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ABSTRACT

We present new spectroscopic and photometric follow-up observations of the known sample of extreme coronal line-emitting
galaxies (ECLEs) identified in the Sloan Digital Sky Survey (SDSS). With these new data, observations of the ECLE sample
now span a period of two decades following their initial SDSS detections. We confirm the non-recurrence of the iron coronal line
signatures in five of the seven objects, further supporting their identification as the transient light echoes of tidal disruption events
(TDEs). Photometric observations of these objects in optical bands show little overall evolution. In contrast, mid-infrared (MIR)
observations show ongoing long-term declines consistent with power-law decay. The remaining two objects had been classified
as active galactic nuclei (AGNs) with unusually strong coronal lines rather than being TDE related, given the persistence of the
coronal lines in earlier follow-up spectra. We confirm this classification, with our spectra continuing to show the presence of
strong, unchanged coronal line features and AGN-like MIR colours and behaviour. We have constructed spectral templates of
both subtypes of ECLE to aid in distinguishing the likely origin of newly discovered ECLEs. We highlight the need for higher
cadence, and more rapid, follow-up observations of such objects to better constrain their properties and evolution. We also
discuss the relationships between ECLEs, TDEs, and other identified transients having significant MIR variability.

Key words: galaxies: active —transients: tidal disruption events.

1 INTRODUCTION

Tidal disruption events (TDEs) are luminous flaring transients
produced by the gravitational shredding of a star that passes too
close to its galaxy’s central supermassive black hole (SMBH). This
leads to a portion of the star’s mass being accreted onto the disrupting
SMBH via an accretion disc, with the remaining material becoming
unbound and ejected from the system. Whilst around half of the
disrupted star’s mass is initially gravitationally bound to the black
hole following the disruption (Ulmer 1999), the actual amount of
material accreted is significantly less as more material becomes
unbound as the event evolves (Ayal, Livio & Piran 2000). It is thought
that either the circularization of the accretion disc or collisions within
the infalling material streams (or a combination of both) releases the
energy observed as the flaring TDE (e.g. Lacy, Townes & Hollenbach
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1982; Rees 1988; Evans & Kochanek 1989; Phinney 1989), though
the specifics of the processes are still under debate. In the case
of non-rotating SMBHs, only those < 108 Mg, are expected to be
responsible for producing TDEs, as at larger SMBH masses the
Roche limit (the radius within which a star will be tidally disrupted)
is within the event horizon and so the star is absorbed whole prior
to disruption, thereby not producing a visible transient. For the more
physically realistic situation of a rotating Kerr SMBH, this mass limit
for visible disruptions is increased as black hole spin increases (Hills
1975; Kesden 2012).

TDESs have been observed with a wide range of properties and have
been detected through numerous methods across the electromagnetic
spectrum. The first events were identified in the 1990s by X-ray
surveys, at energies where overall TDE emission is predicted to peak
(Bade, Komossa & Dahlem 1996). TDEs are now routinely detected
by wide-field optical surveys. Examples of such surveys, from which
we utilize data in this work, are the Asteroid Terrestrial-impact Last
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Alert System (ATLAS, Tonry et al. 2018; Smith et al. 2020), Pan-
STARRS1 (PS1, Chambers et al. 2016), and the Zwicky Transient
Facility (ZTF, Bellm et al. 2019). Subsequent follow-up observations
have also detected TDE:s at radio and infrared (IR) wavelengths — for
example, Alexander et al. (2017) and Dou et al. (2017), respectively.

A literature search reveals that upward of 100 TDE candidates
have been identified (e.g. Hinkle et al. 2021; van Velzen et al. 2021;
Charalampopoulos et al. 2022; Hammerstein et al. 2023). However,
given the wide range of properties observed, and the varied methods
used in their detection, it is still debated whether all candidates identi-
fied so far are genuine TDEs or are the result of more than one kind of
accretion activity onto an SMBH, for example, flares from temporary
increases in the accretion rate of active galactic nuclei (AGNs).

A small subset of TDE candidates have been identified from
residual signatures in the spectra of their host galaxies. Nuclear
spectra of these galaxies exhibit strong, narrow emission lines of
ionic species more commonly associated with the high-temperature
environment of the Solar corona, most notably emission lines
produced by high-ionization states of iron ([ Fevir ]-[ Fex1v ]).
As a result, these objects have been termed ‘extreme coronal line
emitters’ or ‘extreme coronal line-emitting galaxies’ (ECLEs, Wang
et al. 2012).

The first ECLE (SDSS J095209.56 + 214313.3, which we refer
to as SDSS J0952) was identified by Komossa et al. (2008, 2009),
who noted that the object changed in brightness and overall spectral
energy distribution (SED) between photometric observations by the
Sloan Digital Sky Survey (SDSS; York et al. 2000) in 2004 and
subsequent spectroscopic observations the following year. During
this time, the object dimmed to be more consistent with that of near-
infrared (NIR) photometry obtained in 1998 by the Two Micron All-
Sky Survey (2MASS; Skrutskie et al. 2006), whilst displaying a con-
tinuum best described by a combination of underlying starlight and an
additional power-law component. This spectrum also presented the
strong emission lines of highly ionized Fe that subsequently became
the hallmark spectral features for the identification of ECLEs. These
Fe emission lines had both broad and narrow components and were
accompanied by multipeaked Balmer emission lines.

Additionally, ultraviolet (UV) observations obtained two months
after the SDSS spectrum by the Galaxy Evolution Explorer (GALEX;
Martin et al. 2005) were found to be significantly brighter than would
be expected from host-galaxy starlight alone yet consistent with an
extrapolation of the power-law component identified in the contin-
uum of the SDSS spectrum. Follow-up photometry and spectroscopy
tracked a decline in luminosity across the electromagnetic spectrum
and fading of the observed Fe coronal lines, with the higher ionization
state lines fading more quickly.

Wang et al. (2011) later identified a second similar object (SDSS
J074820.67 +471214.3: SDSS J0748). A systematic survey of the
seventh data release of the SDSS (Abazajian et al. 2009) conducted
by Wang et al. (2012) recovered five additional objects showing
similar, though not identical, properties, bringing the total number
of known ECLE:s to seven.

The connection between the appearance of the Fe coronal lines and
TDE light echoes was first made by Komossa et al. (2008) through
their observations of SDSS J0952. The high ionization potentials
of the highly ionized states of Fe (358 eV for [Fe X1v]) require the
presence of a soft X-ray continuum. Whilst the process that generates
this X-ray continuum in a TDE remains somewhat unclear, modelling
indicates the likely source is the resulting accretion disc after the
material removed from the disrupted star has circularized around
the SMBH (e.g. Hayasaki & Jonker 2021). This continuum may be
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obscured by the presence of dense circumnuclear material, which
once ionized generates the observed coronal lines.

Several other possible explanations for ECLEs have been sug-
gested, including a new form of AGN variability or an exotic form
of supernova (SN). The TDE light-echo explanation for ECLEs has
been supported by the long duration of the events. ECLEs have
been seen to leave detectable emission-line signatures in their host
spectra for at least several years post discovery and continue to
display mid-infrared (MIR) evolution over the course of more than a
decade, longer than would be expected of other forms of astrophysical
transients, such as supernovae (SNe, Palaversa et al. 2016). The
spectroscopic and MIR photometric evolution of ECLEs are both less
erratic and larger in amplitude than what is observed in most AGN
variability, which is normally seen to be ~ 0.1 mag in amplitude on
time-scales of weeks to months (Hawkins 2002).

Previously, the most clear connection between ECLEs and TDEs
was the discovery spectrum of SDSS J0748. This object was first
observed with a broad, strong Hell feature along with broad Ho
emission commonly associated with conventional, optically selected
TDEs (Gromadzki et al. 2017). Additionally, a further two objects
(SDSS J0952 and J1350) were also initially observed with clearly
broad and complex Ho emission features comprised of multiple
components, with the broad components fading over time (Yang
et al. 2013). Recently, the connection between ECLEs and the wider
group of optically selected TDEs has become much more evident
through observations of a small number of optically selected and
spectroscopically confirmed TDEs that have developed coronal line
emission features following their classification. We discuss these in
more depth in Section 4.1.

The long duration of the ECLE spectroscopic signatures, as well
as their occurrence not being limited to a specific type of galaxy
(Graur et al. 2018), allows them to serve as a window into the long-
term behaviour of the environments surrounding both active and
quiescent black holes. This includes cases where the initial TDE was
not directly observed — the coronal line signatures of ECLEs can
persist long after the TDE is no longer photometrically detectable
and after any broad H or He features have faded (Onori et al. 2022).

Despite the limited sample size, two spectroscopic subclasses
of ECLE were suggested by Wang et al. (2012): those objects
showing [Fe viI] emission features (4/7) and those without (3/7).
Two scenarios for this were proposed, with either [Fe viI] being
collisionally de-excited in some objects having a higher density of
circumnuclear material (with the higher ionization states of Fe not
being affected owing to their significantly higher critical densities)
or that the soft X-ray radiation field was of sufficient intensity to
overionize the line-emitting material, preventing the formation of
the [Fe vII] lines.

Follow-up spectra obtained by Yang et al. (2013) up to 9 yr
after the initial SDSS observations found that four objects displayed
significant evolution over this period, with the remaining three being
spectroscopically non-variable. We note here that this classification
does not divide the sample into the same two groups as the initial
detection/non detection of [Fe vII] put forward by Wang et al. (2012).
Yang et al. (2013) suggested that the three non-variable objects were
the result of AGN activity or the tidal disruption of giant stars rather
than the disruption of a main-sequence star as is usually suggested
for observed TDEs. A subset of AGN have been observed with
Fe coronal lines, though these lines in AGN are observed at lower
intensities than in ECLEs (Nagao, Taniguchi & Murayama 2000;
Komossa et al. 2008). ECLEs have also been observed with line
ratios expected of star-forming galaxies rather than those of typical
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AGN. However, these ratios have been seen to shift to more AGN-like
values as the ECLEs evolve.

X-ray observations of SDSS J134244.414-053056.1 (SDSS
J1342), one of the original ECLEs, obtained with the Neil Gehrels
Swift Observatory (Swift; Gehrels et al. 2004) and XMM-Newton
(Jansen et al. 2001), revealed a long-term decline consistent with
the 1=3/3 power law expected from accretion events. The authors
concluded that this object was consistent with a long-duration TDE
by a 10° Mo SMBH (He et al. 2021).

Here, we present new spectroscopic follow-up observations of
all seven of the ECLEs in the Wang et al. (2012) sample with the
time between the initial observations and these new spectra now
approaching two decades. Summary information for all seven objects
in this work (including both the full and abbreviated names used
along with their coordinates) is provided in Table Al.

