicholl et al.
 2020 ) dating back to ∼35 d after optical lightcurve peak to show
he complete evolution. In the spectra from Nicholl et al. ( 2020 ),
here are two broad components but one is consistently broader and
edshifted. Nicholl et al. ( 2020 ) determine this is possibly due to
n outflow so we exclude it from our measurements. An example
t to these earlier spectra is included in Fig. 3 . The broad-line
volution initially follows a downward trend but increases again at
NRAS 525, 1568–1587 (2023) 
ome point between ∼130 and 481 d (our 2020 December spectrum).
t peaks at 481 d (our 2021 February spectrum) before declining
gain. The narrow-line emission appears to be increasing. This is
resumably due to photons from the initial outburst illuminating
aterial at large radii. The fact that this is taking place gradually
 v er an e xtended time, rather than a simple spike at a time delayed
rom the outburst, indicates that the material is spread o v er a large
ange of distances and/or angles. We note that an increase in narrow
ine flux was also observed in the other coronal line emitting TDE
AT2017gge; Onori et al. 2022 ). In addition, Wang et al. ( 2011 ,
012 ) see [O III ] increase after the coronal lines have faded in the
xtreme Coronal Line Emitters which they proposed to be the echoes
f TDEs. 
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Figure 4. The evolution of both the broad and narrow H α emission line 
components using spectra from Nicholl et al. ( 2020 ) and the spectra presented 
in this paper. In the first three spectra, there is a second broad outflow 

component which we omit from our measurements. Errorbars are included 
but in some cases too small to be visible. 
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The fact that the Balmer line increase has not yet come to a clear
aximum means that we do not yet have a clear picture of the

adial and angular distribution of the related gas. Ho we ver, we can
sk whether what we see so far is consistent with the kinematic
nformation. We have neither a kinematic or spatial model, but a 
easonable expectation is that line widths will be of the order of the
irial velocity at the corresponding distance, so that we can estimate 
istance crudely as r = GM/v 2 FWHM 

, using a black hole mass of M =
0 6 M �. Balmer line widths are ∼80 km s −1 indicating a distance of
.2 light years. Ho we ver at this distance, the gas may be responding
o the galaxy potential as much as the black hole, so that this distance
hould be considered a lower limit. This is consistent with the fact
igure 5. BPT diagrams showing the location of the nuclear emission in both ou
he emission is due to an AGN, but the 2022 January emission lines more closely re
s an unresolved component from the TDE. 
hat Balmer line response has not yet peaked; on the other hand,
here clearly is significant material already responding at delays less 
han 2 yr, indicating that the illuminated material is distributed o v er
 large range of radii and/or angles. 

In order to determine the source of the narrow-line emission 
e plot our measurements on BPT diagrams (Baldwin, Phillips & 

erlevich 1981 ; Veilleux & Osterbrock 1987 ; Kauffmann et al. 2003 )
n Fig. 5 . We use the 2020 December and 2022 January X-Shooter
easurements as well as the 2020-02-28 spectrum from (Nicholl 

t al. 2020 ). We do not use the 2021 February measurement as H β is
ot resolved in the MUSE spectrum. H β is difficult to measure in the
020-02-28 spectrum that gives rise to a large errorbar; ho we ver, the
N II ]/H α and [S II ]/H α ratios clearly place the galaxy in the AGN
egion rather than star formation. In the 2020 December spectrum, 
he narrow lines look to clearly have an AGN origin, but in the 2022
anuary spectrum the emission looks more like a star-forming region. 
e would expect the ionizing continuum for a TDE to be similar to

hat for an AGN, but any changes in the ionizing continuum could
ause the line ratios to change. Detailed modelling of TDE emission
ines is planned for future work. 

Using the 2022 January spectrum, we calculate an He II /H β ratio
f 0.33 ± 0.05. Assuming both lines are produced via photoioniza- 
ion, this reflects the relative intensity of the ionizing continuum at
12 Å and 228 Å. If the continuum in this region is a power law
hen we can calculate the index α using I 4686 / I 4862 ∝ (912/228) α

Penston & Fosbury 1978 ). With our measured ratio we calculate 
= −1.3 ± 0.1. We use this to help construct the SED in Section 5 .

.3 Coronal lines 

he most interesting features in our spectra are the highly ion-
zed iron lines [Fe VII ] λ6087, [Fe X ] λ6375, [Fe XI ] λ7892, and
Fe XIV ] λ5304, as well as [Ne V ] λ3426. In Fig. 6 , we display [Fe]
ine regions from all three of our recent spectra. The most notable
hange is the appearance of [Fe XIV ] in the 2021 February and 2022
anuary spectra which was not detectable in the 2020 December 
MNRAS 525, 1568–1587 (2023) 

r spectra. Measurements from the 2020 December spectrum clearly suggest 
semble a star-forming region. Ho we ver, H β could be overestimated if there 

