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ABSTRACT

High-ionization iron coronal lines (CLs) are a rare phenomenon observed in galaxy and quasi-stellar object spectra that are
thought to be created by high-energy emission from active galactic nuclei and certain types of transients. In cases known as
extreme coronal line emitting galaxies (ECLESs), these CLs are strong and fade away on a time-scale of years. The most likely
progenitors of these variable CLs are tidal disruption events (TDEs), which produce sufficient high-energy emission to create
and sustain the CLs over these time-scales. To test the possible connection between ECLEs and TDEs, we present the most
complete variable ECLE rate calculation to date and compare the results to TDE rates from the literature. To achieve this,
we search for ECLEs in the Sloan Digital Sky Survey (SDSS). We detect sufficiently strong CLs in 16 galaxies, more than
doubling the number previously found in SDSS. Using follow-up spectra from the Dark Energy Spectroscopic Instrument and
Gemini Multi-Object Spectrograph, Wide-field Infrared Survey Explorer mid-infrared observations, and Liverpool Telescope
optical photometry, we find that none of the nine new ECLEs evolve in a manner consistent with that of the five previously
discovered variable ECLEs. Using this sample of five variable ECLEs, we calculate the galaxy-normalized rate of variable
ECLEs in SDSS to be Rg = 3.6 728 (statistical) T34 (systematic) x 107 galaxy ™! yr~'. The mass-normalized rate is Ry =
3.1 J_r%g (statistical) Jjg:g (systematic) x 10~!7 MCT)[ yr~! and the volumetric rate is Ry = 7 «l»?() (statistical) f(l)% (systematic) x
10~ Mpc =3 yr~!. Our rates are one to two orders of magnitude lower than TDE rates from the literature, which suggests that
only 1040 per cent of all TDEs produce variable ECLEs. Additional uncertainties in the rates arising from the structure of the
interstellar medium have yet to be included.

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

TDEs provide a novel method to study SMBHs at a lower mass

1 INTRODUCTION

A tidal disruption event (TDE) occurs when a star’s orbit takes it
within the tidal radius of a supermassive black hole (SMBH), where
the tidal forces of the black hole overcome the star’s internal gravity
(Hills 1975). During the star’s ensuing disruption, a portion of the
star’s matter falls on to the black hole and a flare of electromagnetic
emission is produced. The origin of this flare is debated, with
options including circularization of the infalling matter to form a
temporary accretion disc (Komossa & Grupe 2023) and shocks
caused by collisions within the stream (Fancher, Coughlin & Nixon
2023). Whichever process or processes do cause the emission, a
TDE creates a range of observational signatures across the entire
electromagnetic spectrum (Alexander et al. 2020; van Velzen et al.
2020; Saxton et al. 2021).

* E-mail: joe.callow @port.ac.uk
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range than previously possible. The most established methods of
measuring SMBH masses are modelling the kinematics of orbiting
stars or gas (Sargent et al. 1978; Gebhardt et al. 2000; Siopis et al.
2009; Roberts et al. 2021; see review by Kormendy & Ho 2013), and
reverberation mapping, which involves measuring the response of the
gas in an active galactic nucleus (AGN) to changes in the continuum
flux (Blandford & McKee 1982; Peterson 1993; Kaspi et al. 2000;
Cackett, Bentz & Kara 2021). However, these methods are most
effective for SMBHs with masses > 10°® M. Lower-mass, quiescent
black holes are more difficult to study as they have less of an effect on
their surroundings (Greene, Strader & Ho 2020). As the latter account
for ~90 per cent of the black hole population (Soria et al. 20006), it is
important to explore new methods to study them. TDEs provide such
amethod as they are only visible when they occur around SMBHs for
which the tidal radius is larger than the event horizon. For a Sun-like
star, this corresponds to a maximum black hole mass Mgy ~ 108 Mg.
Black holes with masses as low as 10° — 10° M, have been measured
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using TDE emission (Mockler, Guillochon & Ramirez-Ruiz 2019;
Ryu, Krolik & Piran 2020). These black holes lie at the low-mass
end of the Mgy—o relation, which is currently underexplored due to
a lack of low-mass detections (Greene et al. 2020).

The first TDEs were discovered in the X-ray regime by the
ROSAT All Sky Survey (Voges 1993). This initial survey revealed
five galaxies that underwent an X-ray outburst (Bade, Komossa &
Dahlem 1996; Grupe, Thomas & Leighly 1999; Komossa & Bade
1999; Komossa & Greiner 1999) but showed little to no activity in
follow-up observations (Donley et al. 2002). During the following
20 yr, the Chandra X-ray Observatory (Weisskopf et al. 2000) and
XMM-Newton (Jansen et al. 2001) increased the number of detected
X-ray TDE candidates to ~30 (Esquej et al. 2007; Maksym et al.
2013; Lin et al. 2015). The observed flares were well described by
black bodies with temperatures in the range k7y, = 0.04-0.12 keV
(Saxton et al. 2021), supporting the model which stated that the X-ray
emission was created by the accretion of the bound material (Rees
1988). This model also hypothesized that the rate at which the bound
matter would fall on to the black hole would be proportional to t‘%,
and therefore the luminosity of the emission from a TDE should
follow the same power law, i.e.

Lot 3, 1

Though some TDE light curves have been observed to follow this
shape (Gezari 2021), other power-law indices have been suggested
based on different mechanisms that could produce emission ina TDE,
with power-law indices of —19/16 for viscous disc accretion (Can-
nizzo, Lee & Goodman 1990), —5/12 for disc emission (Lodato &
Rossi 2011), and —4/3 for advective, super-Eddington, slim disc ac-
cretion (Cannizzo & Gehrels 2009; Cannizzo, Troja & Lodato 2011).
It has also been predicted that the power-law indices can be different
depending on the spectral band observed (Lodato & Rossi 2011). This
work showed that although the X-ray and bolometric luminosities
follow =3 fora significant portion of their evolution, the optical and
ultraviolet (UV) bands would decay much slower, as ¢t~ . Observa-
tional studies have also found that the range of power-law indices
is much larger than expected. Auchettl, Guillochon & Ramirez-Ruiz
(2017) found that in a sample of 13 X-ray TDEs, the power-law in-
dices of the light curves ranged from —0.26 £ 0.10 to —1.89 £ 0.20.
This discrepancy between the theoretically predicted and observa-
tionally derived power-law indices is still not fully understood.

Currently, the number of detected TDEs stands at roughly 150.
Despite first being detected in the X-ray regime, in recent years
most TDEs have been discovered in the optical and UV. These TDEs
were discovered in a range of surveys, such as the Galaxy Evolution
Explorer (Martin et al. 2005; Gezari et al. 2006, 2008), Sloan Digital
Sky Survey (SDSS; York et al. 2000; van Velzen et al. 2011), All-Sky
Automated Survey for Supernovae (ASASSN; Holoien et al. 2014;
Shappee et al. 2014; Short et al. 2020), and Zwicky Transient Facility
(ZTF; Bellm et al. 2019; van Velzen et al. 2021b; Hammerstein et al.
2023). Despite their growing number, the origin of the emission
in optically/UV detected TDEs is still unclear. It is thought that
the optical/UV emission is produced by a different mechanism (or
mechanisms) to the X-ray emission (Ulmer, Paczynski and Goodman
1997). The current main theories for the optical/UV origin of this
emission are matter stream collisions, where the infalling matter
stream collides with itself as it circularizes (Piran et al. 2015) or
reprocessing of high-energy photons, which results from the X-ray
radiation being absorbed by outflowing material, then re-emitted at
longer wavelengths (Guillochon & Ramirez-Ruiz 2013; Roth et al.
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2016). Alternatively, the emission could also be the result of a
combination of these factors (Jiang et al. 2016; Lu & Bonnerot 2020).

As well as X-ray and optical/UV emission, TDEs have been
observed emitting radio waves (Alexander et al. 2020), high-energy
neutrinos (Stein et al. 2021), and gamma rays (Colle & Lu 2020),
and producing infrared (IR) echoes (van Velzen et al. 2021a). Though
these observations are rarer than X-ray and optical/UV detections,
they provide further evidence for the range of emission mechanisms
possible in TDE:s.