This paper is organized in the following manner. Section 2 outlines
the observations and reduction techniques. In Section 3, we detail
the analysis of the new set of follow-up spectra, including updated
Baldwin—Phillips—Terlevich (BPT; Baldwin, Phillips & Terlevich
1981) diagnostics for each object. We use the SDSS discovery spectra
of the sample to construct template spectra of both the variable and
non-variable ECLEs, and we use these to compare against other
SDSS galaxy templates. Additionally, we present updated optical
and MIR photometric analyses of the evolution of all ECLEs. Whilst
there has been little overall evolution across the sample at optical
wavelengths, the majority of ECLEs with variable coronal lines show
ongoing MIR declines. In Section 4, we discuss the links between
ECLEs and other types of transient identified with coronal lines.
Finally, in Section 5, we present a summary of our main findings.

Throughout, we assume a Hubble-Lemaitre constant Hy = 73
kms~! Mpc~! and adopt a standard cosmological model with
Q) =0.27 and 2, = 0.73.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Optical spectroscopy

We obtained optical spectra with a combination of the 6.5 m MMT
(Blanco et al. 2004) using the Binospec spectrograph (Fabricant et al.
2019); the European Southern Observatory (ESO) 4 m New Technol-
ogy Telescope (NTT) using the ESO Faint Object Spectrograph and
Camera (EFOSC2, Buzzoni et al. 1984) as part of the advanced Public
ESO Spectroscopic Survey of Transient Objects (ePESSTO + ;
Smartt et al. 2015); the Shane 3 m telescope at Lick Observatory
making use of the Kast Double Spectrograph (Kast; Miller &
Stone 1994); and the Dark Energy Spectroscopic Instrument (DESI)
mounted on the Mayall 4 m telescope (DESI Collaboration 2016a, b).

The MMT spectrum was reduced using an He—-Ne—Ar comparison
lamp and flat-field taken immediately after the spectrum, and flux-
calibrated using a standard star observed during the night.

NTT + EFOSC2 spectra were obtained through the
ePESSTO + collaboration and reduced using a custom pipeline,
applying bias-subtraction, flat-fielding, wavelength and flux calibra-
tion, and telluric correction, as described by Smartt et al. (2015).

The Kast observations utilized a 2-arcsec-wide slit, 600/4310
grism, and 300/7500 grating. This configuration has a combined
wavelength range of ~ 3500-10500 A, and a spectral resolving
power of R ~ 800. To minimize slit losses caused by atmospheric
dispersion (Filippenko 1982), the spectra were acquired with the
slit oriented at or near the parallactic angle and were reduced
following standard techniques for CCD processing and spectrum
extraction (Silverman et al. 2012) utilizing IRAF (Tody 1986) routines

MNRAS 528, 7076-7102 (2024)

and custom PYTHON and IDL codes.! Low-order polynomial fits to
comparison-lamp spectra were wavelength calibration, and small
adjustments derived from night-sky lines in the target frames were ap-
plied. The spectra were flux-calibrated using observations of appro-
priate spectrophotometric standard stars observed on the same night,
at similar airmasses, and with an identical instrument configuration.

The DESI spectrum of SDSS J1342 was obtained as part of survey
validation (DESI Collaboration 2024, 2023), whilst those of SDSS
J0938 and J0952 were taken as part of the bright galaxy survey
during main survey operations (Hahn et al. 2023). All DESI spectra
were processed by the custom DESI spectroscopic pipeline, which
includes a full suite of processing and correction steps to provide
fully flux- and wavelength-calibrated spectra (Guy et al. 2023).

These new observations were combined with spectra previously
analysed by Wang et al. (2012) and Yang et al. (2013) obtained as
part of the SDSS and with the MMT, respectively.

The details of the full set of optical spectra obtained for all ECLE’s
explored in this work are given in Table A2 of Appendix A.

As these spectra were obtained over long durations from multiple
instruments, there are a few caveats to be aware of. The SDSS and
DESI spectra were obtained via fibres placed on the nuclei of the
galaxies, whereas the MMT, NTT, and Shane 3 m telescopes obtained
long-slit spectra. Furthermore, the SDSS fibres had diameters of
3 arcsec, while DESI fibres are smaller at 1.5 arcsec in diameter
(Kent et al. 2016). Consequently, DESI spectra will contain less light
from the outer regions of the host galaxies despite being centred on
the same location. This may act to introduce artificial changes in line
fluxes and ratios depending on the line-emitting regions included or
excluded by the fibres. The same is true for the long-slit spectra that
have been extracted using apertures smaller in area than the SDSS
fibre spectra. As described by Yang et al. (2013), this will primarily
affect starlight contributions and low-ionization (narrow) lines from
any extended star-forming regions rather than the centrally located
coronal lines.

The varying resolutions of instruments (in particular the lower
resolution of the NTT and Kast spectra) also leads to the artificial
broadening of narrow lines which must be considered when making
comparisons between the spectra.

2.2 Optical photometry

Whilst there has been no dedicated long-term photometric follow-
up program of the ECLEs, all-sky surveys provide an opportunity
to obtain repeated coincidental observations across multiple filters
and over an extended period of time. We have explored observa-
tions of our sample obtained by the ATLAS, Catalina Real-Time
Transient Survey (CRTS; Drake et al. 2009), PS1, and ZTF sky
surveys.

Throughout this work, unless stated otherwise, apparent mag-
nitudes are listed as observed, with no additional corrections.
Wherever we note absolute magnitudes, a correction for Milky
Way extinction has been applied using the appropriate photometric
extinction coefficient. Unless specified otherwise, coefficients have
been retrieved from Schlafly & Finkbeiner (2011). To match the
preferred extinction parameters of Schlafly & Finkbeiner (2011),
we apply the extinction law of Fitzpatrick (1999) throughout and
assume Ry = 3.1. A summary of all photometric data sets used here
is provided in Table 1.

Thttps://github.com/ishivvers/TheKastShiv
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Table 1. Details of the photometric data sets used in this work.

Survey Filters MID range Reference
Optical

ATLAS cand o! 5723060277 Tonry et al. (2018)
CRTS V2 53464-56656 Drake et al. (2009)
LINEAR Clear? 52614-54613 Palaversa et al. (2016)
PS1 g hLi,zYy 54996-57009 Chambers et al. (2016)
ZTF & i 58198-59889 Bellm et al. (2019)
Infrared

2MASS J, H K 50836-51928 Skrutskie et al. (2006)
WISE W1, W2, W3 55204-55573 Wright et al. (2010)
NEOWISE Wi, w2 56663-59926 Mainzer et al. (2014)

Notes. ATLAS observations were made using two broad-band filters; ¢
(cyan) is approximately equivalent to g 4 r and o (orange) is roughly r + i.
2CRTS observations were made with an unfiltered optical CCD and calibrated
to an approximation of the V band.

3LINEAR observations are available only for SDSS J0952 and were made
with an unfiltered optical CCD with a response covering the approximate
range of the SDSS griz filters.

Where possible, data for each object have been retrieved across all filters and
surveys.

The photometry for all optical sky-surveys has been post-
processed in a similar way prior to inclusion in this work, with
any exceptions detailed in the specific text for that survey. Following
retrieval and conversion to absolute magnitudes, the data were pro-
cessed on a per filter basis by fist applying a rolling 3¢ clipping cut to
remove any likely spurious data points suffering from observational
artefacts. Additionally, given the large multiyear time-scales over
which each ECLE has been observed, we bin the photometry on a
14 d cadence to focus on any long-term trends rather than stochastic
variability between closely spaced observations.

The ATLAS data were retrieved using the ATLAS forced-
photometry server (Shingles et al. 2021).2 Observations were made
using the ATLAS broad-band filters ‘cyan’ (c; approximately
equivalent to g + r) and ‘orange’ (o; approximately equivalent
to r + i). ATLAS observations are available in the range MJD
57230 — 60277. Whilst the forced-photometry server can provide
template-subtracted difference photometry, we do not make use of
this option, instead using the direct source photometry to allow for
like-to-like comparisons between photometry from other sources for
which difference photometry is not available. As ATLAS-specific
photometric extinction coefficients are unavailable, the photometry
has been corrected using a mean of the corresponding SDSS filter
pairs that cover the same approximate filter range of the ATLAS
broad-band filters. Additionally, as the forced-photometry server
provides the raw flux information for each of the observations, the
post-processing sigma clipping and stacking was conducted in flux
rather than magnitude space.

The CRTS data set was compiled from the second public data
release,” and consists of CRTS V-band observations, covering an
MJD range of 53464-56656 (Drake et al. 2009).

PS1 observations were retrieved from the second public data
release (Flewelling 2018) available through the Mikulski Archive
for Space Telescopes* across all available filters (grizy) and cover
an MJD range of 54996-57009. Due to the small number of PS1
observations, no sigma clipping or stacking has been applied.

Zhttps://fallingstar-data.com/forcedphot/
3http://nesssi.cacr.caltech.edu/DataRelease/
“https://archive.stsci.edu/
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ZTF observations were made using the gri filters, and retrieved
from the nineteenth public data release accessed through the
NASA/IPAC infrared science archive (IRSA).> These observations
cover an MJD range of 58198-60132 (Masci et al. 2018).

In addition to the data sets available for the full ECLE sample,
we make use of Lincoln Near-Earth Asteroid Program (LINEAR;
Stokes et al. 2000) observations of SDSS J0952 first published by
Palaversa et al. (2016). These data were obtained without a specific
photometric filter, with the instrument’s response function covering
the approximate range of the SDSS griz filters.

2.3 Infrared photometry

To explore the behaviour of each ECLE well before its initial outburst,
we retrieve NIR JHK photometry obtained by the 2MASS (Skrutskie
et al. 2006) from IRSA. This analysis is described in Section 3.6.

In a similar manner to Dou et al. (2016), we also retrieve the
available MIR photometry obtained by the Wide-field Infrared Survey
Explorer (WISE), from both the ALLWISE (Wright et al. 2010)
and NEOWISE Reactivation Releases (NEOWISE-R; Mainzer et al.
2011, 2014) from IRSA. Specifically, ALLWISE data were retrieved
from the ‘AIIWISE Multiepoch Photometry Table’ and NEOWISE-R
data from the corresponding ‘NEOWISE-R Single Exposure (L1b)
Source Table’. Given the time between this work and that of Dou
etal. (2016), an additional ~ 6 yr of NEOWISE-R data are available,
providing a means to further explore the long-term evolution in the
W1 and W2 bands. The start of WISE observations is several years
following the initial spectral observations of the ECLEs and so cannot
be used to infer their early-time behaviour.

As WISE obtains several images of each object during each
observing phase (once every six months), we process the observations
using a custom PYTHON script. This script filters out any observation
marked as an upper limit, was observed when the spacecraft was close
to the South Atlantic Anomaly (saa_sep < 5.0) or the sky position of
the Moon. Additionally, any observation with a low frame quality or
that suffered from potential ‘contamination or confusion’ as flagged
by the WISE pipeline was also removed, with the exception of W1
observations flagged as potentially contaminated, but not dominated
by, a nearby bright star halo. This choice was made to prevent the
removal of the vast majority of W1 observations of SDSS J1350,
which visual inspection showed to be unlikely to be significantly
affected by the presence of a nearby star. A weighted average is
then used to provide a single magnitude value per filter for each
observation block. Dou et al. (2016) previously explored whether
the variable ECLEs displayed variability during each observation
block, with no such variability being detected. As such, combining
the individual observations allows for any long-term trends to be seen
more easily. WISE magnitudes are presented in the Vega magnitude
system as reported in the stated databases.