1814 by guest on 25 January 2024
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Figure 6. Comparison of Fe coronal line regions in all of our late-time spectra. The dotted grey line marks the rest-frame wavelengths of each line. The green 
spectrum is the MUSE spectrum, the orange and blue spectra are the X-Shooter data. 
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bservation. We also note that in the 2020 December spectrum
arrow features are visible either side of [Fe X ] and redwards of
Fe XI ]. A feature is also resolved redwards of [Fe X ] in the 2021
ebruary spectrum but the feature is not resolved in the [Fe XI ] region.
o determine whether or not these features are related we o v erplot

he 2020 December lines in velocity space as shown in Fig. 7 . Here,
e can see that the red narrow features o v erlap. The red feature is
isplaced by ∼260 km s −1 from the line centre, while the blue feature
s displaced by ∼−300 km s −1 . That the red feature is offset by a
imilar velocity in both the [Fe X ] and [Fe XI ] regions suggests that
hese features are from the same material. We investigated whether
hese features lined up with the velocity offsets of the broad Gaussian
omponents fit to the H α blend, but, as shown in Fig. 7 , they clearly
riginate from a different region. 
We estimate line fluxes by fitting Gaussian profiles as with the

arrow lines abo v e. We fit the offset narrow emission features
NRAS 525, 1568–1587 (2023) 
eparately, noting that these are typically unresolved. We also check
or the presence of Fe lines in the earlier X-Shooter spectra (Nicholl
t al. 2020 ) dating back to ∼35 d after light-curve peak. In most cases,
he lines are not detected in which case we set an upper flux limit one
tandard deviation abo v e the continuum flux lev el. The e xception to
his is [Fe XI ] which does seem to appear at earlier times. In Fig. B3 ,
e plot the [Fe XI ] region for all of the spectra we used. A feature

s visible at around the right wavelength in the earlier spectra during
utburst, though it is weak, broad and slightly offset so it seems
ikely this is not real [Fe XI ] emission. We also plot the rest of the Fe
ine regions in and Figs B1 , B2 and B4 . The full list of lines and their
ux measurements and line widths is displayed in Tables A1 and A2 .
n Fig. 8 , we plot the evolution of each Fe emission line. In general,
he flux of each line increases between the first and second spectra,
efore decreasing in the most recent spectrum, with the exception of
Fe XIV ] as it appears for the first time in the 2021 February spectrum
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Figure 7. Fe lines in the 2020 December spectrum o v erplotted in velocity 
space. In the [Fe X ], [Fe XI ], and maybe [Fe VII ] regions two features are 
visible, a broader component centred at 0 km s −1 and narrower line offset by 
∼260 km s −1 . There is also a feature offset ∼300 km s −1 bluewards of [Fe X ]. 
The grey dashed lines mark the line centres and the location of the offset 
components. The orange rectangles mark the locations of broad components 
fit to H α, where the widths co v er ±1 σ . These are offset much more than the 
narrow Fe features, showing they do not originate from the same region. 
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Figure 8. Evolution of Fe line fluxes since early outburst spectra. In cases 
where we do not detect a line we set 1 σ upper limits denoted by the triangles. 
We include measurements from the 2020 December, 2022 February, and 
2021 January spectra both with and without the narro w of fset features. 
Measurements with narrow features are marked with crosses and dashed 
lines. 
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nd increases in the 2022 January spectrum. The large errorbar in 
Fe XIV ] flux in the 2021 February spectrum comes from the fact
hat the line is not well resolved by MUSE. Ho we ver, from Fig. 6
here does appear to be an increase in flux in this region compared
o 2020 December. Wang et al. ( 2012 ) also observe evolution in the
e line flux of their coronal line emitting objects. They carry out
pectroscopic follow-up of three of their targets, taken several years 
fter the first spectrum. They find that the [Fe X ], [Fe XI ], and [Fe XIV ]
ux decreases, but that the [Fe VII ] flux remains constant. 
The velocity widths of the highly ionized lines range from ∼150 

o ∼300 km s −1 , with additional unresolved or barely resolved 
ffset components in [Fe X ] and [Fe XI ]. In Section 7 , we discuss
hat this implies for the structure and origin of the illuminated 
as in AT2019qiz. Here, as with the low ionization lines, we 
xamine whether the kinematic information is consistent with the flux 
volution. If we once again use a ‘virial distance’, we find the coronal
ine material in the range of 50–300 light days. This is qualitatively
onsistent with the coronal line response peaking well before the low 

onization lines. Quantitatively, it is not quite in simple agreement 
ith observed flux peak at ∼500 d, and may suggest somewhat 

ub virial v elocities, but a proper spatial and kinematic model would
e needed before making any stronger statement. 

 X - R AY  A NALYSIS  

T2019qiz is well detected in our new Swift XRT observation. We 
nalyse the X-ray spectrum using XSPEC (Arnaud 1996 ), and compare 
t to the stacked XRT spectrum from the time of the optical peak
mean observation date 2019-11-07). We consider two models: a 
ower-law spectrum, and a thermal model consisting of blackbody 
pectra summed o v er the annuli of an accretion disc. We initially
nclude both Galactic absorption, determined using the maps from 

I4pi (HI4PI Collaboration 2016 ) and intrinsic absorption in the 
ost galaxy. Ho we ver, for all models/epochs, we found an intrinsic
olumn consistent with zero, and therefore exclude this from our final
ts for simplicity. In the language of XSPEC , our models are therefore
B ABS ×ZPO WERLAW and TB ABS ×ZASHIFT ×DISKBB , where TB ABS

s the T ̈ubingen-Boulder ISM absorption model (Wilms, Allen & 

cCray 2000 ). We fit the data using the Cash statistic (Cash 1979 ).
he fit parameters and derived fluxes for these models are given in
able 1 . 
Both models provide an adequate fit to the data, with reduced χ2 

1. The thermal disc fits are shown compared to the data in Fig. 9 .
egardless of which model is the more accurate physical description, 
e find an emphatic change in the spectral slope between the 2019

nd 2022 observ ations. The ne w data show a much softer spectrum,
ith an inner disc temperature ∼0.1 keV (or a photon index ∼5),

ompared to an almost flat spectrum in 2019. The soft (0.3 −1 keV)
-ray flux has increased by more than an order of magnitude, from
10 −14 erg cm 

−2 s −1 in 2019 to � 5 × 10 −13 erg cm 

−2 s −1 in 2022,
hile the hard (1 −6 keV) X-rays have fallen by a factor of several.
e tested whether this could simply occur as a result of a decrease

n absorption, by including intrinsic absorption in our models at the
edshift of AT2019qiz ( ZTBABS ) and fitting the 2019 data with the
emperature or photon index fixed to their best-fitting values for the
022 data. Ho we ver, this resulted in poor fits, suggesting that the
nderlying continuum (and not simply the degree of absorption) has 
hanged between 2019 and 2022. 