The rate at which TDEs occur can aid the understanding of
the processes which cause stars to fall on to black holes and the
emission processes that result. Initial work on the theory behind
these events centred on the idea of the ‘loss cone,’ the set of angular
momenta for which a star orbiting an SMBH would become a TDE
(Stone et al. 2020). Theoretical calculations predict a TDE rate of
~ 10~* galaxy ! yr~! (Magorrian & Tremaine 1999; Wang & Merritt
2004; Stone & Metzger 2016). However, there is a discrepancy
between these theoretically predicted rates and those derived from
observations. The theoretically predicted value agrees with some val-
ues derived from observational studies (Esquej et al. 2008; Maksym,
Ulmer & Eracleous 2010; Hung et al. 2018; van Velzen 2018),
whereas others are at least an order of magnitude lower (Donley
et al. 2002; Khabibullin & Sazonov 2014; van Velzen & Farrar 2014;
Holoien et al. 2016). The reason for this discrepancy is still unclear.

The mid-infrared (MIR) may provide a new regime in which to
detect TDE:s. Jiang et al. (2016) observed an MIR echo in the TDE
ASASSN-14li at a lag of ~36 d to the optical detection. Jiang et al.
(2021) constructed a sample of MIR outbursts in nearby galaxies
(MIRONGS) using Wide-field Infrared Survey Explorer (WISE) light
curves. Only 10 per cent of these MIRONGs had optical counterparts.
They proposed that the majority of these outbursts were dust-
induced light echoes of transient accretion on to SMBHs, which
were produced by TDEs or changing-state AGN. Wang et al. (2022a)
analysed spectroscopic follow-up of a portion of the sample and
concluded that determining the nature of the MIR echo progenitor
from spectral variability alone was not feasible. Analysis of the
MIRONG host galaxies by Dodd et al. (2023) called into question
the range of proposed progenitors and found that the majority of
MIRONGs were consistent with changing-state AGN rather than
hidden TDEs. However, a search of NEOWISE data by Masterson
et al. (2024) has revealed ~ 20 TDE candidates, the majority of
which have no optical counterpart. Therefore, though MIR echoes
can be created by changing-state AGN and TDEzs, it is possible to
discern differences in their light curves.

TDEs could be discovered days to years later by searching for their
signatures in the spectra of galaxies and AGN. TDE spectra exhibit
a range of emission lines, some of which are difficult to distinguish
from other transient phenomena such as supernovae (SNe) and
changing-state AGN (Charalampopoulos et al. 2022). However, a
possible new signature of TDE activity is a set of high-ionization
coronal emission lines. Galaxies that exhibit these lines are known
as extreme coronal line emitters (ECLEs). The coronal lines (CLs)
of interest are [Fe vir] A3759 A, [Fe vir] A5160 A, [Fe vir] A5722
A, [Fe viI] A6088 A, [Fe X] A6376 A, [Fe x1] A7894 A, and [Fe XIv]
A5304 A (Komossaet al. 2008; Wang et al. 2011; hereafter, the higher
ionization CLs will be referred to as [Fe X], [Fe X1], and [Fe X1v],
respectively). The CLs are thought to be created by high-energy
emission ionizing the interstellar medium (ISM). The ionization
potentials of the CLs correspond to a strong ionizing continuum
that extends from the UV into the X-ray.

The first ECLE to be discovered was SDSS
J095209.56 + 214313.3 (hereafter SDSS J0952; Komossa
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et al. 2008), which was noted as unusual due to the presence of many
strong high-ionization CLs in its SDSS spectrum. Broad Balmer
features and HelA4686 A emission provided further evidence
of a strong ionizing continuum that created these emission lines.
Follow-up spectra taken two years after the SDSS spectrum revealed
that the strengths of the coronal, Balmer, and He Tl emission lines
had all decreased relative to the [O111] A5007 A line (Komossa et al.
2009). This variability raised the question of what phenomenon
was creating these CLs, with initial suggestions being a TDE,
changing-state AGN, or SN.

A second ECLE, SDSS J074820.67 + 471214.3 (hereafter SDSS
JO748), was discovered by Wang et al. (2011), although its emission
lines were slightly different to those in SDSS J0952. SDSS J0748
did not have any [Fe vil] or He IA4686 A emission lines but did
show broad emission features which peaked at around 4050, 4600,
and 6560 A with widths of several hundred Angstroms. These
features had previously been observed in the spectra of Type II-
P SNe (Quimby et al. 2007), although CLs as strong as those in
SDSS J0748 had never been observed in a SN spectrum. Follow-up
observations taken four years after the SDSS spectrum showed that
all the CLs and broad features had disappeared completely while
the [O 1] A5007 A strength had increased by a factor of 10. Wang
etal. (2011) concluded that though the broad features were consistent
with previous observations of SNe, this could not explain the strong
CLs and so a TDE was the most likely cause, with the features
originating in the ejected tidal debris (Strubbe & Quataert 2009).
The broad emission features seen in SDSS J0748 have also been
observed in other TDEs and as such it was included in the sample of
spectroscopic TDEs by Arcavi et al. (2014).

A search through SDSS data release 7 (DR7; Abazajian et al. 2009)
by Wang et al. (2012, hereafter W12) discovered five more galaxies
that had strong high-ionization CLs. Follow-up observations by W12
and Yang et al. (2013), taken between four and ten years after the
SDSS spectra, revealed that the CLs were fading or had disappeared
in four of the seven ECLESs. Yang et al. (2013) considered TDEs to be
the transient phenomenon most likely to create the variable CLs. This
was largely due to the very high luminosities of the CLs compared
to [O111] A5007 A. The seven ECLEs from the W12 sample were
reanalysed by Clark et al. (2024) using follow-up spectra taken 15—
19 yr after the SDSS spectra. They confirmed the disappearance of
the CLs in the four ECLEs classified as variable by Yang et al. (2013)
but found that the CLs had disappeared in one of the non-variable
ECLEs. Therefore, of the seven ECLESs in the W12 sample, five had
disappearing CLs and are thought to be associated with TDE:s.

Type IIn SNe have been observed to produce long-lasting CLs
(Fransson et al. 2002; Izotov & Thuan 2009; Smith et al. 2009;
Stritzinger et al. 2012; Fransson et al. 2014), but the luminosities of
the lines are typically factors of hundreds to thousands lower than
those in ECLEs (Komossa et al. 2009; Wang et al. 2011). CLs also
frequently appear in AGN (Gelbord, Mullaney & Ward 2009), but
these are also typically weaker than those in ECLEs. This is most
clearly seen when comparing the CL luminosities to [O 1] A5007
A. In AGN, the CLs’ luminosities are typically only a few per cent
of the [O11] line (Nagao, Taniguchi & Murayama 2000), whereas
in the ECLEs, they have comparable luminosities (W12). The other
main distinguishing feature is the time-scales on which the CLs vary.
In ECLEs, they have still been detectable months to years after first
detection, far longer than would be expected for SNe (Palaversa et al.
2016). However, CLs observed in SN 2005ip were still observable
~ 3000 d after they appeared (Smith et al. 2017). This is much more
similar to the variable ECLEs. ECLEs vary on longer time-scales than
AGN and are less erratic in their variation. AGN typically vary on

ECLEs in SDSS 1097

time-scales of weeks to months and the amplitude of their variation is
only a few per cent of their overall luminosity (Hawkins 2002). These
differences in variation time-scales are consistent when converted to
rest-frame time-scales.

As with TDEs, MIR observations have revealed more about the
nature of ECLEs. Analysis of the W12 sample’s MIR properties
revealed that the ECLEs with variable CLs all showed a decline in
the MIR since the SDSS spectra were taken, whereas the non-variable
ECLEs were roughly constant (Dou et al. 2016; Clark et al. 2024).
Furthermore, it was shown that, using the MIR colour criterion from
Stern et al. (2012), the variable ECLEs evolved from an AGN-like
state to a non-AGN state, while the non-variable ECLEs remained
consistent with AGN, further reinforcing the difference in the progen-
itors of the CLs (Clark et al. 2024; Hinkle, Shappee & Holoien 2024).
Hinkle et al. (2024) also compared ECLE, TDE, and MIRONG
host galaxy properties and found some overlap in the populations,
providing another link between ECLEs and TDEs. The MIR echo
and CLs are thought to be the result of different wavelengths of the
transient emission interacting with dust and gas around the SMBH.
The MIR comes from UV emission being reprocessed by the dust,
whereas the CLs are produced by extreme UV/X-rays ionizing the
gas and then being reprocessed to optical emission.