2.4 Search for additional transient activity

As well as retrieving archival photometric data, we performed a
search of the Transient Name Server® at the coordinates of each
ECLE to confirm that no other survey (i.e. those whose data are not
explored in detail here) had reported new transient activity of any of
the ECLEs over the last several years. No such reports were found
for the five TDE-related ECLEs. The lack of such reports supports

Shttps://irsa.ipac.caltech.edu/
Ohttps://www.wis-tns.org/
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the assumption that members of the variable subclass of ECLE are
produced by a single-epoch event, rather than a recurring process.

One report was located at the position of SDSS J1055—AT 2023jke
by ZTF (Fremling 2023). Whilst this newly reported transient lacks
any spectroscopic follow-up, given the nature of the host galaxy we
attribute it to AGN variability.

3 ANALYSIS AND RESULTS

3.1 Overall optical spectral evolution

‘We now explore the observed spectroscopic evolution of each ECLE
in turn. In all of the following figures, the spectra are shown with the
earliest at the top of the plot with progressively more recent spectra
displayed below. All spectra are colour coded based on the telescope
and instrument with which they were obtained. The spectroscopic
sequences of the ECLE sample are shown in Fig. 1.

3.1.1 SDSS J0748

The initial 2004 SDSS spectrum of SDSS J0748 displayed [Fe X]—
[Fe X1v] emission lines along with broad He 11 and Balmer lines that
typify the H + He subclass of optically selected, active TDEs (Arcavi
et al. 2014). All of these features had faded prior to the 2011 Yang
et al. (2013) MMT spectrum and are also absent in our 2019 MMT
spectrum. The spectral shapes of both MMT spectra are consistent.
This indicates that the initial flaring event was a single epoch rather
than a recurring transient, with the optical spectrum having now most
likely returned to a quiescent state.

3.1.2 SDSS J0938

SDSS J0938 was reclassified by Yang et al. (2013) as a Seyfert 2
AGN with star-forming regions rather than being related to a transient
TDE. This reclassification was based on the lack of variability in the
coronal emission lines between the original 2006 SDSS spectrum
and their 2011 MMT follow-up spectrum. Our 2021 NTT and 2022
DESI spectra show no detectable changes in any of the coronal
lines (beyond the expected width changes as a result of instrumental
resolution) or in overall spectral shape. Based on these findings,
we concur with this AGN classification. However, the processes
involved in generating such strong coronal lines relative to the rest of
the AGN population over time-scales of at least two decades are still
unclear.

3.1.3 SDSS J0952

Between the 2005 SDSS spectrum and the 2011 Yang et al. (2013)
MMT spectrum, the Fe coronal lines displayed by SDSS J0952
faded significantly though remained detectable. These features have
continued to fade and are no longer present in either our 2021
NTT or 2022 DESI spectra. A broad Ha component was also seen
in the initial SDSS spectrum which, like the Fe lines, had faded
between the SDSS and MMT follow-up spectra. Whilst challenging
observing conditions mean the NTT spectrum has a low signal-
to-noise ratio (S/N), the most recent DESI spectrum confirms the
presence of only narrow Ho. Likewise, a narrow He 1l feature was
visible in the initial SDSS spectrum but is absent from the follow-up
spectra.
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3.1.4 SDSS J1055

In a similar manner to SDSS J0938, SDSS J1055 was reclassified by
Yang et al. (2013) as a Seyfert 1 AGN based on its spectral invariance
between 2002 and 2011. Our 2021 Kast spectrum confirms this lack
of evolution, supporting the AGN reclassification.

3.1.5 SDSS Ji241

This object was originally identified by Yang et al. (2013) as non-
variable. In their analysis, they lacked the red component of the
spectrum owing to observational issues, with the blue component
showing that the [Fe vi]3759 A and [Ne1]3896 A emission lines
remained prominent and that there were no significant changes to
the continuum or overall spectral shape within the blue region of the
spectrum. Our follow-up spectrum of SDSS J1241 covers the full
range of the original SDSS observation and reveals that the object
has in fact displayed spectral variability consistent with the other
variable ECLEs. Specifically, the coronal lines can now be seen to
have faded, with none detected in our 2021 Kast spectrum. [Fe vii]
lines have been seen to persist or develop with time in other ECLEs
relative to the other Fe coronal lines, so it is possible that the higher
ionization lines had faded at the time of the 2011 MMT spectrum,
though this is not possible to confirm. Whilst the lower resolution of
the Kast spectrum makes it difficult to confirm, the [Ne 111]3896 A
emission line also appears to have reduced in strength significantly
compared to both the 2004 SDSS and 2011 MMT spectra.

3.1.6 SDSS J1342

The initial 2002 SDSS spectrum of SDSS J1342 displayed [Fe x],
[Fe x1], and [Fe x1v], but lacked any [Fe vi1] lines. By the time of the
MMT spectrum in 2011, the higher ionization lines were no longer
detectable, but [Fe vii] lines were now clearly observable. The higher
resolution 2022 DESI spectrum reveals a persistence of the [Fe vii]
emission features first seen in the 2011 MMT follow-up spectrum,
with no indication of recurrence of the higher ionization state lines.
The NTT spectrum of SDSS J1342 obtained around one month
after the DESI spectrum does display some apparent [Fe vII] coronal
emission features, though this spectrum is of too low resolution and
S/N for any additional confirmation. This highlights the necessity
of high-S/N and high-resolution follow-up spectra to fully capture
the evolution of ECLEs. This object is most interesting for the very
large increase in the line flux of [O11]JA14959, 5007 observed in
both the DESI and NTT spectra. Whilst Yang et al. (2013) note the
increase in [O 1] emission strength in all four of the ECLEs they
identify as variable between the intial SDSS spectra and their 2011
MMT spectra, the increase displayed by SDSS J1342 after 2011 is
much more extreme, and unique among the current ECLE sample.
We discuss this further in Section 3.2.

3.1.7 SDSS J1350

SDSS J1350 initially exhibited [Fe X]—[Fe X1v] emission lines which
faded between the 2006 SDSS spectrum and the follow-up 2011
MMT spectrum obtained by Yang et al. (2013), with [Fe v1I] emission
lines developing over the same period. Like the higher ionization
state lines before them, these [Fe viI] lines have now faded; with
no remaining coronal emission present in our 2021 NTT follow-up
spectrum, with the possible exception of a low-S/N [Fe x1] feature.
Given its low S/N and the lack of lower ionization state lines, we do
not claim its detection.
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Figure 1. Spectral sequences showing the original SDSS spectra (black) for each ECLE along with the corresponding MMT follow-up spectrum obtained by
Yang et al. (2013; blue) and the new follow-up spectra obtained through this work (other colours depending on source). Objects are ordered based on their
SDSS identification. Labels indicate whether each object has shown spectral variability — in particular of the coronal Fe lines — over the observation period.
All spectra are presented following mild Gaussian smoothing (¢ = 1) to improve visual clarity. Spectral sequences showing the original SDSS spectra (black)
for each ECLE along with the corresponding MMT follow-up spectrum obtained by Yang et al. (2013; blue) and the new follow-up spectra obtained through
this work (other colours depending on source). Objects are ordered based on their SDSS identification. Labels indicate whether each object has shown spectral
variability —in particular of the coronal Fe lines — over the observation period. Note that SDSS J1341 was originally classified as non-variable by Yang et al.
(2013), but shown to be variable by our observations. All spectra are presented following mild Gaussian smoothing (o = 1) to improve visual clarity.

3.2 BPT diagnostics and narrow-line analysis

In the original SDSS observations analysed by Wang et al. (2012), the
ECLESs were seen to display emission-line intensity ratios consistent

with star-forming galaxies and did not meet the diagnostic thresholds
of AGN activity when plotted on the usual set of BPT line-diagnostic
diagrams (Baldwin et al. 1981; Veilleux & Osterbrock 1987; Kewley
et al. 2001; Kauffmann et al. 2003). As the objects evolved, their
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Figure 1 — continued

emission-line ratios were seen to change over time. Follow-up
observations by Yang et al. (2013) revealed a tendency for these
ratios to drift to values more indicative of AGN. They note that this
evolution is largely due to a combination of the increasing [O 111]
line strength and an observational effect resulting from the smaller
aperture size of the MMT spectra obtained by Yang et al. (2013)
compared to the original SDSS observations — that is, the spectra
were more restricted to the nuclear region with a reduction in the
light obtained from more distant star-forming regions.

We retrieve the data used to construct these BPT diagrams from
table 3 of Wang et al. (2012) and table 2 of Yang et al. (2013) to
produce a full comparison of the behaviour of the ECLE sample
given in Fig. 2. Table 3 of Wang et al. (2012) does not include
flux measurements for the diagnostic [O1] line which we measure
here. Likewise, Yang et al. (2013) do not include line fluxes for
the two objects with non-variable coronal lines, which we include
using our own measurements of the 2013 MMT spectral data set.
Furthermore, as the lower resolution of the NTT spectra obtained
using the EFOSC2 instrument makes accurate emission-line flux
measurements very difficult, we opt to use only the higher resolution
spectra from Kast and DESI, with the exception of SDSS J1350, for
which only an NTT spectrum is available.

MNRAS 528, 7076-7102 (2024)

While the non-variable objects show some changes in the mea-
sured line ratios between observations — likely the result of dif-
ferences in the exact regions of the host galaxy explored in each
observation and measurement differences introduced by the varying
resolutions of the instruments — they remain within the star-forming
or composite region in each set of spectra. We further explore the
spectral evolution of the objects by showing a comparison of each
of these line regions in Fig. 3. As with the full spectral comparisons
previously presented, each spectrum has been scaled to have the same
mean flux density in the range 5925-6000 A as the original SDSS
spectrum; however, in this case the spectra are directly overplotted to
highlight relative changes rather than offset to display an evolutionary
sequence.

Yang et al. (2013) observed strengthening of the [O 1] lines in
all of their variable objects, with a proportion of this strengthen-
ing attributed to the more nuclear-focused nature of their spectra
compared to the original SDSS observations. These smaller spectral
footprints reduced the contribution of starlight from the outskirts of
each galaxy, increasing the proportion of the spectrum contributed
by the narrow-line region. Between the spectra obtained by Yang
etal. (2013) in 2011 and our recent spectra, continued strengthening
of [O111] line emission (relative to the continuum flux) is observed in
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Figure 2. Comparison of the AGN line-diagnostic results for each object between the original SDSS spectra (shown by triangles), the 2011 MMT spectra
(shown by squares), and our new set of follow-up spectra (shown by pentagons). Those ECLEs with non-variable coronal lines can be seen to display only small
changes in measured line ratios, whilst those with variable coronal lines are observed to have much larger changes in their measured ratios tending to evolve

into the AGN regions.

two objects: SDSS J0748, and most significantly SDSS J1342. The
sharp increase in [O 111 JA5007 emission strength in SDSS J1342 (it is
now the spectrum’s dominant feature) may be the result of either the
TDE triggering AGN activity by increasing the accretion rate onto
the SMBH in the form of a ‘turn-on’ event (e.g. Gezari et al. 2017),
or due to the delayed response of more distant low-density gas to the
TDE flare as proposed by Yang et al. (2013). Balmer emission has
also increased in strength, though with no associated higher Doppler
broadened line velocities which has been seen in other such events.
Further observations will be required to determine if this behaviour is
a temporary change, or indicative of a more permanent alteration in
the behaviour of the galaxy’s SMBH. The low S/N ratio of the NTT
spectrum of SDSS J0952 makes line measurements impossible, but
the DESI spectrum obtained at approximately the same time shows
the relative strength of the [O 111], Balmer, and [N 11] lines to be largely
unchanged when compared to the 2011 MMT spectrum.