 OUTBURST  SED  

he fluxes of narrow lines at 1–2 light-years from the SMBH reflect
he ionizing continuum produced 1–2 yr earlier, i.e. the time of the
ptical peak. This allows us to construct a full SED of the initial
are using constraints from both the early and late-time data, filling

n regions that could not be studied in earlier works. In Fig. 10 , we
MNRAS 525, 1568–1587 (2023) 
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Table 1. Parameters and fluxes from X-ray model fits. 

Power-law ( TB ABS ×ZPO WERLAW ) Thermal disc ( TBABS ×ZASHIFT ×DISKBB ) 
Parameter a 2019 2022 2019 2022 

� (photon index) 1.13 ± 0.26 5.44 ± 1.12 
k B T in (keV) 2.54 ± 1.25 0.13 ± 0.01 
Normalization b (8.3 ± 2.1) × 10 −6 (4.9 ± 1.5) × 10 −5 (1.2 ± 1.9) × 10 −4 272 ± 151 

Unabsorbed flux in rest-frame (erg cm 

−2 s −1 ) 

0.3 −10 keV 1.1 × 10 −13 6.9 × 10 −13 9.4 × 10 −14 5.2 × 10 −13 

0.3 −1 keV 1.0 × 10 −14 6.6 × 10 −13 7.4 × 10 −15 5.1 × 10 −13 

1 −6 keV 5.8 × 10 −14 2.4 × 10 −14 6.0 × 10 −14 9.7 × 10 −15 

Notes. a Redshift fixed at z = 0.0151 and Galactic column density n H = 6.6 × 10 20 cm 

−2 . Any additional intrinsic column density in the host galaxy (modelled 
using ZTBABS ) is found to be negligible and unconstrained in both models. 
b Normalization is defined differently for power-law and disc models; see XSPEC documentation for details. 

Figure 9. Our 2022 XRT spectrum (red) compared to the earlier 2019 
observation (black; Nicholl et al. 2020 ). Both spectra can be adequately fit by 
power law or thermal disc models ( DISKBB in XSPEC ). The fit parameters are 
given in Table 1 . The latter models have been used here to convert counts to 
fluxes, and are shown in the figure labelled by the temperatures at the inner 
disc edge. The softening of the spectrum is clearly visible. 
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ttempt to construct the full SED of AT2019qiz during outburst. We
se ZTF and UV O T photometry observed around MJD = 58794 to
oincide with the ef fecti ve date of the 2019 XRT spectrum. The data,
educed by Nicholl et al. ( 2020 ), were collected from TDE.space 4 

Guillochon et al. 2017 ). The infrared (IR) points are NEOWISE data
see Section 6 ) taken 92 d after the rest of the SED. The 13.6 −54 eV
ower law was determined from the He II /H β ratio as discussed
n Section 3.2 and scaled to be consistent with UV O T photometry.
oth the 2019 and 2022 XRT spectra are included in this plot. The
019 spectrum shows the X-ray flux during outburst and the 2022
pectrum sho ws ho w the increase in soft X-ray flux leads to the
ppearance of the Fe lines, whose ionisation potentials are marked
n the plot. Fig. 10 highlights how the photons ionising the coronal
ines fill the EUV gap between the He II ionizing photons and soft
-rays. 

 INFRARED  ANALYSIS  

T 2019qiz is well detected in both W 1 and W 2 bands (3.4 and
.6 μm, respectively) for 4 epochs of NEOWISE data. The host is
NRAS 525, 1568–1587 (2023) 

 https:// tde.space/ 

t  

	  

t  
ell detected and non-variable in NEOWISE until the first detection
f AT 2019qiz at MJD 58 886, 122 d after the optical peak derived
n Nicholl et al. ( 2020 ). The IR fluxes then continue to increase
ntil the most recent observation, 694 d after the optical peak at
JD 59458, although there is a slight decline in flux between the

econd and third observations. We calculate the flux solely due to
he transient by subtracting the mean flux value detected from the
alaxy before the first detection, and the corresponding magnitudes
re shown in the top panel of Fig. 11 . The flux at 3.4 μm from
he UV/optical blackbody of AT 2019qiz at the epoch of the first IR
etection, calculated using the temperature and radius v alues gi ven in
icholl et al. ( 2020 ), is ∼0.5 per cent of the observed host-subtracted
1 flux, and so negligible. Therefore, we interpret the IR detections

hown here as an IR echo from dust in the vicinity of the SMBH,
imilarly to those observed in a number of other optical-UV TDEs
see e.g. van Velzen et al. 2016 ; Jiang et al. 2021 ). 

We estimated the BB parameters for the IR echo using the EMCEE

YTHON implementation of the Markov Chain Monte Carlo (MCMC)
ethod (F oreman-Macke y et al. 2013 ) to fit the host-subtracted fluxes

nd derive uncertainties (as described in Reynolds et al. 2022 ). The
esulting parameters are shown in the middle panel of Fig. 11 . The
emperature measured in the first observation, T max = 1450 + 90 

−80 K, is
lose to, although slightly lower than, the sublimation temperature
or astrophysical dust, which typically lies between 1500 and 2000 K
epending on the composition of the dust (see e.g. Waxman & Draine
000 ; Lu, Kumar & Evans 2016 ; van Velzen et al. 2016 ). We note
hat the inferred radii do not directly correspond to the distance from
he SMBH to the dust, and we do not necessarily expect a spherical
hell, but do provide a lower limit. 