Recently, CLs have been observed appearing in the spectra of
the optically discovered TDEs AT2017gge (Onori et al. 2022; Wang
et al. 2022b), AT2018bcb (Neustadt et al. 2020), AT2019qiz (Short
et al. 2023), AT2021dms (Hinkle et al. 2024), AT2021qth (Yao et al.
2023), AT2021acak (Li et al. 2023), AT2022fpx (Koljonen et al.
2024), and AT2022upj (Newsome et al. 2024). The optical/UV light
curves of these transients match the expected shape of a TDE. Even
within this small sample, there is variation in the nature of the X-ray
emission and CLs. Some exhibit CLs developing shortly after an X-
ray flare (AT2017gge and AT2018bcb), whereas others develop CLs
closer to the optical peak and long before the subsequent X-ray flare
(AT2019qiz, AT2022fpx, and AT2022upj). These CL-TDEs are the
first direct evidence for strong CLs being created by TDEs and show
the value of long-duration spectroscopic follow-up of TDE:s.

A test of whether variable ECLEs are produced by TDEs is
to compare the rates at which they occur. In order to perform a
full rate calculation, we first repeat the search for ECLEs in the
SDSS Legacy Survey performed by W12, but using the updated
DR17 (Abdurro’uf et al. 2022) and our own detection algorithm.
We start in Section 2 by describing the SDSS galaxy and quasi-
stellar object (QSO) sample we search over and the follow-up
observations we use to further analyse the ECLEs we discover. In
Section 3, we examine the results of running our detection algorithm
on the galaxy sample and determine the detection efficiency of
our algorithm. In Section 4, we describe the cuts made to our
sample of galaxies exhibiting CLs (hereby CL galaxies) to determine
which ones are ECLEs. We find 16 ECLEs, just over doubling the
previous sample from W12. To determine the variable nature of
these ECLEs, we analyse them individually using follow-up spectra
and MIR observations. We find that the CLs have not disappeared
completely in any of the new ECLEs and only one evolves in the
MIR similarly to the variable ECLEs. In Section 5, we calculate the
rate at which variable ECLEs occur and compare them to obser-
vationally derived TDE rates. We calculate the galaxy-normalized
ECLE rate to be Rg=3.6 *3¢ (statistical) T3¢ (systematic) x
107 galaxy™! yr~!, the mass-normalized rate to be Ry =
3.1 33 (statistical) Tgg (systematic) x 10717 M3' yr~! and the
volumetric rate to be Ry =7 f%o (statistical) f(l)f)o (systematic) x
10~ Mpc™ yr~'. Our ECLE rates are consistent with emission
from a subset of TDEs. Finally, we list our conclusions in Section 6.

MNRAS 535, 1095-1122 (2024)
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Throughout this paper, we assume a Hubble-Lemaitre constant,
Hy, of 73 km s~! Mpc~! and adopt a standard cosmology with €, =
0.27 and Q5 = 0.73.

2 DATA

Here, we describe the instruments and surveys used to obtain the
observations used in this work and the data-reduction and analysis
techniques used to process the data.

2.1 SDSS DR17

We performed a search for ECLEs in the SDSS Legacy Survey
DR17 (Abdurro’uf et al. 2022), which took observations between
2000 and 2008. We used all spectra marked as ‘Galaxy’ or ‘QSO’ by
the Survey. Though we are most interested in variable ECLEs, we
included QSOs in our sample to remain agnostic to the host galaxies.
In addition, TDEs can create broad Balmer lines that may cause
the SDSS pipeline to classify the galaxy as a QSO. This is seen in
the W12 sample, where two of the variable ECLEs were classified as
‘QSO’ by SDSS. We did not put a redshift limit on the galaxy sample,
as the detection algorithm accounts for spectra where key emission
lines lie outside the SDSS wavelength range. For each spectrum, the
only pixels used were those flagged as ‘good’ (0) or ‘emission line’
(40000 000) by the SDSS pipeline. If this cut removed 50 per cent
or more of the pixels in a given spectrum, then the spectrum was
not used. This resulted in 13 664 spectra being rejected, which left a
sample of 851 854 galaxies.

We also required each galaxy to have a stellar mass estimate,
as these will be used later to calculate the rate at which ECLEs
occur. We preferentially used the galactic stellar masses derived by
the MPA-JHU pipeline (Kauffmann et al. 2003a; Brinchmann et al.
2004; Tremonti et al. 2004). Of the 851 854 galaxies, 82298 did not
have stellar masses in the MPA-JHU catalogue. For these galaxies, we
used the stellar mass values derived by the Portsmouth group pipeline
(Maraston et al. 2013). This pipeline fitted all galaxy spectra in the
SDSS legacy Survey with two templates; a luminous red galaxy
model and a star-forming model. The masses were then assigned
using the parameters from the best fitting model. The MPA-JHU
and Portsmouth catalogues of galaxy properties have been shown to
be consistent with each other (Maraston et al. 2013; Thomas et al.
2013). 3269 galaxies did not have a stellar mass in either catalogue,
so we removed them from our sample. This resulted in a final sample
of 848 585 galaxies.

2.2 Optical spectroscopy

We obtained follow-up optical spectra of seven of the new ECLEs
using the Dark Energy Spectroscopic Instrument (DESI) mounted
on the Mayall 4 m telescope (DESI Collaboration 2016a, b, 2023a,
b). These spectra were observed as part of the Bright Galaxy Survey
(Hahn et al. 2023) during main survey operations and were processed
using the custom DESI spectroscopic pipeline (Guy et al. 2023).
The spectra were taken between 2022 March and 2023 April. It is
important to note that SDSS and DESI have different sized fibres,
with diameters of 3 and 1.5 arcsec, respectively (Gunn et al. 2006;
Abareshi et al. 2022). As a result, DESI spectra contain less light
from the outer regions of the host galaxies despite being centred
on the same location. This may introduce relative changes in line
fluxes and ratios depending on the line-emitting regions included or
excluded by the fibres.

MNRAS 535, 1095-1122 (2024)

We also obtained optical spectra of three of the new ECLEs using
the Gemini Multi-Object Spectrograph (GMOS; Hook et al. 2004) on
the 8.1 m Gemini North Telescope (Gemini) on Maunakea, Hawai ‘i
as part of the Gemini programmes GN-2023A-Q-322 and GS-
2024A-Q-323 (PI: P. Clark). These were taken on 2023 July 29 and
30, and 2024 June 24 and 28 in the long-slit spectroscopy mode with a
slit width of 1.0 arcsec, using the B480 and R831 gratings. Data were
reduced using the DRAGONS (Data Reduction for Astronomy from
Gemini Observatory North and South) reduction package (Labrie
etal. 2019), using the standard recipe for GMOS long-slit reductions.
This includes bias correction, flatfielding, wavelength calibration,
and flux calibration. As we did not have telluric standards for
these observations, we use the PYTHON package TELFIT (Gullikson,
Dodson-Robinson & Kraus 2014) to model and remove the telluric
absorption features.

A summary of the observing conditions for these spectra are given
in Table A1.

2.3 Optical photometry

We obtained ugriz photometry of two targets using the 10:0O instru-
ment (Barnsley et al. 2016) mounted on the Liverpool Telescope (LT;
Steele et al. 2004). For each target, single-epoch observations were
obtained to look for significant variation since the SDSS photometry.
Basic instrumental pre-processing was performed on the images
using the 10:0 pipeline.

The LT ugriz photometry was measured on the pre-processed
images following median stacking using YSFITSUTIL (Bach 2023).
Photometric extraction was then conducted using AUTOPHOT (Bren-
nan & Fraser 2022) using a Moffat point spread function (Moffat
1969) with calibration to the SDSS magnitude system using the
SDSS DR16 photometric catalogue (Ahumada et al. 2020) retrieved
from VizieR (Ochsenbein, Bauer & Marcout 2000).!

2.4 Mid-infrared photometry

We retrieved MIR photometry from WISE for all the ECLEs in our
sample using the ALLWISE (Wright et al. 2010) and NEOWISE
Reactivation (Mainzer et al. 2011, 2014) data releases. We searched
for WISE sources within a 3 arcsec radius of the locations of the
ECLEs and then processed the data retrieved. In order to study the
long-term variability of the WISE data, we processed it using a custom
PYTHON script (Clark et al. 2024) that removes observations that
were marked as an upper limit; or were taken when the spacecraft
was close to the South Atlantic Anomaly or the sky position of the
Moon, or were flagged by the WISE pipeline as having a low frame
quality or suffering from potential ‘contamination or confusion’.
Dou et al. (2016) showed that the W12 variable ECLEs did not show
MIR variability during each observation block. Therefore, a weighted
average was used to produce a single magnitude value per filter for
each observation block. This allowed us to more easily study the
long-term evolution of the ECLEs.