Several of the objects appear to display changes in line velocities
over time (see the right panels of Fig. 3). Whilst changes in the full
width at half-maximum line velocities are dominated by the range of
resolutions (as determined using the quoted R values — means where
appropriate — in Table A2), changes to the peak velocity of some
lines is seen in SDSS J0952, SDSS J1055, SDSS J1350, and SDSS
J1342. We discount the observed change in the HB line SDSS J1241
as an observational artefact due to the described observational issues
with the 2011 MMT spectrum of this object. None of the objects
show consistent changes, with the most common evolution being
an apparent blueshift in the 2011 observations before a return to
SDSS-consistent values or further redshifting in later observations,
with the exception of the HB line of SDSS J1350 which does show
consistently increasing blueshift but is only detected in the most
recent NTT spectrum at low S/N. Alterations in line peak velocities
could indicate the formation of dust as a result of a TDE or changes
in AGN obscuration. A higher cadence of observation — particularly
at early phases — would allow this to be explored in more depth.

3.3 Spectral templates

In order to explore if there are differences in the spectral properties
between two subgroups of ECLE, that would allow for better
classification between the two first observation in the future, we
construct template spectra using the original SDSS spectra and

perform comparisons both between the ECLE templates and to
other SDSS galaxy templates. Whilst limited by the small sample
size and the variable and unknown phase of the existing sample
upon observation, the analysis does reveal tentative hints that those
ECLEs with variable coronal lines are less blue overall and have
stronger [Fe X] and [Fe X1] emission on first observation. Additional
refinement of these templates will be undertaken as more ECLEs are
identified. The construction of the templates and the comparisons
themselves are outlined in greater detail within Appendix B.

3.4 Optical photometric evolution

As described in Section 2.2, we have used data from a number
of all-sky surveys to explore the optical photometric evolution of
each ECLE. The long period over which the ECLE sample has been
observed, whilst invaluable for monitoring their long-term behaviour,
presents a number of issues. Individual photometric surveys have
not operated consistently over this extended multidecade duration,
which changes the sources of photometry (and the filters available)
over time. Even where notionally the same filters are available in
differing surveys, differences between the filter responses, calibration
and processing introduces additional systematics. A specific example
of this is the CRTS-V observations. These were obtained using
an unfiltered CCD and converted to effective V observations using
comparisons with reference stars. The conversion process introduces
a source of systematic offset from other observations, highlighting
that care must be taken when examining the behaviour of objects
across differing surveys.

As such, providing a fully consistent picture across the full range
of observations is impossible. Instead, we instead focus on long-term
trends. As a result of the large period over which the original SDSS
spectra were collected, the time between the start of spectral coverage
and when regularly spaced photometric observations began varies
significantly. For three ECLEs (SDSS J0938, J0952, and J1350), the
SDSS spectrum was obtained during CRTS V-band observations,
whilst for the other four ECLES, a period of at least a year separates
the initial spectrum from such photometric observations. The start
time of each ECLE flare is also poorly constrained (with the exception
of SDSS J0952 which is constrained by the LINEAR observations),
making their evolutionary phases uncertain. The combined optical
light curves for each are shown in Fig. 4. In these plots the ECLE
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Figure 3. Left: focused plots of the AGN diagnostic lines of the ECLEs. Objects are presented in the same order as Fig. 1 with the colours used for each
spectral source also matching this previous figure. Note: the Kast and NTT spectra are of significantly lower resolution than the SDSS, MMT, and DESI spectra.
The flux density of each spectrum has been scaled to match in the featureless region 5925-6000 A, and has been presented on a log scale to better show the
range of line strengths. All spectra are presented following mild Gaussian smoothing (o = 1) to improve visual clarity. Right: evolution of the peak velocity
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sample has been divided into the same three groupings used to present
their optical spectra and are shown in the same order. Where eight
or more epochs of data are available in a given filter from the same
source, a cubic polynomial fit is also shown as a visual aid.
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3.4.1 SDSS J0748

Wang et al. (2012) found that SDSS J0748 had brightened between
the SDSS photometric and spectroscopic observations, indicating
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Figure 3 — continued

that the TDE likely occurred in the gap between the two sets of
observations. This is supported by the SDSS spectrum being the only
ECLE spectrum observed thus far with a distinct broad He II feature
typical of conventional optically selected TDEs. The presence of
such a feature indicates that SDSS J0748 was likely spectroscopically
observed during the active TDE phase of its evolution. Unfortunately,
there is no photometry of SDSS J0748 during this period to provide
additional context for its early evolution.

Over the full period of observation, it has displayed a largely stable
brightness. However, in more recent ATLAS observations it has
displayed a long-term decline of ~ 0.2 mag in ¢ observations and an
undulation in its o-band light curve, first fading by 0.2 mag between
the start of observations until ~ MJD 59000, before rebrightening by
~ 0.15 mag over the following period to its current value. We note
here that these changes in brightness are primarily seen between
visibility periods rather than between individual observations and
in particular, there are two discontinuities in o-band observations
between MJD ~ 58750 and 59250 for all objects except SDSS J1350.
Given the similarity and shared timing of this discontinuity across the
sample along with the lack of observed variability in the difference
imaging light curves, or in contemporaneous ZTF photometry, leads
us to the the conclusion that the bulk of this observed variability is
likely a calibration effect rather than intrinsic to the object.

The only PS1 data available for SDSS J0748 are two epochs of
g-band observations, which do appear to show a significant decline
between the two observations. This is not observed in the CRTS data
during the same time period, which (whilst a much broader filter) do
cover the full PS1 g-band wavelength range.

3.4.2 SDSS J0938

SDSS J0938 has likewise had a largely stable brightness, baring slight
changes of amplitudes consistent with expected low-level long-term
AGN variability.

3.4.3 SDSS J0952

SDSS J0952 was noted by Wang et al. (2012) to have faded between
SDSS observations. This fading is supported by the contemporaneous
CRTS observations which also show a slow decline for the first few
years of observations (approximate MJD range: 53460-56660). The
LINEAR observations over this period also capture the TDE flaring
behaviour, though as described by Palaversa et al. (2016) the exact
time of peak flare brightness was not observed. Following this initial

MNRAS 528, 7076-7102 (2024)

202 UdJBIN 20 UO Josn INOAN ‘Areaqi a1ying A 290609./9.20./%/82S/2I0IMe/Seiuw/wod"dno-olwapeoe//:sdjy oy papeojumod



7086 P Clark et al.

— . m o
g o n %ég%b d)% @M %&@ i&%% % -20.0 g
£ 200 * e 2
g . @% 2 oy 5 195
§ % ? ® B ot «Q
-19.0 L H =
P . i 19.0 8
t 3
< s " 3 8 s =
-18.0 . s F R -18.5
53000 54000 55000 56000 57000 58000 59000 60000 58000 58500 59000 59500 60000 60500
MJD MJD
SDSS J0938 - Non Variable .
: | P . i
8_22 0 i g g %ﬁi%@ w% %é@é &9%3219 pes
M b ARG :
Eors| L, T hgg e, ey 215§
R i v ; !
; ° v ; : SC % @f (a8 %‘ ° Q%?@ 080%(13 -4 E
© vy é' M ® 8 ® & «
<210 A = =0T 2105
3205 i s % &
_ v b ' 1 "9 -1‘ By =
< . T, | e S 2
200 v i P s Ts s -20.5
54000 55000 56000 57000 58000 59000 60000 58000 58500 59000 59500 60000 60500
MJD MJD
SDSS J0952 - Variable
A'21'5 -20.5
§—21.0 E
—-20.5 _
> 20.0§
S -20.0 g
8-19.5 11958
<
-19.0 o
53000 54000 55000 56000 57000 58000 59000 60000 58000 58500 59000 59500 60000 60500
MJD MJD
SDSS J1055 - Non Variable
° K -20.5
_ ° %
3-20.5 M'&. @W @O%] ) -20.2 g
° N o
£ SIS N e 12002
o- ® i o
g 20.01 , i oi $°0 %qﬁ@ Sty ooqégf’ £% o 1088
=]
£.19.5 3 -195 &
Q i 8 8
< o 2 ng 8 § ~
ool * i S Ty A -19.2
.52000 53000 54000 55000 56000 57000 58000 59000 60000 58000 58500 59000 59500 60000 60500
MJD MJD
----- Spectrum B CRTS:V V PSl:r Y PSl:y @® SDSS:r ® ZIF:g
O ATLAS :cyan A LINEAR : Clear ¥ PS1:i ® SDSS:u ® SDSS:i ® ZIF:r
O ATLAS : orange Y PSl:g Y PSl:z @ SDSS:g ® SDSS:z ® ZIF:i

Figure 4. Optical photometric evolution of the ECLE sample. The colours of each point indicate the filter used, with symbol shape representing the source.
Where sufficient data are available, a cubic polynomial fit (per filter) is included to guide the eye to any long-term trends. The full range of photometric
observations is included in the left panels, with the right panels showing only data obtained more recently than MJD = 58000. As described in Section 2.2, the
photometry from all sources has undergone a 5o clipping procedure and has been binned to a 14 d cadence. Optical photometric evolution of the ECLE sample.
The colours of each point indicate the filter used, with symbol shape representing the source. Where sufficient data are available, a cubic polynomial fit (per
filter) is included to guide the eye to any long-term trends. The full range of photometric observations is included in the left panels, with the right panels showing
only data obtained more recently than MJID = 58000. As described in Section 2.2, the photometry from all sources has undergone a 5o clipping procedure and

has been binned to a 14 d cadence.

decline, SDSS J0952 remained at a stable brightness in the remaining
CRTS observations. Whilst the PS1 observations of SDSS J0952
display some level of scatter, it is important to note that this level (up
to 0.2 mag) is similar to the range of scatter observed in the unbinned
CRTS observations. Given the lack of clear trends in the PS1 ob-
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servations, we attribute this scatter to stochastic variability between
observations.

More recent ATLAS observations of SDSS J0952 have shown a
0.15 mag decline in the ¢ band between the start of observations and
MIJD 58750 before stabilizing at the current value of ~ —19.9 mag.
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o-band observations have been largely stable with the exception of
the aforementioned systematic offset. ZTF observations of SDSS
J0952 have shown no evolution, with the only observed variation
being stochastic in nature.