We estimate the luminosity of the IR echo at each epoch from
he temperature and radius parameters using the Stefan–Boltzmann
a w, and inte grate the luminosity evolution from the first to the last
etection to estimate the total radiated energy of the IR echo to date.
he luminosity is highest in the most recent observation, where the

uminosity is 3.2 × 10 42 erg s −1 , and the total radiated energy up
ntil this point is 1.20 × 10 50 erg. If we calculate the co v ering factor
y comparing the peak luminosity for the UV/optical blackbody
3.6 × 10 43 erg s −1 , Nicholl et al. ( 2020 )] to the peak in the IR,
imilarly to Jiang et al. ( 2021 ), we find a lower limit for the co v ering
actor of f c = L dust, peak / L opt + UV,peak = 0.09, assuming the IR fluxes
re still rising. This is considerably higher than the values found
or the sample of optical TDEs in Jiang et al. ( 2021 ), where the
o v ering f actor w as typically ∼0.01. We can additionally consider
he definition of the co v ering factor given in van Velzen et al. ( 2021a ),

d = E bol / E dust , where E bol and E dust are the total radiated energy of
he TDE (integrated over the wavelength where dust absorption is

https://tde.space/
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Figure 10. The full SED of AT2019qiz in outburst on MJD ∼58794. The more recent XRT spectrum is also included to highlight the jump in soft X-ray flux. 
The IR points are for the first detection on MJD 58886, 92 d after the rest of the SED. Error bars in the photometry points are too small to be seen on this scale. 
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fficient) and the dust, respectively. If we estimate the total radiated 
nergy of the TDE with the value obtained from the UV/optical 
olometric LC by Nicholl et al. ( 2020 ), 1.0 × 10 50 erg, we find 	d =
.84, i.e. an approximate equipartition of the radiated energy between 
he IR echo and the prompt UV/optical emission. Although the total 
nergy radiated given in Nicholl et al. ( 2020 ) only measures until
150 d, if we conserv ati vely assume that the TDE has remained at

he same bolometric luminosity from that point until the most recent 
R observation, the total radiated energy would only increase by ∼20 
er cent, so the value of 	d will not be greatly affected. Furthermore,
he IR emission is still rising. In summary, the IR echo observed for
T 2019qiz is exceptionally luminous for a TDE disco v ered in the
ptical. We discuss this, and the connection to the IR echo observed
or AT 2017gge, in Section 7 . 

 DISCUSSION  

e examine the implications of our results for several key issues
the true TDE continuum, the structure and origin of the material 

urrounding the TDE, and the relation of this object to other coronal
ine emitters. First, ho we ver, we discuss whether AT2019qiz was 
ruly a TDE, as opposed to an SN, or an AGN outburst. 

.1 TDE, SN, or AGN? 

he optical spectrum of the outburst of AT2019qiz fits solidly into 
he standard class of optical-UV TDEs, but its absolute magnitude 
t peak, R pk ∼ −19, was some what to wards the lo wer end of the
ange for such objects (Nicholl et al. 2020 ), o v erlapping the range of
ypical SNe. At the same time, the low-ionization line ratios seen in
utburst (Nicholl et al. 2020 ) suggest some weak AGN-like activity 
n the past. 

Could AT2019qiz actually be a kind of SN? The delayed appear- 
nce of coronal lines has been seen in a handful of SNe – for example
N1988z (Aretxaga et al. 1999 ), SN2005ip (Smith et al. 2009 , 2017 ),
nd SN1987A (Gr ̈oningsson et al. 2006 ); see also discussion in
omossa et al. ( 2009 ). Such objects are clearly extremely rare – out
f the thousands of SNe seen so far, only a handful have developed
oronal lines. This phenomenon seems to require earlier mass-loss 
o produce significant amounts of circumstellar material; following 
he outburst, shocks from the blast wave make X-ray emission that
hen produces the coronal lines. The delay is due to blast wave travel
ime, not light travel time, and the coronal lines can persist for quite
 long time (see references abo v e). F or the original TDE light echo
andidate, J0952 + 2143, Komossa et al. ( 2009 ) were able to argue
gainst an SN origin, because the observed [Fe VII ] luminosity was
.6 × 10 40 erg s −1 , two orders of magnitude larger than for these
are e xtreme SNe. F or AT2019qiz ho we ver, the [Fe VII ] luminosity
s 3.4 × 10 38 erg s −1 , not so far from what was seen in SN2005ip,
.5 × 10 38 erg s −1 (Smith et al. 2009 ). Purely on luminosity grounds,
e cannot rule out an SN origin. The outburst optical spectrum
f AT2019qiz was not quite like any of these extreme SNe – for
xample, SN2005ip and SN1988z show lines to the red of H α such
s the Ca triplet which have never been seen in a TDE. Ho we ver,
N spectra are diverse enough that we cannot strictly rule out an SN
rigin on this basis either, if we consider AT2019qiz in isolation.
o we ver, the similarity of AT2019qiz to other optical-UV TDEs

uggests that if we explain AT2019qiz as an SN, we should consider
his possibility for all TDEs, including the more luminous ones. We
ould also need to explain why these particular characteristics are 
nly found in the centres of galaxies with black holes in the range
f 10 6 –10 7 M �. 
Could the AT2019qiz outburst be due to some kind of AGN

ctivity, rather than a tidal disruption? In both scenarios, we assume
he existence of an SMBH, and an enhanced period of accretion, so
hat the ionizing continuum is likely much the same in either case
see Section 7.2 ). The key question then is the nature and origin
f the surrounding material, which we discuss in Sections 7.3 and
.4 . A lack of pre-existing material would argue for a completely
ormant black hole, as opposed to a passive disk around the black
MNRAS 525, 1568–1587 (2023) 
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M