3 CL GALAXY DISCOVERY AND
CLASSIFICATION

In this section, we outline the algorithm used to detect CLs in galaxy
spectra, compare the sample of galaxies with detected CLs to the
overall SDSS sample, and discuss the detection efficiency of our

Uhttps://vizier.cds.unistra.fr/
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algorithm (the detection code will be described at length by Clark
et al., in preparation). ECLEs, which are a small subset of the larger
sample of galaxies with detected CLs, are discussed in the next
section.

3.1 CL galaxy search

We measured the equivalent widths (EWSs) of a set of emission lines
for every galaxy in our sample. The emission lines measured were
the CLs observed in the W12 ECLEs described in Section 1, as well
as [O11] A5007 A, Ho, H 3, and [N 11] A6584 A. These were used
to select CL galaxies and ECLEs and produce diagnostic diagrams.

To measure the EW of the emission lines in the galaxy spectra, we
first isolated a 250 A section of the spectrum around each emission
line. We then fit a linear continuum across the location of the emission
line. For the narrow emission lines, this was fit between +50 A of the
lines” wavelengths. This range was modified for some of the lines if
another prominent line appeared near the central wavelength. For the
typically broader lines, this was done over a larger range to ensure
that the fit was done to the continuum. The section of the spectrum
was then normalized using the continuum fit. The EW and signal-
to-noise ratio (SNR) of the emission line was calculated from this
normalized section of the spectrum.

Our detection algorithm selected CL galaxies by detecting a
sufficient number of CLs or at least one extremely strong CL. We first
required that the peak of the emission feature was within 350 km s~
of the zero velocity point of the line. We also required the emission
feature to be the strongest feature within 800 km s~! of the zero
velocity point. These checks ensured that we were detecting the
correct emission line and that we were not mistaking noise for an
emission feature. A CL was detected in a galaxy if its EW is < —1.5 A
for [Fe vii] A6088 A, [Fe x], [Fe X1], or [Fe X1v] (which we consider
primary lines), or < —0.5 A for [Fevi] A3759 A, [Fevi] A5160
A, and [Fe vi1] A5722 A (which we consider secondary lines). We
assigned the detection of a primary line a score of two and a secondary
line a score of one. For a galaxy to be classified as a possible ECLE,
its total score had to be five or greater. If the galaxy was at a redshift
where the [Fe X1] line falls outside the wavelength range of the SDSS
spectrograph, then this threshold was lowered to three to account for
the line not being detectable. We also flagged galaxies that exhibit at
least one CL with an SNR of > 10 or two of the four [Fe vii] lines
have SNRs > 5. These detection criteria are motivated by the fact
that the W12 sample all showed strong CLs from [Fe vii], [Fe x],
[Fe x1], and [Fe x1v]. Using the detection algorithm on the sample of
848 585 galaxies and QSOs returned 969 CL galaxies.

Initially, we compared the CL galaxies to the overall SDSS sample.
Fig. 1 shows the redshift distributions of the two samples. Overall,
both have similar shapes and a median redshift of 0.12. However, a
two-sided Kolmogorov—Smirnov test allows us to reject the null
hypothesis that the two distributions are drawn from the same
population with a p-value < 0.01. Despite having similar overall
shapes, this difference is most notable at redshifts below 0.2 where
the CL galaxies are overrepresented at redshifts ~0.05 and ~0.18.
At particular redshifts in these bins, the wavelengths of [Fe X] and
[Fe XI] coincide with the rest wavelengths of emission lines created
by skylines. This did not affect all the galaxies in these redshift
bins, so we did not remove galaxies from these bins from our
sample. Galaxies with these skylines were removed during the visual
inspection stage.

We also investigated the stellar masses of the galaxies selected by
our algorithm. Fig. 2 compares the galactic stellar mass distributions
of the CL galaxies to the SDSS sample. Again, the two distributions
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Figure 1. Redshift distributions of the SDSS (solid black curve) and CL
(dashed red curve) galaxy samples. The redshifts of the 16 ECLEs in the
galaxy sample are shown by the vertical blue lines. The distributions are
broadly consistent but the CL galaxies are overrepresented at z ~ 0.05 and
z ~ 0.18 at 99 per cent confidence.
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Figure 2. Stellar mass distributions of the SDSS (solid black curve) and
CL (dashed red curve) galaxy samples. The masses of the 14 ECLEs in the
galaxy sample are shown by the vertical blue lines. The vertical green line
indicates the theoretical galaxy stellar mass limit above which a Sun-like star
would fall directly into the galaxy’s SMBH instead of being disrupted as a
TDE (Rees 1988). The relation between the stellar masses of the galaxy and
its SMBH used in this calculation is from Reines & Volonteri (2015).

have similar shapes, with median masses 5.8 x 10'© Mg, and 5.4 x
10'° My, for the CL galaxies and SDSS sample, respectively. A
two-sided Kolmogorov—Smirnov test does not allow us to reject the
null hypothesis that the two distributions are drawn from the same
population with a p-value > 0.01. Therefore, the CL galaxies have
been selected across the full mass range of SDSS legacy.

To test our method of measuring emission line strengths, we
compared our detection algorithm to the MPA-JHU catalogue of
SDSS-derived galaxy properties (Kauffmann et al. 2003a; Brinch-
mann et al. 2004; Tremonti et al. 2004)? using Baldwin, Phillips &
Terlevich (1981, BPT) diagrams. The MPA-JHU pipeline modelled
galaxy spectra using a library of template spectra, while taking into

Zhttps://wwwmpa.mpa-garching.mpg.de/SDSS/
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account the star formation histories of each galaxy. Fig. 3 shows
the BPT diagrams used to test our line strength measurements.
By eye, the majority of the CL galaxies occupy a similar region
of the plot for both methods. Additionally, the W12 ECLEs are
in very similar positions in both. In the plot made using our line
strength measurements, 61 per cent of the CL galaxies lie in the
AGN region of the plot, compared to 59 per cent for the MPA-
JHU measurements. Given the apparent similarities between the two
plots, we are confident in using our line strength method to detect
and measure CLs.

3.2 Detection efficiency

In order to determine the rate at which ECLEs occur, we needed
to establish how many ECLEs we may have missed. Our detection
algorithm may have missed ECLEs for a variety of reasons, including
masked areas covering the CLs or a low SNR for the whole spectrum.
We determined the efficiency of our detection algorithm by running it
on fake ECLE spectra generated by planting CLs in a random sample
of real SDSS Legacy spectra.

10000 spectra were randomly selected from the galaxy and QSO
sample described in Section 2.1. For each spectrum, the CLs from a
randomly selected ECLE from the W12 sample were planted at the
CLs’ wavelengths. To explore what effect the strength of the CLs
had on the detection efficiency, a scaling factor was applied to all
the CLs in each spectrum. This scaling factor was randomly sampled
from between 0 and a maximum value set depending on the presence
of [0 ] A5007 A in the base spectrum. If this line was present, then
the maximum scaling factor was set such that the strongest CL would
have the same strength as [O 11]. If it was not present, the maximum
scaling factor was set to 1. This was motivated by the fact that none
of the CLs in the W12 ECLEs was stronger than the [O 111] A5007 A
line in the spectra if it was present.

The detection algorithm was then run on the sample of fake ECLE
spectra. The results are shown in Fig. 4, where we show the detection
efficiency as a function of the average EW of the CLs. Our maximum
detection efficiency is 95 per cent and we reach 50 per cent detection
efficiency at an average CL EW of —1.3 A.

4 ECLE SAMPLE

In this section, we analyse the sample of ECLEs we have discovered
in the SDSS Legacy Survey DR17. We describe the selection criteria
used to select the ECLEs out of the larger sample of CL galaxies
and compare them to the W12 sample. We then describe each of
the new ECLEs in turn and explore their properties using MIR data,
follow-up spectra, and optical photometric observations.

4.1 Cuts on CL galaxy sample

To distinguish galaxies with strong CLs from those with weak lines,
we followed the selection criteria suggested by W12. For each
spectrum, at least one CL had to be detected with an SNR of > 5
and the strength of at least one CL had to be more than 20 per cent
of the strength of the [O 1] A5007 A line in that spectrum. This
was motivated by work showing that the strengths of CLs created
by AGN are typically only a few per cent of their [O111] A5007 A
line (Nagao et al. 2000). These criteria reduced our sample to 332
galaxies.