3.4.4 SDSS J1055

In the study conducted by Wang et al. (2012), SDSS J1055 was
observed to have faded between the SDSS photometric and spectro-
scopic observations. This behaviour is consistent with both its AGN
classification and its more recent photometric evolution, which, like
SDSS J0938, has consisted of long-term undulations.

3.4.5 SDSS J1241

SDSS J1241 was not found to have varied in brightness between
the two epochs of SDSS observations. Likewise, no photometric
evolution was observed during CRTS observations, with a stable
brightness measured over the full duration of the survey. The two
epochs of PS1 photometry from this period are from two different
filters so reveal nothing further about its evolution.

Interestingly, during the first three years of ATLAS observations,
SDSS J1241 faded from ~ —19.25 to ~ —18.5 mag in the ¢

MJD
SDSS :u ® SDSS:i ® ZIF:r
SDSS: g @ SDSS:z ® ZIF:i
SDSS : r ® ZTF:g
— continued

(with significant scatter among individual observations) and o bands
before largely stabilizing after accounting for the systematic o-band
systematic, though with significant scatter. In contrast, ZTF gri
observations of this object, whilst not covering the time period of the
decline observed by ATLAS, are stable across all three bands for the
full duration of available observations, with the possible exception of
the most recent set of ZTF r-band observations which could indicate
a brightening, though the small number of recent observations makes
this difficult to conclude reliably.

We note again here that the ATLAS photometry used in this work is
based on observed images rather than difference imaging for direct
comparison with other surveys. When difference imaging is used,
this decline is not observed in the ATLAS data. As such, we do not
view this decline as physical and treat the late-time optical behaviour
of SDSS J1241 as largely constant.

3.4.6 SDSS J1342

Wang et al. (2012) found the brightness of SDSS J1342 to be
unchanged between its photometric and spectroscopic observations.
Likewise, CRTS V-band observations of SDSS J1342 exhibit a
stable brightness across the survey, with PS1 observations during the
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Figure 5. Top left: relative change in W1 and W2 brightness compared to first WISE observation. Top right: W1-W2 colour evolution. The dashed horizontal
line shown is the AGN/non-AGN dividing line from Stern et al. (2012). Objects with a W1-W2 colour greater than this value display AGN-like behaviour.
The difference between the two non-variable ECLEs and the five variable ECLE:s is clear. In all panels, fits displayed are obtained through Gaussian process
regression (Ambikasaran et al. 2015), with the shaded regions indicating the 1o fitting uncertainties. Lower left: comparison between the measured values of the
power-law indices (B) for both the W1 and W2 bands. Lower right: comparison between the MIR power-law decline indices for this sample (red stars), X-ray
power-law decline indices of the objects of Auchettl et al. (2017, purple circles) and the optical decline indices of the Hammerstein et al. (2023) sample (green
squares). Weighted means for each of the groups is shown, with the ECLE and optical value being consistent, and larger in magnitude than the value measured
for X-ray events. Vertical lines indicate the expected values for a range of accretion models, standard fallback (e.g. Evans & Kochanek 1989; Phinney 1989),
viscous disc accretion (Cannizzo, Lee & Goodman 1990), disc emission (Lodato & Rossi 2011), and advective super-Eddington thin-disc accretion (Cannizzo &

Gehrels 2009; Cannizzo, Troja & Lodato 2011).

same period also showing no overall evolution (beyond stochastic
variability, as seen in SDSS J0952). The ATLAS observations of
SDSS J1342 reveal a decline of 0.15 mag between the start of ATLAS
observations and MJD 58250 in the ¢ band, after which the object
stabilized in brightness, as well as a similar decline of ~ 0.2 mag in
ATLAS o-band observations. Later ATLAS and ZTF gi data display
consistent brightness.

3.4.7 SDSS J1350

In contrast to the previously described objects, SDSS J1350 has
shown more significant optical variability. An increase in brightness
was observed by Wang et al. (2012) to have occurred between the
SDSS spectroscopic and photometric observations. A sharp increase
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in brightness in the CRTS V band by ~ 1.5 mag was also observed
around MJD 54600 before plateauing for several years. We note that
there are significantly fewer CRTS observations of this object, 33
(pre-binning) compared to a mean of 389 observations for the other
objects in the ECLE sample. As such, the CRTS light curve of SDSS
J13501s much less well sampled than the other objects. Two epochs of
CRTS data have been removed from this light curve, with both being
~ 3 mag brighter than the previous and subsequent observations. We
attribute these anomalies to a nearby bright (» = 8.75 mag) star rather
than astrophysical behaviour.

SDSS J1350’s later behaviour in PS1, ATLAS, and ZTF obser-
vations is more stable, with no additional such changes observed,
though early ATLAS observations in both bands have larger uncer-
tainties.
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3.5 MIR photometric evolution

The MIR evolution of four of the seven ECLEs first identified by
Wang et al. (2012) was previously described by Dou et al. (2016)
using data obtained with WISE (Wright et al. 2010). The objects
included in this analysis had been identified by Yang et al. (2013)
as showing long-term variability (i.e. SDSS J0748, J0952, J1342,
and J1350), with the remaining three objects (SDSS J0938, J1055,
and J1241) excluded. The WISE observations were obtained between
early 2010 and late 2015 (~ MJD 55200-57350). Here, we present
a continuation of this analysis using the more recent data obtained
through the NEOWISE-R (Mainzer et al. 2011, 2014),7 and extend
this to include the remaining three objects in the original (Wang et al.
2012) sample. A summary of the MIR evolution of the full sample
of ECLE:s is given in the top row of Fig. 5.

The MIR evolution of the four objects previously identified as
displaying long-term variation all showed declines in their W1 and
W2 luminosities over time-scales of years, with all also trending
toward bluer W1-W2 colours. All the ECLESs studied by Dou et al.
(2016) were seen to share a similar overall behaviour, despite the
original flaring events occurring at different times, with declines of
~ 0.5-1.1 mag over the course of ~ 5.5 yr of WISE observations.
This MIR evolution is also shared by SDSS J1241, which our follow-
up optical spectroscopy has revealed to also display fading coronal
line emission. All of the ECLEs with variable coronal lines, with
the exception of SDSS J0748, continue to show declines in one or
both W1 and W2 bands, along with colour evolution. This ongoing
evolution indicates that these objects have not yet completely faded
back to their quiescent pre-event states.

This behaviour differs from that used by Dou et al. (2016) to
determine the host-galaxy contributions to the MIR transient light
curves. Their models (with caveats) were constructed assuming the
objects had reached a plateau consistent with the flaring transient
event having faded and the light of the host galaxy now dominating
in the final epoch of NEOWISE data available to them. With the
additional ~ 7 yr of data, we can see that this was not in fact the
case, with the objects all showing continuing MIR declines in the
intervening years. As such, the galactic contribution differs from
their values which were, by and large, overestimated.

Whilst the trend toward bluer W1-W2 colours with time is seen
across the full sample of variable objects, this trend has not been as
smooth in recent years, with the variable objects displaying some
scatter around the overall evolutionary trend in both bands. SDSS
J0952 was noted by Dou et al. (2016) as potentially displaying ‘non-
monotonous [sic] variability’ which they attributed to complexities
in the object’s dust formation. Whilst this variability is not clear in its
W1-W?2 colour evolution, it is apparent in the individual filter light
curves, with several instances of observations being several standard
deviations above or below the smoothed overall trend.

SDSS J0748 and J0952 have displayed smooth evolution over
the course of observations in both bands, with the exception of some
stochastic variability in the case of SDSS J0952, and a single epoch of
significant colour deviation for SDSS J0748 at MID 57674. The W1-
band evolution of J1241 has also been remarkably consistent, though
its W2-band curve displays a two-phase decline, with a reduction in
the rate of decline after MJD 58000.

The most significant deviations from smooth overall evolution
amongst the variable coronal line objects are seen in W2-band
observations of SDSS J1342 and SDSS J1350, both of which display

https://wise2.ipac.caltech.edu/docs/release/neowise/neowise_2023 release_
intro.html
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shoulders. During these shoulders their W2 luminosity remains
constant or even rises slightly before the long-term overall decline
resumes. SDSS J1350 has displayed one such shoulder beginning
around MJD 57000 and lasting until ~ MJD 5800, where as SDSS
J1342 has shown two shoulders, at MJD 57200-57770 and 58500—
59020.

A W1-W2 colour cut can be used to effectively differentiate
between AGN hosting and non-hosting galaxies. This cut was
developed specifically for WISE observations by Stern et al. (2012),
with AGN activity indicated by W1-W2 > 0.8 mag. When applied
to the ECLE sample, all variable ECLEs with the exception of
SDSS J1241 are initially observed to be at, or above, this colour cut
indicating AGN-like activity. SDSS J1241, which was not included
in the Dou et al. (2016) analysis, had an initial W1-W2 colour index
of 0.63 £0.01 mag in the first epoch of ALLWISE observations,
suggesting no dominant AGN activity. This AGN activity colour cut
was initially selected as it was shown to have both good completeness
(78 per cent) and reliability (95 per cent) in dividing AGN from non-
AGN in WISE data. Evolution is observed in the W1-W?2 colours of
all five variable objects, with all trending toward bluer colour indices
over time and now falling well below the W1-W2 AGN colour cut
with values in the range 0.10-0.52 mag.

If the continued MIR flux evolution is taken as the result of the
accretion of residual material from the TDE, the observed shoulders
in brightness could arise from periods where the accretion rates
have stabilized. This is perhaps in turn related to the density of the
material being accreted, with the overall reduction seen as the overall
mass of material available to the SMBH reduces as an individual
TDE can only provide a fixed mass of material to the system.
Alternatively, if there is an underlying, weak, or obscured AGN
within the galaxy, these light-curve features could be the result of
increases in the accretion rate from material not necessarily produced
in the initial transient flare, as AGN themselves are known to display
MIR variability (Hawkins 2002). These trends in MIR brightness
and W1-W2 colour evolution in the variable objects are in stark
contrast to the two objects with non-variable coronal lines (i.e. the
AGN-related SDSS J0938 and J1055), which do not display such
long-duration reddening.

SDSS J0938 has been observed with multiyear undulations in both
bands and an overall range in brightness of ~ 0.1 mag, the object
being slightly dimmer on average compared to its first observation
during these undulations. SDSS J0938 brightened slightly more in
the W1 band during this undulation, with its colour is seen to evolve
blueward during the brightening period, though this change is small
overall and remains well within the expected AGN colour region.

SDSS J1055 is observed to have brightened in both bands over the
course of WISE observations by 0.3-0.4 mag, though this evolution
has included several epochs of brightening and fading, with the
object observed to be fading in the most recent observations, though
remaining significantly brighter than when first observed. The W1-
W2 colour of SDSS J1055 has also shown variability, though at a
lower level than in the individual bands, with a value close to 0.9
mag seen across the observation period.