Figure 11. Top: Host subtracted magnitudes for NEOWISE observations of 
AT 2019qiz. Middle: Temperatures and radii inferred from blackbody fitting 
of the host subtracted fluxes of AT 2019qiz. Bottom: Luminosities implied 
by the blackbody parameters and the cumulative energy implied by those 
luminosities. 

h  

t

7

T  

v  

w  

s  

a  

r  

i  

c  

f  

e  

a  

T  

w  

t  

c  

s  

c  

s  

a  

i

7

T  

t  

l  

c  

b  

d  

o  

p  

F  

m  

o  

a  

a  

s
 

c  

2  

o  

a  

[  

l  

d  

i  

a  

c  

E  

i  

l  

g  

d  

c  

s  

e  

t  

l  

a  

b  

c  

f  

b
 

o  

b  

v  

w  

a  

t  

o  

c  

w  

2  

e  

w  

s  

h  

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/525/1/1568/7231814 by guest on 25 January 2024
ole. Ho we ver of course, it is quite possible for a stellar disruption
o take place in the presence of a passive disc. 

.2 Existence of a hard continuum 

he coronal lines almost certainly result from photo-ionization – the
ery high gas temperatures required mean that collisional ionization
ould predict line widths of thousands rather than hundreds of km
 

−1 . The high ionization coronal lines are then direct evidence of
 hard EUV continuum. While He II and Bowen line emission also
equire an EUV source, the coronal lines have significantly higher
onization potentials from ∼100 eV up to nearly 400 eV in the
ase of [Fe XIV ]. We also find a very soft X-ray spectrum which
urther hints at the presence of an unobservable continuum. The
xistence of continuum emission in this energy range is significant
s it is predicted by accretion models but is not directly observed.
ypical blackbody temperatures observed in TDEs are of order 10 4 K,
hich is generally assumed to be reprocessed emission from the

rue, harder continuum that peaks in the EUV. The detection of
oronal lines pro v es this harder continuum emission exists, and must
omehow escape the reprocessing region, perhaps because of either
lumpiness, or a non-spherical geometry. In principle, the complete
NRAS 525, 1568–1587 (2023) 
et of emission lines can constrain the shape of the EUV continuum,
nd the co v ering factor of illuminated material, but such modelling
s beyond the scope of this paper. 

.3 Structure of the surrounding material 

he Fe line light curves in Fig. 8 give us the first clues about
he geometry of the surrounding structure. The decline of the Fe
ight curve is much slower than that of the continuum, so must be
onvolved with a broad response function. This can be caused either
y a spread in light travel times due to a range of radial distances, or
ue to reflection from material at different angles to our line of sight,
r both. Physical models of different reprocessing region geometries
roduce different response functions (e.g. Perez, Robinson & de La
uente 1992 ), but unfortunately our sparsely populated light curves
ake it difficult to compare. The lack of a prompt response to the

riginal outburst tells us there is little material along our line of sight,
lthough another source of uncertainty is whether the coronal lines
re responding to the initial outburst or the more recent increase in
oft X-ray flux. 

Inconsistent ionization parameter changes also show there is a
omplex structure surrounding the SMBH. [Fe XIV ] appears in the
021 and 2022 spectra despite not being observed previously. The
ther Fe lines decrease in flux after the 2021 spectrum. We also see
 significant rise in the flux of narrow lines such as the Balmer lines,
N II ] and [S III ]. The changes in the strengths of different emission
ines require differing ionization parameters, which depends on the
ensity of the emitting gas. The later appearance of [Fe XIV ] could
mply low density material further from the SMBH (therefore with
 greater light travel time), or alternatively higher density material
loser to the SMBH, but behind the nucleus from our point of view.
ven further from the black hole, there must be material with a low

onization parameter, thus emitting strongly in H α, H β, and other
ow ionization lines. What is not clear is why the narrow Balmer lines
et broader in the second spectrum. In addition the mo v e in the BPT
iagrams (Fig. 5 ) from obvious AGN emission to something more
losely resembling a star forming region is puzzling. Both could be a
ign of an increasing contribution to the narrow lines from the TDE
mission, causing both a broadening of the narrow lines and altering
heir ratios by changing the ionizing continuum. The jump in broad-
ine flux in the 2021 January spectrum could be further evidence for
 complex structure. The structure surrounding the black hole may
e made up of clumpy material, in which case the obscuration of the
entral region may fluctuate. If the broad emission line originates
rom an accretion disc, then the increase in flux could be due to there
eing less material obscuring our line of sight to the disc. 
The combination of large dust co v ering factors and coronal Fe lines

bserved for both AT2019qiz and AT2017gge suggests a connection
etween the phenomena. Additionally, AT 2019avd also exhibited a
ery high dust covering factor with f c ∼0.5 (Chen et al. 2022 ) along
ith displaying coronal lines. In particular, the coronal Fe lines could

rise from Fe that was locked in dust grains that were destroyed by
he UV emission from the TDE. This would be similar to the case
f Coronal Line Forest AGNs, where it has been suggested that the
oronal lines could be produced in the inner wall of the dusty torus,
here the AGN is sublimating the dust (Rose, Elvis & Tadhunter
015 ). In the case of AT 2019qiz, both Hung et al. ( 2021 ) and (Nicholl
t al. 2020 ) note that there is likely to be a low luminosity AGN
ithin the host galaxy of AT 2019qiz. The AGN unification model

uggests the presence of a dusty obscuring structure, a torus, which
ere could be responsible for both the IR echo and potentially the
oronal lines. The luminosity of the TDE in the UV/optical and lack



Coronal lines in qiz 1579 

Figure 12. The estimated distance of the gas emitting various line species, plotted against their ionisation potential. The estimated distance is based on equating 
the (corrected) FWHM of the line with the expected virial velocity for a 10 6 M � SMBH. Based on these measurements we label narrow, coronal and broad line 
regions. 