We note that we did not remove galaxies from our sample that
could be classified as AGN using our BPT diagram (Fig. 3). Clark
et al. (2024) showed that four of the W12 variable ECLEs migrated
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to the AGN side of the BPT diagram in follow-up observations, due
to changes in the emission line strengths. Therefore, to ensure we
did not remove variable ECLEs that look like AGN on diagnostic
diagrams, we retained all of these galaxies.

Finally, we visually inspected the remaining candidates to remove
false positives detected because of random noise or coincidence of
skylines with the locations of CLs. This reduced the sample to 16
ECLEs, including the seven ECLEs detected by W12. The properties
of the 16 ECLEs are shown in Table 1.

4.2 Sample comparisons

There are some comparisons that can be made between the W12
sample and our nine new ECLEs. First, the majority of our new
ECLEs are at higher redshifts than the W12 sample (at a median
redshift of 0.16, compared to the W12 median of 0.067). This may
be due to the SDSS Legacy spectra being reprocessed in DRS, after
the W12 search, allowing us to detect strong CLs in noisier spectra.
In addition, all nine of our new ECLEs were classified as ‘QSOs’ by
SDSS, whereas four of the W12 sample were classified as ‘Galaxies’.

Another difference between the W12 sample and our new ECLEs
is the ionization states of the CLs. The W12 sample shows a range
of CLs, with [Fe X] appearing in every object and all but one object
showing at least two lines of the three species [Fe vi] A6088 A,
[Fexi], or [Fexiv]. In comparison, the seven new ECLEs in our
sample were detected for having sufficiently strong [Fe vii] lines.
[Fe x] was present in four ECLEs in the new sample and [Fe X1] was
only present in one (SDSS 1207). This suggests that for the majority
of our ECLEs, the processes creating the emission lines are at lower
energies than for the W12 sample. This could be due to the TDEs
producing the lines being more evolved than those in the W12 sample.
As the star’s matter is consumed by the SMBH, the luminosity of the
flare decreases, so there would then be insufficient energy to create
higher-ionization CLs. This is seen in follow-up observations of the
W12 sample (Yang et al. 2013; Clark et al. 2024). It is also possible
that the lines are created by a non-variable, lower-energy progenitor,
such as an AGN. Fig. 3 shows that most of the new ECLEs fall
within the composite region between the Kewley et al. (2001) and
Kauffmann et al. (2003b) classification lines, which makes them
liable to harbour AGN activity.

4.3 Notes on individual ECLEs

In this section, we describe each of the nine new ECLEs in our
sample in turn and explore their properties using follow-up spectra
(Fig. 5), MIR data (Fig. 6), and optical photometric observations
(Fig. 7). Only SDSS J1207 and SDSS J1715 do not currently have
DESI spectra. The details of the DESI spectra for the other ECLEs
are listed in Table B1. When discussing the MIR colour evolution,
we use the W1 — W2 > 0.8 AGN dividing line to classify AGN
MIR activity (Stern et al. 2012; Assef et al. 2013). We searched for
previous transient activity in the nine new ECLEs by cross-matching
them with the Transient Name Server.® None of the nine ECLEs
were reported as having transient activity in the last several years.
This lack of reports supports our assumption that if the CLs were
created by a variable progenitor, then it was a single-epoch event and
not a recurring process.

3https://www.wis-tns.org/
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Figure 4. ECLE detection efficiency as a function of the average EW of the
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curve is a generalized sigmoid fit to the data. Error bars indicate 10 binomial
uncertainties.

4.3.1 SDSS J0807 + 1405

SDSS J0807 was selected for having strong [Fe vi1] lines, but visual
inspection revealed the presence of weak [Fe X] as well. The latter
was not detected by the search algorithm as it did not have a large
enough EW. The spectrum has strong, broad Balmer features and
strong [O 1] A5007 A. Comparing the SDSS spectrum to the DESI
spectrum, a major difference is that the DESI spectrum is possibly
bluer and the Balmer lines and [Fe X] line strengths have increased.
The MIR evolution of SDSS JO807 does not show the characteristic
decline of variable ECLEs. Instead, it appears to show a gradual
brightening in the MIR. The colour index has remained constant
over the observation time and above the AGN colour cut. Altogether,
this suggests that the source is somewhat variable and has been
brightening over a long time-scale. As the CLs have not faded and the

MIR evolution is unlike that of the W12 variable ECLEs, we conclude
that SDSS J0807 is not a variable ECLE. Given that the spectrum
has possibly become bluer, the Balmer lines have strengthened, the
MIR emission is brightening, and the galaxy’s W1—W2 colour lies
above the AGN dividing line, it is likely that this is an AGN which
has undergone a period of increased accretion.

4.3.2 SDSS J1207 + 2411

SDSS J1207 was selected for having strong [Fe vii] lines, but when
visually inspected was found to have weak [Fe X] and [Fe x1] lines as
well, which were not detected due to being weaker than our detection
threshold. All the CLs have a similar velocity shift and so are likely
to have been produced in the same region. Both the [Fe viI] A6088
A and [Fe X] lines have remained at the same strength in the GMOS
spectrum. The [Fe X1] line has appeared to weaken, but given this
was very weak in the SDSS spectrum, it is difficult to determine if
this line was real to begin with. In addition, the MIR individual bands
and colour evolutions have remained constant throughout the WISE
observations. Therefore, we are confident that SDSS J1207 is not a
variable ECLE.

4.3.3 SDSS J1238 + 1852

SDSS J1238 exhibits [Fe viI] lines but no other CLs. The DESI
spectrum shows that the CLs have all weakened but are still present.
In addition, the Balmer lines have weakened and narrowed signif-
icantly, and the spectrum overall is possibly redder. This indicates
that the phenomenon powering the emission lines and continuum
luminosity has dimmed in the 15 yr between the spectra. However,
the [O 111] A5007 A line has slightly increased in strength, which does
not appear to agree with this assessment. The individual MIR bands
show a decrease in magnitude over the observation period of WISE in
a similar manner to that of the variable ECLEs from W12. However,
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Table 1. Summary of the ECLEs detected in the SDSS Legacy Survey DR17. The top section contains the new ECLEs from this work, while the bottom

contains the ECLEs from W12.

SDSS Name Short Name RA (J2000) Dec. (J2000) Redshift Coronal Lines Present
New ECLEs
SDSS J080727.31 4+ 140537.0 SDSS J0807 08:07:27.3157 + 14:05:37.0892 0.0738 [Fe vii], [Fe X]
SDSS J120719.81 + 241155.8 SDSS J1207 12:07:19.8102 + 24:11:55.8789 0.0503 [Fe vii], [Fe X], [Fe x1]
SDSS J123829.58 + 185237.5 SDSS J1238 12:38:29.5894 + 18:52:37.5554 0.253 [Fe vii]
SDSS J124726.37 4+ 070525.0 SDSS J1247 12:47:26.3719 + 07:05:25.0809 0.104 [Fe vii], [Fe X]
SDSS J140204.75 + 293946.8 SDSS J1402 14:02:04.7560 + 29:39:46.8759 0.196 [Fe vii]
SDSS J145849.72 4+ 191033.5 SDSS J1458 14:58:49.7267 + 19:10:33.5109 0.268 [Fe vii], [Fe X]
SDSS J145926.06 + 404538.5 SDSS J1459 14:59:26.0676 + 40:45:38.5508 0.151 [Fe vii]
SDSS J171504.28 + 564715.8 SDSS J1715 17:15:04.2893 + 56:47:15.8404 0.191 [Fe vi]
SDSS J222055.73 - 075317.8 SDSS J2220 22:20:55.7312 —07:53:17.8464 0.149 [Fe vii]
W12 ECLEs
SDSS J074820.66 + 471214.2 SDSS J0748 07:48:20.6668 + 47:12:14.2648 0.0616 [Fe X], [Fe x1], [Fe X1v]
SDSS J093801.63 + 135317.0 SDSS J0938 09:38:01.6376 + 13:53:17.0423 0.101 [Fe vii], [Fe X], [Fe x1]
SDSS J095209.56 + 214313.2 SDSS J0952 09:52:09.5629 + 21:43:13.2979 0.0795 [Fe vii], [Fe x], [Fe X1], [Fe X1v]
SDSS J105526.41 4 563713.1 SDSS J1055 10:55:26.4177 + 56:37:13.1010 0.0740 [Fe vii], [Fe X], [Fe x1]
SDSS J124134.25 + 442639.2 SDSS J1241 12:41:34.2561 + 44:26:39.2636 0.0419 [Fe vii], [Fe x], [Fe X1], [Fe X1v]
SDSS J134244.41 4 053056.1 SDSS J1342 13:42:44.4150 + 05:30:56.1451 0.0365 [Fe x], [Fe x1], [Fe X1V]
SDSS J135001.49 + 291609.6 SDSS J1350 13:50:01.4946 + 29:16:09.6460 0.0777 [Fe X], [Fe x1], [Fe X1v]