It is clear that the ECLE sample with variable coronal lines has
continued to decline in the MIR during the time period covered by
the NEOWISE observations. Dou et al. (2016) fitted the available
data in flux space using both a power-law and exponential model,
finding power-law decay to be preferable. We extend this modelling
to include SDSS J1241 and utilize the new NEOWISE photometry
employing the same power-law model, given by

f) = At® +C. )

MNRAS 528, 7076-7102 (2024)

202 UdJBIN 20 UO Josn INOAN ‘Areaqi a1ying A 290609./9.20./%/82S/2I0IMe/Seiuw/wod"dno-olwapeoe//:sdjy oy papeojumod


https://wise2.ipac.caltech.edu/docs/release/neowise/neowise_2023_release_intro.html

7090 P Clark et al.

Fitting was initially conducted independently for each band, with
the times of outburst (which are poorly constrained for the sample)
being the same as those used by Dou et al. (2016). The exception
is SDSS J1241, included here for the first time; for which we adopt
a value of 1 yr prior to its SDSS photometric observation as an
approximate outburst time, based on it already declining by the time
of its SDSS spectrum. The most important values in this fitting
are the power-law index, given by B, and the quiescent flux of the
galaxy, given by C. The remaining term, A, is a constant scaling
factor.

In all cases, the power-law index B is well constrained, though
the quiescent galaxy flux C is poorly constrained in the W2 band for
objects other than SDSS J0952 and SDSS J1350, likely owing to the
presence of more deviation from a smooth decline in the W2 band
compared to W1. The quiescent flux of SDSS J1241 is also poorly
constrained in the W1 band, with the decline of this object in both
bands significantly shallower than the rest of the variable coronal
line ECLEs. When compared, the measured power-law indices for
each object are found to be consistent between the W1 and W2 bands
with the exception of SDSS J1342, where the decline is significantly
steeper in the W1 band (C = —2.54 4+ 0.15) than in the W2 band
(C =—-0.74 £0.23).

Following the initial fitting, the power-law index of the W2 data
was set to match the best-fitting W1 index to explore if the host
quiescent flux in W2 could be better constrained. For all but SDSS
J1241 (which has a poorly constrained host component in W1), a
W2 host contribution can now be obtained, with the overall fitted
light-curve shapes remaining largely unchanged. A comparison of
the power-law indices obtained in this fitting is shown in the lower
left panel of Fig. 5. Additionally, The results of this fitting are given
in full within Appendix C, presented graphically in Fig. C1 with the
parameters of the fits given in Table C1.

Using the weighted average of the W1 and freely fitted W2 results,
we compare to the power-law decline indices measured by Auchettl,
Guillochon & Ramirez-Ruiz (2017) for a sample of TDEs in X-rays
and a similar sample measured in the optical from Hammerstein et al.
(2023). We note the caveats that both of these comparison samples
explore TDEs much closer to maximum light — that is, at a different
phase of evolution — than the ECLEs and in different wavelength
bands. This comparison is presented in the lower right panel of Fig.
5. For our sample, SDSS J0952 and J1342 fall within the region
expected of the standard fallback accretion, which as modelled by
Guillochon & Ramirez-Ruiz (2013) extends to values steeper than
—5/3. SDSS J0748 and J1350 have shallower declines consistent
with disc accretion. The shallowest declining object in our sample
is SDSS J1241, whose individual-band values are consistent with
disc emission. We also compare the weighted averages of the three
samples. The weighted ECLE power-law decay index was measured
to be —1.29 %+ 0.27 consistent with the optical weighted mean of
—1.44 £ 0.08 measured by Hammerstein et al. (2023), both of which
are steeper declines than mean X-ray value of the Auchettl et al.
(2017) sample which was found to be —0.60 4= 0.05. We note here that
uncertainties given on the power-law indices in Hammerstein et al.
(2023) were asymmetric in most cases though for this comparison
we have treated them all as symmetric in nature for consistency.
We explored if this was a suitable simplification using both forms of
equation (17) from Barlow (2003) and found no significant difference
in the determined values of the weighted mean for those events with
asymmetric uncertainties. Given that this formalism is not suitable
in cases where the uncertainties are symmetric, to include all the
objects of the Hammerstein et al. (2023) sample we adopted the
stated simplification.

MNRAS 528, 7076-7102 (2024)

Table 2. ALLWISE colour indices for the ECLE sample. All objects fall
within the QSO/Seyfert region of the parameter space per Wright et al.
(2010). Whilst no additional W3 data are available, the trend in W1-W2
colours would move all variable ECLEs toward the star-forming/spiral region
of the parameter space over time.

Object MID W1-W2 (mag) W2-W3 (mag)
Variable ECLEs
SDSS J0748
55291 0.78 £ 0.46 2.81 +£0.34
SDSS J0952
55324 1.04 £+ 0.38 347 +£0.27
SDSS J1241
55350 0.63 £ 0.55 3.60 + 0.40
SDSS J1342
55211 1.16 £ 0.37 3.74 £0.37
55386 1.09 + 0.44 3.76 £ 0.32
SDSS J1350
55204 0.92 +0.33 294 +0.33
55377 0.89 £+ 0.46 3.09 £0.36
Non-variable ECLEs
SDSS J0938
55324 1.05 + 041 3.28 £0.29
SDSS J1055
55320 0.93 £+ 0.54 3.54 +£0.39
3.0
Spirals @ SDSS 0748
LIRGS SDSS J0938
ULIRGSs / LINERS / Starburst SDSS J0952
2.5 Obscured AGN SDSS ]1055
Seyferts @ SDSSJ1241
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Figure 6. ALLWISE colour—colour plot showing the location of all ECLEs
within the regions covered by various forms of AGN. Whilst no additional
W3 data are available, the trend in decreasing W1-W2 colours would move
all variable ECLEs toward the star-forming/spiral region over time. Regions
have been sourced from Wright et al. (2010). Uncertainties are included but
are generally smaller than the points.

We provide the observed W1-W2 and W2-W3 colours obtained
during the initial ALLWISE sky survey in Table 2. The use of a second
colour index expands the parameter space and allows for a better
identification of different classes of object. Owing to the limited
duration of the ALLWISE mission, most objects have only one
observation epoch where all data from all three filters are available.
SDSS J1342 and J1350 do have two epochs of data available with
both included in Fig. 6, and are shown connected.

Dou et al. (2016) noted that the measured values of W2-W3
versus W1-W2 for the four objects they examined fell within the
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Table 3. Pre-outburst 2MASS IR photometry of the ECLE sample.

Object MID J (mag) H (mag) K (mag) Typesx
Variable ECLEs

SDSS J0748 51229 —21.09 £0.09 —21.47 £0.14 —22.11+0.13 Point
SDSS J0952 50836 —2231+0.16 —23.20+0.18 —23.33 £0.27 Extended
SDSS J1241 - - - - -
SDSS J1342 51928 —20.76 £0.11 —21.53 £0.12 —22.26 +0.12 Extended
SDSS J1350 51645 —21.15+0.11 —21.99 £0.11 —22.31+0.12 Point
Non-variable ECLEs

SDSS J0938 51669 —23.57+0.14 —24.26 £0.17 —25.10 +0.07 Extended
SDSS J1055 51507 —21.61 £0.09 —21.93 £0.14 —22.74 £0.10 Point

Notes. * *Type’ indicates from which 2MASS catalogue we retrieved the data shown here.

As these sources are extended galaxies, where both extended and point-source measurements were
available we selected the extended-source measurements.

region of the parameter space from Wright et al. (2010) expected of
Seyfert galaxies, quasi-stellar objects (QSOs), and luminous infrared
galaxies (LIRGs), and removed from the part of the parameter space
occupied by elliptical and spiral galaxies not hosting AGN. We can
extend this to the remaining three objects and confirm that these are
also found within the same region of parameter space.

Whilst no later W2—-W3 observations are available, the observed
evolution of decreasing W1-W2 colour of all five variable objects
would move them into the parameter space occupied by non-
AGN hosting star-forming galaxies (assuming no change in W2-
W3 colour), with the two spectroscopically non-variable ECLEs
remaining within the Seyfert/QSO/LIRG region.

The MIR and optical spectroscopic evolution of the variable
ECLEs thus appear to be in conflict. In the years after the initial flare,
optical spectra reveal line ratios trending from non-AGN regions
of BPT diagrams to those consistent with Seyfert-type AGN — in
particular, SDSS J1342 with the drastic increase in [O1I]A5007
emission. Yet, at the same time, their MIR evolution is seen to trend
away from AGN-like colours. A possible explanation for this conflict
would be the delayed response of more distant low-density gas to the
initial TDE flare being responsible for the generation of the increased
[O 11] emission. This would then not require an ongoing elevation in
the accretion rate onto the SMBH, which has in fact been returning
to quiescent values shown through the long-term MIR decline.
Differences in the line evolution across the sample would therefore
indicate differences in the environments close to the SMBHs.

3.6 Pre-outburst NIR analysis

Six of the ECLEs (the exception being SDSS J1241) were observed
as part of the 2MASS All-Sky Survey in the JHK bands (we include
this photometry here in Table 3). These observations were obtained
between January 1998 and January 2001, well before the expected
time of the initial ECLE flaring activity. This presents the opportunity
to explore the quiescent behaviour of the ECLE galaxies. Fig. 7 shows
the objects with available data in J-H versus H-K parameter space.
This allows for the separation of objects where IR luminosity is
primarily the result of starlight from those where the IR flux is driven
by AGN activity (Hyland & Allen 1982; Komossa et al. 2009). We
note that given the wide range of NIR colours displayed by galaxies
of the same spectroscopic classification, they cannot be distinguished
effectively using these NIR colours alone.

Komossa et al. (2009) made use of these observations of SDSS
J0952 and found it to be located in the region expected of quiescent
galaxies, as would be expected prior to a transient flaring event. We
now extend this to the remaining five objects with available data.
Similarly to the results of Komossa et al. (2009), SDSS J1350 is
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Figure 7. Available pre-outburst 2MASS IR photometry of the ECLE
sample. SDSS J0952 and 1350 fall within the region expected of quiescent,
non-AGN-hosting galaxies, whilst the remaining objects are more consistent
with a combination of AGN and starlight. However, SDSS J0748 and J1055
have bluer J-H colours than the main locus of either quiescent or AGN-
hosting galaxies.

found in this region of nonactive galaxies. However, the picture for
the remaining four is more complicated.

The non-variable SDSS J0938 and variable ECLE SDSS J1342
are located in the region consistent with a combination of starlight
and AGN activity. The final two objects, SDSS J0748 and J1055, also
have H-K colours indicative of a combination of starlight and AGN
activity, but they are separated from the rest of the sample by their
bluer than expected J—H colours. The weighted mean J—H colour of
SDSS J0748 and J1055 is 0.35 £ 0.11 mag compared to 0.80 = 0.09
mag for the other four ECLEs. Given the large uncertainties in each
object’s photometry (~ 0.17 mag) and in the weighted means, the
statistical significance of this offset is small.

4 DISCUSSION

ECLE behaviour is complex, with even the limited sized sample
showing two populations. Owing to the discovery of the known
sample already in their declining phases, the early-time evolution
of these objects has not yet been well observed. Here, we explore
the connections between ECLEs and other related classifications
of objects: optically selected TDEs, which have been seen to
develop coronal emission lines, and galaxies identified as showing
flares/outbursts at MIR wavelengths.