Figure 13. A comparison of line ratios with other coronal line emitting 
objects. The light green points are the four objects in the Wang et al. ( 2012 ) 
sample that were confirmed to have variable coronal lines by Komossa et al. 
( 2008 ) and Yang et al. ( 2013 ). Interestingly, in Fig. 13 (b) AT2019qiz looks 
more in keeping with suspected TDEs. 
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f evidence for significant extinction implies that the dust producing 
he IR echo is not substantially in the observer line of sight, which
ould additionally imply an unobscured line of sight to the inner
usty regions that Rose et al. ( 2015 ) argue is required to observe
he coronal lines. The AGN associated dust structures additionally 
xplain the high covering factor in AT 2019qiz compared to the
ptical TDE sample, which are almost all in galaxies that do not
ost an AGN. This is supported by comparison to TDEs and TDE
andidates that have been observed in galaxies that host AGN such
s Arp 299-B AT1 (Mattila et al. 2018 ; Reynolds et al. 2022 ), AT
017gbl (Kool et al. 2020 ), and ASASSN-15lh (Kr ̈uhler et al. 2018 ),
hich also display very energetic IR echoes, as indeed does the
riginal TDE echo candidate J0952 + 2143 (Komossa et al. 2009 ).
here is no unambiguous evidence for either AT 2017gge or AT
019avd hosting an AGN before undergoing their nuclear outbursts, 
ut it also cannot be ruled out. 

Our observ ations sho w that in AT2019qiz, the continuum emission
ust be reprocessed at a range of distances. The Fe line profiles

re irregular with disappearing offset components. The observed 
mission lines also have a range of widths, with the coronal lines
enerally being broader than the low ionization narrow lines. We 
an use our ‘virial distance’ estimates (see Section 3.2 ) to examine
he stratification of the material surrounding the outburst event. Fig. 
2 shows estimated distance versus ionization potential for various 
bserved lines, for each of the two X-Shooter epochs. We can divide
aterial loosely into ‘broad line,’ ‘coronal line,’ and ‘narrow line’ 

e gions, but ev en the coronal line region seems to show ionization
tratification. To go beyond this statement would require a full 
odel, beyond the scope of this paper. Furthermore, as discussed in
ection 3.2 , the distance estimates may be an underestimate because

he gas motion is responding to the galaxy potential as well as the
lack hole. The key point ho we ver is that the low-ionization narrow
ines are clearly narrower than the coronal lines. 

.4 Origin of the surrounding material 

e have seen that the material causing the IR echo must have a large
o v ering factor and so seems much more likely to be connected with
he nuclear activity, rather than being random interstellar material. 
ssessing the amount of material responsible for the coronal lines 

s not trivial, as it is rather model independent. Detailed modelling
MNRAS 525, 1568–1587 (2023) 
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s underway (Yin et al. in preparation) but for any reasonable SED,
lacing material at the rele v ant critical density, and at a distance
orresponding to the observed delay time, indicates that likewise a
ignificant co v ering factor is required to reproduce the line flux, of
he order 1–10 per cent. 

Furthermore, the illuminated material is too far from the black
ole to have been expelled from the 2019 outburst. We do not have
 kinematic model, but the outflow time will likely be of the order
f the dynamical timescale t = 

√ 

R 

3 /GM . If we place the [Fe X ]
aterial at the light echo distance based on the light curve peak

t 500 d, the outflow time is ∼4000 yr. The outflow time to the
almer lines, still rising at 800 d, is at least ∼8200 yr. Even at

elati vistic jet-like outflo w velocities, the outflo w cannot outpace the
lluminating light. The material could have been placed there by
re vious AGN acti vity, or the host could have significant amounts
f gas along the line of sight. Intriguingly, if we were to speculate
hat the material is the remnant of a previous TDE, the dynamical
imescale would be consistent with the expected average TDE rate
f ∼10 −4 yr −1 galaxy −1 . Whether or not a past TDE would leave
nough material to produce the observed line luminosities, or indeed
hich of these scenarios is most likely, is left for future work to

nvestigate. 

.5 Comparison to other coronal line emitters 

T2019qiz and very recently AT2017gge (Onori et al. 2022 ) are
he only spectroscopically confirmed optical-UV TDEs to have
eveloped coronal lines and it is not clear why this is the case.
he Dec 2020 spectrum was obtained as part of a study of TDE
ost galaxies, and was thus one of a sample of other ‘very late time’
DE spectra. Out of the 11 objects in our sample AT2019qiz was

he only one to show signs of Fe lines, despite some of the other
ost galaxies also hosting AGN. Out of our sample of late time TDE
pectra, AT2019qiz was the most recent, and it is also one of the
ost nearby TDEs disco v ered to date. It could be that these coronal

ines have been produced in other TDEs but simply have not been
etected. Ho we ver, AT2017gge (Onori et al. 2022 ) is significantly
urther away at z = 0.0665 and the coronal lines were still detected
700 d after the initial outburst. It remains unclear what is special
bout AT2019qiz or AT2017gge. 