the W1 band evolution is very erratic, in contrast to the smooth
evolutions of the variable ECLEs. Furthermore, the colour evolution
of SDSS J1238 has remained above the AGN dividing line, and has
also been erratic over the observation period. It is possibly exhibiting
a slight downward trend, but we are unable to confirm this at this
time. Given that the CLs have only weakened and not disappeared
from the spectrum and the overall consistency of the MIR colour
evolution, we do not consider SDSS J1238 to be a variable ECLE
like the previous sample. Given the variability in the Balmer lines
and individual MIR bands, it is possible that this is a changing-state
AGN with strong CLs that has been transitioning over the past 15 yr.
Further MIR follow-up is needed to confirm whether the colour index
will eventually fall below the AGN dividing line.

4.3.4 SDSS J1247 + 0705

SDSS 11247 was selected for having strong [Fe viI] A6088 A, but
visual inspection revealed it also has weak [Fe X]. The DESI spectrum
shows that all the CLs are still present and [O111] A5007 A has
remained at the same strength and the MIR colour evolution stays
above the AGN dividing line. Therefore, SDSS J1247 is not a variable
ECLE.

4.3.5 SDSS J1402 + 2939

SDSS J1402 was selected for having strong [Fe v1i] lines but shows
no other CLs. The DESI spectrum shows that all the lines of interest
have stayed at roughly the same strength. Though there is some vari-
ation in the MIR brightness and colour evolution, the latter remains
above the AGN dividing line. Therefore, SDSS 1402 is not a variable
ECLE. One thing to note is that the DESI spectrum for this object
appears to show a strong, narrow [FeX1] A7894 A emission line,
which is appreciably narrower than the [Fe viI] A6088 A line in the
spectrum, i.e. ~ 200 km s~' compared to ~ 1200 km s~!. While it
is possible for different regions of circumnuclear material to produce
CLs at different times, the declining luminosity of a TDE should not
be able to produce lines at higher ionizations than those observed at
earlier phases. Hence, we consider this line to be an artefact.

MNRAS 535, 1095-1122 (2024)

4.3.6 SDSS J1458 + 1910

SDSS J1458 was selected for having strong [Fe vii] lines. There
also appeared to be [Fex] A6376 A, but on closer inspection this
was found to be the result of a skyline being coincident with the CL
location. In the DESI spectrum, the [Fe vII] lines have remained at
the same strength. In addition, the Balmer lines and [O 111] A5007
A line profiles have remained the same. The MIR brightness and
colour evolution has also remained constant, with the W1-W2
colour lying above the AGN dividing line. Therefore, SDSS J1458
is not a variable ECLE.

4.3.7 SDSS J1459 + 4045

SDSS J1459 was selected for having moderately strong [Fe vii]
lines but shows no other CLs. The CLs all remain at a similar
strength in the DESI spectrum. The MIR data show a decrease in
brightness at a MJD of ~ 55, 000 d before brightening to its original
magnitude and continuing to increase since. During this time period,
the colour evolution fluctuates but stays above the AGN dividing
line. Therefore, SDSS J1459 is not a variable ECLE. One thing to
note alongside the increase in both of the MIR bands is that the DESI
spectrum shows that the object has become bluer since the SDSS
spectrum. Therefore, although the CLs are not variable, it appears
SDSS 11459 is somewhat variable and has become brighter.

4.3.8 SDSS J1715 + 5647

SDSS J1715 was selected for having a strong [Fe viI] A6088 A line
and moderately strong secondary [Fe viI] lines. The SDSS spectrum
also shows broad Balmer features and strong [O111] A5007 A
emission, which suggests it is an AGN. The GMOS spectrum is
very similar to the SDSS spectrum, with all the emission lines of
interest being very similar in strength and shape. The overall shape
of the spectrum has changed slightly, with it possibly becoming
more blue and less red. There is no significant variation in the MIR
observations and the colour index has remained above the AGN
colour cut. Optical photometric observations taken with the LT on
2023 July 13 show a decrease in magnitude of ~ 0.5 mag in each
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Figure 5. Comparisons of the new ECLE spectra from SDSS (black), DESI (red), and GMOS (blue). Emission lines of interest are marked by vertical lines.
The dotted lines in the upper plots indicate the region used to rescale the spectra with respect to each other to allow for easy comparison. For the line-specific
plots, this rescaling was done on continuum sections of the spectra near the emission line.
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Figure 5. (Cont.). Comparisons of the new ECLE spectra from SDSS (black), DESI (red), and GMOS (blue). Emission lines of interest are marked by vertical
lines. The dotted lines in the upper plots indicate the region used to rescale the spectra with respect to each other to allow for easy comparison. For the
line-specific plots, this rescaling was done on continuum sections of the spectra near the emission line.

MNRAS 535, 1095-1122 (2024)

20z Jequieoaq g1 uo 1s8nb Aq 998528//S60L/1/SES/RI0IE/SEIU/WO0"dNO"dIUSPEOE//:SAJY WOI) PEPEOJUMOC



ECLEs in SDSS 1105
SDSS J1459+4045
= 9= = = = 3 =
' 2| = 5 2, g x|z —— SDSS:2004-05-21
M"Wﬂ% | =2 E @ =) —— DESIL2022-04-14 &
Pl = -
i WMWWMJ( ho W M%NWMM " / \W‘
(e G N "
W S e T
<
é 4000 5000 6000 7000 8000
3 Rest wavelength (A)
§ [FeVII] 16088 A [FeX] 16376 A [FeXI] 17894 A [FeXIV] 15304 A
«n n |
] A (UM / \
WA WW 0 S Ager AL \
Ha HB Hell 14686 A [O111] 25007 A
2\ M i
A\ N PR AP neng
,// - \“’\’\w A \
—5000 —2500 2500 5000 —5000 —2500 2500 5000 —5000 —2500 2500 5000 —5000 —2500 0 2500 5000
Relative velocity (km s’l)
SDSS J1715+5647
E T E E E % ; —— SDSS: 2000-09-01
e E @ & —— GMOS: 2023-07-29
%JK/LWM SRV, VAN o
<
é 4000 5000 6000 7000
3 Rest wavelength (A)
73 [FeVII] 16088 A [FeX] 16376 A [FeXIV] 15304 A
«n

]

L

WW

Ha

HB

[FeXI] 17894 A
Out of wavelength range

Hell 14686 A

i

Ay

[OI11] 25007 A

]

|

e

P

—5000 —2500

0

2500 5000 —5

000 —2500

0 2500

5000 —5000 —2500 0

Relative velocity (km s’l)

2500

5000 —5000 —2500 0

2500 5000

SDSS J2220-0753
S =l % 2 —— SDSS:2001-1021 53
% ® =2 —— DESL2022:09-24 (£
= = —— GMOS: 2023-07-30
pl —— GMOS: 2024-06-24 |
) \ y ] JAL " n «WJ,_/\,;,,W.
4000 5000 600 7000 8000

[FeX] 16376 A

Rest wavelength (A)