4.1 Coronal line TDEs

As mentioned, a small group of TDEs has recently been seen
to develop coronal line signatures at varied times following their
classification. This group includes AT 2017gge (17gge), AT 2019qiz
(19qiz), and AT 2022upj (22upj) which we discuss in turn.

17gge was classified as a centrally located optical transient with
broad H and He spectral features consistent with a TDE (Fraser
et al. 2017). It was observed to display a delayed X-ray flare (~
200 d post-optical discovery) coincident with the emergence of Fe
coronal lines ([Fe vir]-[Fe X1v]) that have persisted (with altering
line ratios) until at least 1700 d post-discovery (Onori et al. 2022).
It has also been seen with an outburst in the MIR followed by an
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ongoing, multiyear decline consistent with a high covering factor
of reprocessing material. 17gge was included as a ‘Mid-InfraRed
Outburst in a Nearby Galaxy’ (MIRONG) in the sample of Jiang et al.
(2021), with its MIR behaviour found to be consistent with a TDE
by Wang et al. (2022). We further discuss MIRONG in Section 4.2.

Similarly to 17gge, 19qiz initially lacked coronal emission lines
and was observed with both broad H and He features with signif-
icant blueshifts (indicating an outflow), before developing Bowen
fluorescence lines (Nicholl et al. 2020; Hung et al. 2021). Fe coronal
emission was first observed at 4+ 428 d (in rest-frame) after the
optical peak by Short et al. (2023), with the lines persisting until
at least + 828 d. Interestingly, whist the other Fe lines increased in
flux before beginning to decline, the flux of [Fe X1v] was still seen to
be increasing by the time of the last spectrum. The authors attribute
this (and other properties of 19qiz) to a complexly structured local
SMBH environment, with material located at differing distances and
a high overall covering factor to enable reprocessing (both in the
form of coronal emission lines and a large MIR outburst) but where
the direct line of sight to the SMBH from Earth is largely unobscured
to allow for the rapid observed rise to peak.

Finally, 22upj has also been observed with coronal Fe emission
lines however, as opposed to 17gge and 19qiz, these lines are
present in spectra obtained near maximum light rather than being
significantly delayed in their development (Newsome et al. 2022).

Until the identification of coronal lines in the > 200 d spectra of
17gge, SDSS J0748 was the clearest example of an object with both
conventional TDE features and the ECLE-defining Fe coronal lines.
Now that a group of optically selected TDEs has been observed to
develop Fe coronal lines, the link between the two is unambiguous.
It remains to be determined what percentage of the overall TDE
population displays coronal lines at some phase of their evolution,
a determination which has not been helped by the lag between
discovery and follow-up observations of the original ECLE sample.
It is already clear from these examples, where the time between the
triggering TDE event and the development of the coronal lines can
be better constrained (~ 200 d for 17gge, ~ 200428 d for 17azh,
and ~ 2 months in the case of 22upj), that the time-scales of such
events and thus the nature of their environments are varied. This will
provide the opportunity to utilize the techniques developed in AGN
reverberation mapping (e.g. Cackett, Bentz & Kara 2021) to better
model physical properties of the SMBH systems involved in these
events. Further study into both newly identified and existing TDE
host galaxies (the spectra of which may now be displaying residual
or delayed coronal line signatures) will be crucial in furthering our
understanding of these events.

4.2 Comparison with MIRONGsSs

Further analysis of the MIR evolution of the objects identified as
variable by Yang et al. (2013) was conducted by Dou et al. (2016)
and revealed long-term declines in all four. The study of MIRONGs
(Jiang et al. 2021; Wang et al. 2022) — galaxies displaying a flare of
at least 0.5 mag in the MIR, that is not necessarily associated with
observed optical variability — revealed that several objects displayed
transient Fe coronal lines. However, the time-scales of the coronal
line and MIR evolution in MIRONG and ECLEs appear to differ.
Both display increases in luminosity via outbursts, followed by long-
term declines (Jiang et al. 2021). MIRONG difter from ECLEs in
that their observed MIR outburst from a quiescent state was the
primary selection criterion for their initial identification, whereas the
quiescent state of ECLEs was not observed in the MIR prior to their
flaring events. Owing to the timing of the WISE mission, the available
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MIR light curves for the ECLE sample begin 5-9 yr following
the outburst event (Dou et al. 2016). 53 of the 137 galaxies in
the MIRONG sample have had high-quality follow-up spectroscopy
described by Wang et al. (2022). Of this subset, 22 (42 per cent)
displayed emission-line variability, and most interestingly nine have
been detected with variable Fe coronal lines (17 percent of the
overall MIRONG sample and 42 per cent of those with emission-
line variability).

All but one of these objects have also shown reductions in their
Ho line flux over the course of the follow-up spectroscopy, with
two having Ho fluxes now consistent with a quiescent state. The
coronal lines in each of these objects were weak and short lived,
fading after the first follow-up spectrum. The exception to both of
these behaviours is SDSS J1442 + 5558. This object has maintained
strong Ho flux consistent with an AGN state-change (specifically
a ‘turn-on’ event) with consistently increased Ha flux for at least
5 yr, with the Fe coronal lines developing in the most recent spectra
available (years post state-change).

One spectroscopically variable ECLE (SDSS J1342) still displays
coronal emission lines (though only of [Fe viI]) over more than a
decade following its discovery spectrum, in contrast to the short-
duration coronal lines observed in some, but not all, TDE-associated
MIRONG. The differences between ECLE and MIRONG MIR
behaviour could be the result of the differing local environments
(e.g. dust content and composition), with MIRONG observed to have
much larger dust covering fractions than optically selected TDEs.
Differences in the mass or structure of stars undergoing disruption be-
tween both groups could also play arole in their differing time-scales.

The two groups of objects could be related — a large subset of
the MIRONG sample have been identified as TDE candidates — with
the differences in observed properties associated with environments
in which they occur (e.g. local dust mass and composition). As
described, ECLEs are a similar combination of multiple populations
(TDE and AGN produced).

5 CONCLUSIONS

We have explored the long-term evolution, both spectroscopically
and photometrically, of the ECLE sample of seven objects first
identified in the SDSS by Wang et al. (2012). Through this analysis,
we conclude the following.

(i) The coronal line persistence of two objects within the sample,
first described by Yang et al. (2013), is confirmed, showing that
the coronal lines in these two objects (SDSS J0938 and J1055) are
persistent over a time-span of two decades.

(i1) The third object classified by Yang et al. (2013) as invariable
(SDSS J1241) does in fact exhibit diminishing coronal line emission.
It also displays MIR evolution consistent with the other previously
identified variable coronal line ECLEs.

(iii) Follow-up spectroscopy of objects where coronal lines have
previously faded shows that these lines have not recurred (subject to
caveats on the limited cadence), supporting their generation in single
transient events rather than ongoing or recurring processes.

(iv) We demonstrated a significant increase in the [O 1] flux of
SDSS J1342 since the previous follow-up spectrum in 2011, with the
line having evolved to be the most dominant spectral feature.

(v) The long-duration MIR fading displayed by those with variable
coronal line emission as first identified by Dou et al. (2016) has
continued for at least an additional 6 yr. The declines of all variable
coronal lines remain consistent with ongoing power-law declines.

(vi) The optical evolution of the variable ECLEs appears to
indicate AGN-like activity. BPT line-ratio diagnostics of the most
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recent spectra continue to be more indicative of AGN values than
was observed in the initial SDSS spectra. In contrast, the MIR colour
evolution of these objects displays a continued trend away from
the values expected of AGN. More modelling will be required to
conclusively understand the behaviour of this class of object, though
the delayed response of gas more distant from the SMBH could be
used to explain the altered line ratios without the requirement of
increased accretion activity not indicated by their MIR evolution.
The range of behaviour displayed also highlights the importance of
observing ECLEs over a wide wavelength range.

(vii) High-resolution and high-S/N spectra are necessary to con-
firm the presence of weak and narrow coronal lines — [Fe vii]— which
have persisted in SDSS J1342 for two decades. These features would
have been missed or gone unconfirmed if relying on lower resolution
data.

(viii) Spectral templates of variable and non-variable ECLEs were
constructed using the original SDSS spectra. Whilst tentative, given
the small sample size and variable phase of the objects at observation,
the templates reveal potentially distinguishing properties between
the two subgroups. Those objects with non-variable coronal line
signatures appear to be bluer overall than those with variable coronal
lines (subject to poorly constrained phases). Whilst all Fe coronal
lines can be observed in both the variable and non-variable objects,
those with variable coronal lines display relatively stronger [Fe X]
and [Fe x1] lines at early phases of their evolution. The same is likely
also true of [Fe X1v] though harder to confirm owing to differences
in the underlying continuum.

The analysis undertaken here has strengthened the identification
of five of the seven currently identified ECLESs as the light echoes of
nonrecurring TDEs; no ECLE with variable coronal lines shows
a resurgence in coronal line emission. The work also highlights
the importance of observing TDEs and their hosts across a large
wavelength regime (i.e. optical observations alone are insufficient)
so that a complete picture of their behaviour, which has been seen
to be conflicting between optical and MIR evolution (where ongoing
AGN-like behaviour is observed in the optical but a continued return
to quiescence is observed in the MIR), can be further developed.
It is likely that the local environments of the SMBHs involved
in ECLEs is both gas-rich and complex with material at differing
distances and structures that give rise to the varying signatures
observed. Such a determination is supported by other work into these
and similar objects (Hinkle, Shappee & Holoien 2024; Short et al.
2023).

Identification and monitoring of new ECLEs will be required to
explore the full range of parameters displayed by the group and
provide more rigid constraints for physical modelling. Given the
recent discovery of coronal line TDEs, and the varied, but long,
duration of ECLE behaviour, additional late-time observations of
known TDE host galaxies are clearly required. Such observations
are needed to determine how common ECLE behaviour is following
a TDE, along with placing better constraints on the time-scales for
both the onset and duration of such behaviour. In turn, this will
improve our understanding of the local environments of SMBHs;
the diversity of behaviour observed in ECLEs is likely to be strongly
linked to the location and composition of material close to the SMBH
responsible for the initial stellar disruption.
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APPENDIX A: OBJECT SUMMARY INFORMATION

In this appendix, we provide summary information on the properties of the ECLE sample used within this work and detail the parameters of
the spectroscopic observations utilized in the analysis.

Table Al. Summary information for the ECLE sample used in this paper.