Coronal lines are common in AGN (Oli v a et al. 1994 ; Gelbord et al.
009 ) and of the class of ECLEs, several are strongly suspected to be
ight echos from past TDEs (Komossa et al. 2008 ; Wang et al. 2011 ,
012 ). In Fig. 13 , we compare AT2019qiz with some of these coronal
ine emitters from the literature on plots of [Fe X ] versus [Fe VII ] and
Fe X ] versus [O III ] λ5007. The comparison sample is made up of
oronal line AGN from Gelbord et al. ( 2009 ), a nearby Seyfert 2 (the
ircinus galaxy) from Oli v a et al. ( 1994 ) and the possible TDEs from
ang et al. ( 2012 ) (Note that we have separated the four galaxies

SDSS J0952 + 2143, SDSS J1241 + 4426, SDSS J0748 + 4712, and
DSS J1350 + 2916) which had confirmed highly variable coronal

ines through follow-up spectra). In both plots, there is a correlation
etween the line ratios which is a sign that the lines are photoionized
ather than collisionally ionized. In Fig. 13 (b), the Wang et al. ( 2012 )
bjects appear to follow a different correlation to the Gelbord et al.
 2009 ) AGN. Interestingly, AT2019qiz is more consistent with the

ang et al. ( 2012 ) objects than the AGN, albeit at lower luminosity
han all the others. This likely confirms the speculation of Komossa
t al. ( 2008 ) and Wang et al. ( 2012 ) that the coronal lines in many
f these objects are remnants of a TDE outburst. Based on their
ample, Wang et al. ( 2012 ) estimate an event rate for coronal line
mitters of ∼10 −5 galaxy −1 yr −1 . In our sample of very late time TDE
NRAS 525, 1568–1587 (2023) 
pectra, only ∼ 10 per cent of events develop coronal lines. This is
onsistent with TDE rate estimates (Donley et al. 2002 ; Wang &
erritt 2004 ; Kesden 2012 ), though we acknowledge the caveats

hat (a) our sample size is small and (b) the spectra were obtained at
ifferent epochs relative to initial outburst of each event. 

 C O N C L U S I O N  

T2019qiz is the clearest example to date of a spectroscopically
onfirmed optical-UV TDE developing high ionisation coronal lines
n its spectra, appearing ∼400 d after the main optical flare. These
ines are direct evidence for the presence of a hard EUV continuum.
he lines originate from a pre-e xisting, comple x surrounding struc-

ure with different ionization potentials in different regions. Aside
rom AT2017gge, no other confirmed optical-UV TDEs to date have
hown coronal line emission, but the line ratios of AT2019qiz are
onsistent with coronal line emitters from the literature which are
uspected to be TDE remnants. In addition, the estimated rate of
oronal line emitters is consistent with the estimated rate of TDEs and
he fraction of our late time TDE sample which develop coronal lines.
he IR echo observed from AT2019qiz, along with other coronal line
mitters, is notably more luminous than typical for optical TDEs,
nd suggests a connection between these phenomena. This could be
xplained through the coronal lines arising from Fe liberated from
ust grains that were destroyed by the TDE flare. Future studies
hould systematically search for coronal line emission in late time
DE spectra. 
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ATA  AVA ILA BILITY  

ll spectra will be made available on WISeREP ( https://www.wise 
ep.org/) upon acceptance of the paper. Swift NEOWISE data are 
lready publicly available. 
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Table A1. Results from Gaussian fits to emission lines in the 2020 December spectrum, after correction for instrumental resolution, which is approximately 
56 km s −1 for blue arm lines, λ < 5600 Å, and 34 km s −1 for red arm lines, λ > 5600 Å. As discussed in the text, we estimate that line fluxes have an addition 
∼15 per cent systematic error. 

Line Centre Flux FWHM 

( Å) 10 −16 (erg s −1 cm 

−2 ) (km s −1 ) 

[Ne V ] λ3426 3426.27 ± 0.12 5.85 ± 1.16 106 ± 26 
[O II ] λ3727 3726.26 ± 0.15 4.46 ± 0.65 144 ± 16 
[O II ] λ3729 3729.48 ± 0.12 5.57 ± 0.68 143 ± 16 
[Ne III ] λ3869 3869.29 ± 0.05 4.99 ± 0.44 90 ± 10 
H β 4862.15 ± 0.09 2.44 ± 0.61 65 ± 16 
[O III ] λ4959 4959.77 ± 0.03 10.06 ± 0.41 84 ± 4 
[O III ] λ5007 5007.59 ± 0.01 35.17 ± 0.62 96 ± 2 
[Fe VII ] λ6087 6088.25 ± 0.28 3.5 ± 0.72 143 ± 33 
[Fe X ] λ6375 6374.63 ± 0.27 12.57 ± 1.18 330 ± 38 
[Fe X ] off 6380.72 ± 0.16 2.78 ± 0.63 86 ± 20 
[N II ] λ6549 6549.74 ± 0.19 2.78 ± 0.2 100 ± 7 
H α n 6563.83 ± 0.03 10.69 ± 0.57 77 ± 4 
H α b b1 6553.83 ± 0.46 154.43 ± 7.35 b1 346 ± 15 

b2 6571.93 ± 0.49 b2 313 ± 20 
[N II ] λ6583 6584.85 ± 0.06 8.35 ± 0.61 100 ± 7 
[S II ] λ6718 6717.66 ± 0.14 2.88 ± 0.35 248 ± 29 
[S II ] λ6732 6732.08 ± 0.18 2.23 ± 0.33 246 ± 0 
[Fe XI ] λ7892 7891.36 ± 0.22 9.42 ± 0.73 267 ± 21 
[Fe XI ] off 7899.4 ± 0.08 2.2 ± 0.28 43 ± 8 
[S III ] λ9071 9070.98 ± 0.35 3.01 ± 0.69 152 ± 32 
[S III ] λ9533 9532.54 ± 0.09 5.83 ± 0.44 80 ± 7 

Table A2. Results from Gaussian fits to emission lines in the Feb 2021 spectrum, after correction to instrumental resolution, which varies from 75 to 150 km 

s −1 . As discussed in the text, we estimate that line fluxes have an addition ∼15 per cent systematic error. 