[FeXI] 17894 A

[FeXIV] 15304 A

Scaled flux

Al

HB

Hell 14686 A

[OI11] A5007 A

B e

[ W2

5000 —5000

—5000 —2500

0

2500 5000 —5000 —2500

0 2500

5000 —5

00 —2500 O

Relative velocity (km s’1>

2500

Figure 5. (Cont.). Comparisons of the new ECLE spectra from SDSS (black), DESI (red), and GMOS (blue and magenta). Emission lines of interest are marked
by vertical lines. The dotted lines in the upper plots indicate the region used to rescale the spectra with respect to each other to allow for easy comparison. For
the line-specific plots, this rescaling was done on continuum sections of the spectra near the emission line.
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SDSS band, indicating that the object has dimmed since the SDSS 4.3.9 SDSS J2220 — 0753

observation. The colour indices are broadly similar between the two
observations, which indicates that the colour change in the spectra is
not real. As none of the CLs have faded, we consider it unlikely that
SDSS J1715 is a variable ECLE.
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SDSS J2220 was selected for having moderately strong [Fe vII] lines
but has no other CLs. The SDSS spectrum exhibits broad Balmer
features, which are common in AGN. The DESI spectrum for this
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Figure 8. Top left: SDSS image of SDSS J2220 with the 3 arcsec radius circle used for retrieving WISE data centred on the galaxy. The PSF of the WISE satellite
is ~ 6 arcsec, which results in the MIR emission of SDSS J2220 and the star to the north-west appearing as one source. Top right: Comparison of the W1 and W4
ALLWISE observations near SDSS J2220. In each panel, the red crosshairs show the RA and Dec of SDSS J2220 (fop) and the nearby star (bottom). In the W1
band, the emission from the galaxy and the star are combined into one source. In the W4 band, the emission is centred on the coordinates of SDSS J2220, whereas
the star shows no W4 emission. The W4 emission was used by ALLWISE to discern the two sources. As NEOWISE did not observe in W4, the emission from
the two objects was not differentiated in the later releases. Botfom: Comparison of the observed MIR evolution of SDSS J2220 (cyan, filled circles) to the MIR
evolution with the contribution from the nearby star subtracted (cyan, empty circles), assuming the emission from the star is constant. We also include the full
WISE data of the W12 sample (grey). Both the W1 and W2 bands of the star subtracted MIR emission decrease to below the initial magnitude. The W1—W2 colour
also decreases slightly, but remains above the AGN dividing line. Compared to the W12 sample, SDSS J2220 appears more similar to the non-variable ECLEs.

object shows that [Fe vii] A6088 A has faded slightly and [O111]
A5007 A has increased in strength, a behaviour observed in some
W12 variable ECLEs (Yang et al. 2013; Clark et al. 2024). The
Balmer features have stayed at the same strength but have narrowed
slightly, indicating that the velocity of the broad-line region has
decreased. Both GMOS spectra show that the [Fe vii] A6088 A line
has continued to weaken. It also appears that the Balmer lines have
weakened slightly. The first GMOS spectrum (blue) shows the [O 111]
A5007 A line at a similar strength as in the DESI spectrum. However,
in the second GMOS spectrum (magenta), it has faded and is weaker
than in the original SDSS spectrum. To investigate this further, we
use the PYTHON package SPECUTILS to model the continua of the
spectra and fit the [O 1] A5007 A and [Fe vir] A6088 A lines with
single Gaussians. We then measure the EWs and fluxes of these
lines to confirm this variability. These parameters are presented in
Table 2. These show that both lines vary by roughly half an order of
magnitude over the observation period.

The MIR emission of SDSS J2220 is also unclear. Both MIR bands
show a significant increase in magnitude followed by a slow decline
over a period of ~ 3000 d, which indicates variability but not in
the same manner as expected for variable ECLEs. In contrast, the
colour evolution shows the transition from an AGN-like colour to a
non-AGN:-like colour, similar to the variable ECLEs from the W12
sample. Fig. 8 shows the SDSS image of SDSS J2220, which has
a number of other objects nearby, the closest being a bright star to
the north-west. We overlay the 3 arcsec radius used to select WISE

sources, which is sufficiently small to only include SDSS J2220.
In addition, the pipeline we use to process the WISE data removed
observations that were flagged as potentially contaminated. However,
the point spread function (PSF) of the WISE satellite is ~ 6 arcsec,
which causes the galaxy and nearby star to merge into one source in
the WISE images.

The reason for the large increase in brightness between the
ALLWISE (the first two points of the MIR evolution before MID
56 000) and NEOWISE (the remaining points) observations is due
to a difference in the process used to distinguish sources between
the two catalogues. For the ALLWISE observations, the W4 band
was also observed, which is produced by warm dust and so typically
tracks star formation. SDSS J2220 was bright in W4, whereas the
nearby star showed no W4 emission (Fig. 8). With the aid of the
W4 observations, the ALLWISE catalogue was able to separate the
W1 and W2 emission of the two sources. Therefore, the ALLWISE
observations of SDSS J2220 are correct. However, W4 was not
observed in NEOWISE, so the sources could not be separated and the
reported W1 and W2 magnitudes are a combination of SDSS J2220
and the nearby star. The colour index of the star from the ALLWISE
observations is ~ 0, which when averaged with the SDSS J2220
colour index would give a value of ~ 0.5, similar to what we see
in the NEOWISE observations. Given this contamination, we are
unable to draw any firm conclusions about the nature of SDSS J2220
from the MIR increase in the W1 and W2 bands or the change in the
colour index. By assuming that the MIR emission from the nearby
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Figure 9. Comparison of the power-law indices fit to the declining sections of the ECLE MIR data of SDSS J2220 and power-law indices of X-ray TDE light
curves from Auchettl et al. (2017). Left: Power-law indices for the W1 and W2 band fits for the five variable ECLEs from the W12 sample and the possible
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Table 2. EWs and fluxes of the [O11] A5007 A and [Fe vii] A6088 A emission lines in the spectra of SDSS J2220.
GMOS 1 and GMOS 2 refer to the spectra taken on 2023-07-30 and 2024-06-24, respectively. Both the fluxes and EW's
of both line vary significantly between the spectra, in a manner similar to that of the variable ECLEs.

Spectrum [Om] EW [O 1] Flux [Fe vii] EW [Fe vii] Flux
A) (10710 erg cm=2 57! Ail) A) (10710 erg cm=2 s~! Ail)
SDSS —5.84+0.5 23.1+2.1 -2.0+04 52+1.0
DESI —8.9+£0.6 37.6£1.8 —-1.8+0.4 54+1.1
GMOS 1 —-11.54+0.6 26.0+1.4 —-1.74+0.3 2.8+0.5
GMOS 2 —-10.3+0.5 19.7 £ 1.0 —-1.0+0.3 1.9+0.5

star is constant, we can subtract its contribution from the NEOWISE
observations of SDSS J2220 to approximate the true MIR evolution
of SDSS J2220 (Fig. 8). This removes the large jump in magnitude
in both the W1 and W2 bands, as well as the decrease in colour. All
three panels show a much flatter evolution, though they all exhibit
a slight decline. The W1—W?2 colour now remains above the AGN
dividing line, more similar to the non-variable ECLEs.

To explore the slight MIR decline, we fit the declining sections of
the W1- and W2-band light curves with power laws, in the same
manner as Clark et al. (2024). In Fig. 9, we compare the fitted power-
law indices to the variable ECLEs from W12 and a sample of TDEs
compiled by Auchettl et al. (2017). We fit the W1 band with a free
power-law index and the W2-band with both a free index and the
fixed index from the W1 fit. The W1-band fit gives a power-law index
of —0.10 % 0.06, which is consistent with the W12 sample. The W2-
band fit gives a power-law index of —0.20 & 0.06 when the index is
free. This is shallower than for any of the W12 sample. The weighted
mean of these two indices is shallower compared to the W12 sample
and only falls within the errors of one index from the sample of X-ray
TDEs from Auchettl et al. (2017).

The optical photometric evolution shows that the object has
dimmed in each filter by roughly 1 mag, which is a significant change.

MNRAS 535, 1095-1122 (2024)

The colour evolution indicates that the object has largely remained
the same colour, with some possible change in the u — g colour. This
is also seen in the spectral evolution, where the blue end has changed
shape. However, the variation in the spectra are difficult to assess,
as the GMOS spectrum is more similar to the SDSS spectrum than
the DESI one, despite being observed less than a year after the DESI
spectrum. It is possible that these variations are due to differences
in the observing methods. The LT observations were taken on 2023
August 18, ~ 20 d after the first GMOS spectrum.