Object Short name RA (J2000) Dec. (J2000) Redshift z Other host name Classification
SDSS J0748 + 4712 SDSS J0748 07:48:20.6668 + 47:12:14.2648 0.062 2MASS J07482067 + 4712138 TDE light echo
SDSS J0938 + 1353 SDSS J0938 09:38:01.6376 + 13:53:17.0423 0.101 2MASX J09380164 + 1353168 AGN
SDSS J0952 + 2143 SDSS J0952 09:52:09.5629 + 21:43:13.2979 0.079 2MASS J09520955 + 2143132 TDE light echo
SDSS J1055 + 5637 SDSS J1055 10:55:26.4177 + 56:37:13.1010 0.074 2MASS J10552641 + 5637129 AGN
SDSS J1241 + 4426 SDSS J1241 12:41:34.2561 + 44:26:39.2636 0.042 LEDA 2244532 TDE light echo
SDSS J1342 + 0530 SDSS J1342 13:42:44.4150 + 05:30:56.1451 0.037 2MASX J13424441 + 0530560 TDE light echo
SDSS J1350 + 2916 SDSS J1350 13:50:01.4946 + 29:16:09.6460 0.078 2MASS J13500150 + 2916097 TDE light echo
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APPENDIX B: ECLE SPECTRAL TEMPLATES

In order to look for observational signatures in the spectra of ECLEs that could be used to better distinguish between TDE and AGN related
ECLEs based on a single spectroscopic observation in the future, and to provide reference spectra to be used in comparisons to identify new
ECLEs in the future, we have used the original SDSS spectral sample to produce two median-combined ECLE template spectra. The following
section outlines the construction process of these templates and their similarities and differences.

B1 Spectral template construction and comparison

The first of these templates is composed of those objects showing variable coronal lines (those related to transient events rather than AGN
activity), though excluding SDSS J0748 as it is the only object with significant contamination from broad features produced by the still active
TDE, with the resulting spectrum (and the spectra utilized in its construction) shown in Fig. B1. Similarly, we have constructed a second
template spectrum from the SDSS sample of ECLEs with non-variable coronal lines (i.e. SDSS J0938 and J1055) with the comparison between
the two ECLE templates shown in Fig. B2. The template spectra have been corrected for redshift and Milky Way extinction, but have not had
additional underlying spectral components (e.g. non-thermal AGN activity) removed as we are most interested in comparisons between directly
observed spectra for future immediate candidate classification purposes. Each of the included spectra is weighted equally in the comparison
following normalization and then median combination after the mean offset in the clean spectra region between the rest-frame wavelengths
5925-6000 A is taken into account.
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Figure B1. Variable ECLE template spectrum and constituent spectra. The Fe coronal lines from the stronger lines of [Fe ViI]-[Fe X1v] are clearly present (in
particular, [Fe X] and [Fe x1]) along with narrow He I emission and strong Ha emission relative to [O 111].
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Figure B2. Comparison between the variable ECLE template spectrum and the template constructed from the non-variable ECLE SDSS spectra. Displayed
residual produced through subtraction of the non-variable ECLE template from the variable template spectrum. Both spectra are displayed at a resolution of 2 A.
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Figure B3. Comparison between the non-variable coronal line ECLE template and the best overall matched SDSS cross-correlation template spectrum: ‘Galaxy
Template 3/ID 26°.

As the known sample of ECLE:s is limited, the template spectra are composed of spectra from objects at different stages of evolution. The
process of template construction will become more robust as more ECLEs are identified and observed with a faster cadence. We also note
that our combined template has a broadened Ha feature due to the inclusion of objects with residual broad TDE features. We consider the
inclusion of these objects to be an acceptable compromise given the small number of objects overall, and the lack of more general continuum
contamination. Whilst the two template spectra have similar overall spectral shapes, the variable ECLE template spectrum is redder than the
non-variable template; this difference in shape is clear at wavelengths blueward of ~ 5500 A.

Narrow oxygen emission lines are of comparable relative strength in both template spectra. In contrast, Balmer emission features are seen
to be both stronger and broader in objects with non-variable coronal lines. Whilst there is no clear distinction in the behaviour of the [Fe vii]
emission lines between the spectral categories (evidenced by the minimal residual profiles at these line locations), [Fe X] and [Fe X1] emission
are much more pronounced in objects with variable coronal lines. The same could also be said for [Fe XIV] emission when the continuum
difference between the two template spectra in this region is considered, though the difference is not as clear.

We also use these template spectra to compare both ECLE categories to the SDSS cross-correlation template spectra of a range of galaxy
classes, including quiescent galaxies, QSOs, and star-forming galaxies. We note here that Galaxy templates 1-3 represent increments on the
continuum between fully quiescent galaxies (the ‘Early-Type Galaxy’ template) and those with high star formation rates (the ‘Late-Type
Galaxy’ template).® The best-matching comparison was determined using the Akaike information criterion (AIC; Akaike 1974).

We explore the fit in the ‘blue’ and ‘red’ spectral regions, separated at 6000 A, to provide a more nuanced comparison, and in particular
compare the spectra with and without the significantly differing blue continua and Ho complexes. We present the comparison for the best
overall match to the non-variable coronal ine ECLE template spectrum in Fig. B3 and the corresponding comparison for the variable ECLE
template spectrum in Fig. B4. This comparison was made using the templates rebinned to a range of resolutions (2, 5, 10, and 20 A) to explore
how the use of lower resolution spectra would affect the comparisons and to determine if coronal lines would be observable in such spectra. We
find that even at 20 A resolution the coronal lines are still clearly distinguishable in our template spectra and in the residual patterns resulting
from the comparisons. Note that the construction of the template boosts the S/N ratio of recurrent spectral features. Hence, the unambiguous
presence of coronal line signatures in similar low-resolution spectra of single objects is much less certain.

The full comparison difference matrix for the ECLE template analysis are provided in Fig. B5 for the non-variable template, and likewise
for the variable template comparison in Fig. B6. Both ECLE templates are found to have the best overall matches and blue-region matches to
‘intermediate’ galaxies between the ‘Early’ and ‘Late-type’ galaxy spectra. The best overall and blue match to the non-variable ECLE template
is found to be ‘Galaxy 2,” whilst the variable ECLE template is found to be most similar to ‘Galaxy 3.” The best comparison match in the
red spectral region for both ECLE templates is the ‘Late-type’ comparison template. This difference is driven by the improved match to the
broad Hoe complex and better match to the red region’s continuum shape. The poorest fits to both ECLE templates (both overall and when
subdivided) are found with the ‘Luminous Red Galaxy’ (LRG) and ‘Early-type’ galaxy spectra. These galaxy types have significantly lower
relative fluxes in the bluest and reddest regions whilst also lacking the strong Balmer and oxygen features observed in the ECLE spectra.

Whilst the differences observed in the best-matching template spectra could be taken to suggest a difference in the underlying stellar
populations present in both groups of ECLE, the differences in overall spectral shape will also be influenced by the presence or absence of
an AGN-generated spectral component and any residual broad features from the TDE flare. However, the difference between the generated
templates does provide an additional tool for the classification of these objects as TDE- or AGN-driven based on a single spectroscopic
observation, rather than through long-term follow-up observations. Additional analysis will be required to expand on this, and to refine the
ECLE templates themselves with new observations of objects at different, and well-defined, stages of evolution.

8The templates used in this analysis were obtained from https://classic.sdss.org/dr7/algorithms/spectemplates/index.html

MNRAS 528, 7076-7102 (2024)

202 UdJBIN 20 UO Josn INOAN ‘Areaqi a1ying A 290609./9.20./%/82S/2I0IMe/Seiuw/wod"dno-olwapeoe//:sdjy oy papeojumod


https://classic.sdss.org/dr7/algorithms/spectemplates/index.html

Long-term observations of ECLEs 7099

—_
S

] 2 HEEEEEIRERR g g HIE g
5 : = F F|§| z| & 3 3| g T g
10 £ il | O & £ = E
8
0.8

TIPIPRPIIN VR J J
bt AL ey Wiy ¥ A A W Aa 0,

Reference Spectrum: Variable Coronal Line ECLE Template ——  Scaling Region -----
Comparison Spectrum: Galaxy Template 2 ——
1

Scaled f)
o I o
o IS o
3

o
o

N
IS

o
8]

ok

"=

Residual f;

3
1
4
4;
}
_$

Residual ——

4000 5000 6000 7000 8000
Rest Wavelength (4)

|
o
N

Figure B4. Comparison between the variable coronal line ECLE template and the best overall matched SDSS cross-correlation template spectrum: ‘Galaxy
Template 2/ID 25°.
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Figure BS. Difference matrix of the calculated AIC values for the non-variable ECLE template spectrum compared to the SDSS galaxy template set. When
looking across a row, a green hue indicates that this template is a closer match than the other templates in the same column. Brown indicates the reverse. More
intense colouration displays a higher preference for one model. The top panels are for the full spectrum comparison, middle panels for the blue (< 6000 A)
spectral region, and bottom panels for the red (> 6000 A) spectral region.
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Figure B6. Difference matrix of the calculated AIC values for the variable ECLE template spectrum compared to the SDSS galaxy template set. When looking
across a row, a green hue indicates that this template is a closer match than the other templates in the same column. Brown indicates the reverse. More intense
colouration displays a higher preference for one model. The top panels are for the full spectrum comparison, middle panels for the blue (< 6000 A) spectral
region, and bottom panels for the red (> 6000 A) spectral region.

As expected when rebinned to lower resolution, it becomes more difficult to identify the best-matching template, as distinguishing features
are blurred by the lowered resolution. Additionally, whilst the best-matching templates remain ‘intermediate’ galaxies, there is some variation
as to what specific spectrum is preferred at the varying resolutions, highlighting the need for spectra to be obtained at as high a resolution as

possible.
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APPENDIX C: MIR POWER-LAW FITTING PARAMETERS

Here, we present the results of the power-law fits to the MIR data of each of the objects with variable coronal lines. The results are detailed in

Table C1 and presented visually with comparison to the raw data points in Fig. C1.
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Table C1. MIR power-law fitting parameters.
Model: f(1) = At® +C

Object Awi Bwi Cwi AW2Free Bwa Free CwaFree Aw2Fixed Cw2Fixed
SDSS J0748 3.29¢ + 04+£2.25¢ + 04  —1.38+0.09  0.4440.03 1.57e + 0441.09¢ + 04 —1.214+0.09 0.00x 5.51e + 04+£826 0.0940.01
SDSS 10952 6.58¢ + 05+7.4le + 05 —1.93+0.16 0.62+0.01 6.6e + 0616.27¢ + 06 —2.14£0.13 0.50£0.02 1.54e 4 06£2.63e + 04  0.47£0.01
SDSS 11241 25.9+42.9 —0.48+0.26 0.34+0.25% 163£278 —0.67£0.25 0.11£0.21% 38.5£1.6 0.00+
SDSS 11342 3.84e + 08+4.46e + 08  —2.544+0.15 0.72+0.01 3.27e + 05£2.2e 4 05 —1.51£0.09 0.00% 1.04e + 09£1.14e + 07  0.37£0.01
SDSS J1350 1.35¢ + 04£1.15¢ + 04  —1.404+0.12  0.334+0.02 2.94e + 03£1.88e + 03 —1.11£0.09 0.09+£0.04 2.26e + 04+£382 0.19£0.01

Notes. = Indicates a poorly constrained quiescent flux value.
For the ‘W2 Fixed’ parameters the value of B was set to match that determined by the W1 fitting.
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Figure C1. Power-law fits to the W1 (left) and W2 (right) photometry using equation (1). Quiescent-flux values (C) are included when constrained by the fitting
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