Line Centre Flux FWHM 

Å 10 −16 (erg s −1 cm 

−2 ) (km s −1 ) 

[O III ] λ4959 4956.88 ± 0.04 16.83 ± 0.46 102 ± 5 
[O III ] λ5007 5004.93 ± 0.02 49.64 ± 0.69 109 ± 3 
[Fe XIV ] λ5304 5304.02 ± 1.86 4.26 ± 3.73 297 ± 145 
[Fe VII ] λ6087 6088.21 ± 0.16 5.08 ± 0.49 125 ± 19 
[Fe X ] λ6375 6374.91 ± 0.19 15.38 ± 1.04 300 ± 27 
[N II ] λ6549 6550.94 ± 0.31 5.17 ± 0.47 180 ± 2 
H α n 6564.36 ± 0.04 16.13 ± 0.83 <120 ± 5 
H α b b1 6555.83 ± 0.47 228 ± 10.0 b1 405 ± 15 

b2 6573.58 ± 0.33 b2 255 ± 18 
[N II ] λ6583 6585.32 ± 0.11 15.52 ± 1.4 179 ± 2 
[S II ] λ6718 6715.1 ± 0.25 3.11 ± 0.55 73 ± 18 
[S II ] λ6732 6729.4 ± 0.2 3.81 ± 0.59 73 ± 18 
[Fe XI ] λ7892 7892.44 ± 0.2 11.39 ± 0.84 240 ± 20 
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Table A3. Results from Gaussian fits to emission lines in the 2022 January spectrum, after correction for instrumental resolution, which is approximately 
56 km s −1 for blue arm lines, λ < 5600 Å, and 34 km s −1 for red arm lines, λ > 5600 Å. As discussed in the text, we estimate that line fluxes have an addition 
∼15 per cent systematic error. 

Line Centre Flux FWHM 

( Å) 10 −16 (erg s −1 cm 

−2 ) (km s −1 ) 

[Ne V ] λ3426 3426.26 ± 0.06 4.57 ± 0.59 68 ± 13 
[O II ] λ3727 3729.61 ± 0.08 4.46 ± 0.44 112 ± 10 
[O II ] λ3729 3726.72 ± 0.08 4.12 ± 0.43 112 ± 10 
[Ne III ] λ3869 3869.25 ± 0.05 5.65 ± 0.38 116 ± 9 
[He II ] λ4686 4686.62 ± 0.09 2.82 ± 0.36 118 ± 16 
H β 4862.24 ± 0.03 8.61 ± 0.86 90 ± 6 
[O III ] λ4959 4959.41 ± 0.04 8.21 ± 0.46 70 ± 5 
[O III ] λ5007 5007.3 ± 0.02 31.8 ± 0.69 86 ± 2 
[Fe XIV ] λ5304 5303.71 ± 0.29 4.76 ± 0.87 214 ± 38 
[Fe VII ] λ6087 6087.45 ± 0.31 2.33 ± 0.57 107 ± 37 
[O I ] λ6300 6301.4 ± 0.09 3.98 ± 0.5 79 ± 11 
[Fe X ] λ6375 6374.86 ± 0.18 14.14 ± 0.85 328 ± 21 
[N II ] λ6549 6549.67 ± 0.1 4.03 ± 0.17 94 ± 4 
H α n 6564.02 ± 0.01 45.37 ± 0.56 94 ± 1 
H α b b1 6556.15 ± 1.45 85.44 ± 15.04 b1 358 ± 32 

b2 6572.48 ± 2.38 b2 363 ± 60 
[N II ] λ6583 6584.83 ± 0.03 12.08 ± 0.52 93 ± 4 
[S II ] λ6718 6717.84 ± 0.12 3.08 ± 0.31 106 ± 10 
[S II ] λ6732 6732.23 ± 0.14 2.72 ± 0.3 105 ± 10 
[O I ] λ7321 7321.32 ± 0.18 2.2 ± 0.37 107 ± 19 
[Fe XI ] λ7892 7892.85 ± 0.11 8.67 ± 0.5 171 ± 11 
[S III ] λ9071 9070.46 ± 0.12 5.58 ± 0.5 119 ± 10 
[S III ] λ9533 9532.54 ± 0.05 12.41 ± 0.5 95 ± 4 
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n this section, we plot coronal line regions from 8 epochs of X-
hooter and MUSE spectra. All plots display a wavelength region 
anging from −1500 to 1500 km s −1 centred on the rele v ant line. In
ach case, the flux is normalized to the median value of that region. 
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Figure B1. Evolution of the [Fe VII ] λ 6087 coronal line region. 
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MNRAS 525, 1568–1587 (2023) 

Figure B2. Evolution of the [Fe X ] λ 6375 coronal line region. 
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Figure B3. Evolution of the [Fe XI ] λ 7892 coronal line region. 
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Figure B4. Evolution of the [Fe XIV ] λ 5304 coronal line region. 
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