Overall, it appears that emission lines in SDSS J2220 are variable
on a long time-scale. The CLs have dimmed but not disappeared
over the ~ 20 yr between spectra, which is inconsistent with the
W12 variable ECLEs. The contamination of the MIR emission by
a nearby star makes it hard to draw strong conclusions about the
MIR behaviour of this galaxy. However, the MIR power-law fits
and increase in [O 111] strength are consistent with the W12 variable
ECLE sample. At this stage, we cannot tell conclusively whether
or not SDSS J2220 is a variable ECLE. As a result, we exclude it
from the sample used for the rate calculation, but treat it as a +1
systematic uncertainty on the number of variable ECLEs in the
sample. We encourage further follow-up observations of this object
to fully determine its nature.
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Figure 10. Top: Spectrum of confirmed TDE with CLs AT2017gge from
2018 March 9, 218 d post-discovery (black) with continuum fitted using ppxf
(red). The sections excluded from the fitting procedure are shaded in grey.
Orange vertical lines mark the CLs visible in the spectrum. Bottom: Spectrum
of AT2017gge with normalized continuum in blue. Orange vertical lines mark
the CLs visible in the spectrum. As the spectrum around the location of the
[Fe x1] A7894 A line is noisy, we are unable to ascertain whether this line
does or does not appear in this spectrum.

4.4 ECLE selection criteria

As shown by Fig. 3, though our method of measuring line strengths is
similar to full spectral and Gaussian fitting, we may not be sensitive to
small differences in strengths due to Fe 1l complexes or the blending
of adjacent features. This could affect whether the CLs appear to
be stronger than 20 per cent of the strength of [O 1], as required
by our detection algorithm. To investigate what effect this has, and
the efficacy of the cut to remove AGN with CLs, we also inspect 77
galaxies in our CL sample that sport a CL-to-[O11I] ratio between
10 and 20 per cent. We visually inspected the SDSS spectra and
MIR evolutions of these galaxies, selecting those with real CLs and
non-AGN MIR evolutions. Roughly 60 of the rejected galaxies were
clear AGN with constant AGN-like MIR evolutions. Therefore, we
are confident that the ratio cut is effective at removing AGN from
the CL galaxy sample.

Of the 77 galaxies, 14 had non-AGN MIR evolution, 10 of which
had DESI spectra, which we inspected for variable CLs. Only two had
possible CL variation, which when combined with the four without
DESI spectra, leaves six galaxies with strong CLs and non-AGN
MIR evolution. None of these galaxies had a MIR evolution similar
to the variable ECLEs or CLs that had disappeared completely. We
used these six galaxies in our rate calculations as a systematic error to
account for the small variations on our measurement of line strengths.
The details and SDSS and DESI spectra of these objects are shown
in Table C1 and Fig. C1.

5 ECLE RATE ANALYSIS

The rate at which a certain type of transient occurs is calculated by
dividing the number of transients observed in a given survey, N,
by the total time that the transients would have been visible in that
sample, #,, i.e.

N
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Figure 11. Gaussian fits of the CLs and H & complex of the normalized
spectrum of AT2017gge and their residuals. In all the panels, the normalized
spectrum is shown in black and the fitted models in red. 7op: The combined
model of the H « complex and [Fe X] line. The component Gaussian fits are
shown by the offset dashed lines, with the narrow H «, broad H «, and [Fe X]
fits in blue, orange, and green, respectively. Bottom: Gaussian fits of [Fe XIV]
and [Fe viI] A6088 A on the left and right, respectively.

For TDE rates, this is typically normalized by galaxy, so that the rate
is given in units of galaxy~' yr—'. We follow this methodology but
also calculate mass- and volume-normalized rates.

In our search of SDSS Legacy DR17, we detected 16 ECLEs with
sufficiently strong CLs. However, follow-up observations and MIR
analysis showed that only five of the ECLEs might be the result of
TDE activity (Yang et al. 2013; Clark et al. 2024; this work). As
we are unsure of the variable nature of the CLs in SDSS J2220,
we did not include it in our rate calculations but added a systematic
uncertainty of +1 on the number of variable ECLEs detected. We also
include a further 46 on this number for the galaxies with moderately
strong CLs that are possibly variable. This systematic accounts for
the CL-[O 1] ratio cut used in this work.

In this section, we first calculate the visibility time of our survey
(Section 5.1). We then calculate a galaxy-normalized ECLE rate
(Section 5.2) and a mass-normalized rate, where the visibility time
of each galaxy in our sample is weighted by its stellar mass (Sec-
tion 5.3). Next, we convert the mass-normalized rate to a volumetric
rate (Section 5.4). Finally, we compare the ECLE rates measured
here to TDE rates from the literature (Section 5.5).

MNRAS 535, 1095-1122 (2024)
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5.1 Visibility time

The foundational step of calculating the ECLE rates is determining
the length of time that the CLs of an ECLE could be detected at the
redshift of each galaxy and QSO in the SDSS Legacy Survey. This
was done by modelling how the CLs of an ECLE evolve over time
and combining it with the detection efficiency curve constructed in
Section 3.2. Below, we describe the process of constructing an ECLE
CL strength curve.

For each galaxy in our sample, we determined a peak CL strength
and evolved it according to the equation

S =ath, 3)

where S is the average strength of the CLs, ¢ is the time since the
peak CL strength, and o and B are constants. This was motivated
by the proposal that TDE light curves follow a =3 power-law
decline matching the fallback rate of the bound debris (Rees 1988;
Evans & Kochanek 1989; Phinney 1989) and that the ECLE MIR
declines are fit well by power laws with similar indices (Clark et al.
2024). As mentioned in Section 1, different power-law indices have
been proposed, with the shallowest being —5/12. Therefore, when
modelling the CL strength evolution, for each galaxy we randomly
sampled B from the range —5/12 to —5/3 assuming a flat probability
density function.

The bases for the peak CL strengths were determined by using
spectroscopic observations of AT2017gge (Onori et al. 2022). This
object was initially discovered as an optical/UV TDE in which there
was delayed X-ray emission around 200 d post-discovery, followed
by the emergence of [Fe vii], [Fe X], and [Fe XIV] CLs. These CLs
had faded but were still observable 1698 d post-discovery. This is
one of a handful of TDEs confirmed to exhibit CLs in their evolution
(see Section 1). We only use AT2017gge in our rate calculations, as
its evolution has been observed for the full phase range that the CLs
were present in the W12 sample. The first spectrum of AT2017gge
that showed CLs was taken on 2018 Mar 9, 218 d post-discovery.
The CLs were weaker in all further spectra, so we took the CLs to be
at peak in this first spectrum. It is important to note that Onori et al.
(2022) do not report a detection of [Fe X1] A7894 A in AT2017gge.
The spectra are consistently noisy in this area, and we are unable to
determine if [Fe X1] is present or not. Given that all the ECLEs in the
W12 sample that exhibit [Fe X1v] also exhibit [Fe X1], we consider it
unlikely that AT2017gge did not exhibit [Fe X1] as well. Therefore,
when calculating the average CL strength in AT2017gge, we do not
consider the strength of [Fe X1] A7894 A to be 0 and only take the
average of the three CLs reported as present by Onori et al. (2022).

We measured the strengths of the CLs in AT2017gge by fitting
Gaussian curves to the lines and measuring the EW of the curves. We
first normalized the spectrum by fitting the continuum of AT2017gge
using the penalized pixel fitting (ppxf) method (Cappellari 2023). The
SDSS spectrum of the host galaxy (SDSS J162034.99 4 240726.5)
was used as a template, which was then fitted to the transient
spectrum. During the fitting process, we excluded the regions around
the most extreme emission lines, such as the Balmer emission lines
and He\4686 A. The spectrum, fitted continuum, and resulting
normalized spectrum are shown in Fig. 10.

We modelled the CLs of AT2017gge with Gaussian functions
which were fitted using the PYTHON package curve_fit. The
[Fe vii] A6088 A and [Fe X1v] lines were modelled as single Gaus-
sians. As the [Fe X] line was near the broad H o profile, we modelled
the H « fit and subtracted it from the [Fe X] fit to get the true [Fe X]
profile. The Ho region was fitted with both single and double (narrow
and broad) Gaussian models and an Akaike Information Criterion
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Figure 12. Galaxy-normalized ECLE rates as a function of galaxy stellar
mass. Vertical error bars show the statistical errors on the rates. The horizontal
error bars denote the range within each mass bin that includes 68 per cent
of the galaxies in that bin. The points marked with downward arrows are 20
upper bounds on the rates calculated using the upper Poisson error on zero
detections. The red curve shows the power-law fit to this trend. The dark grey
region shows the 1o statistical confidence region of the fit, whereas the light
grey region shows the additional systematic uncertainty of including SDSS
J2220 and the six galaxies with moderately strong CLs. The dashed purple
lines show the TDE rate versus BH mass relation from Stone & Metzger
(2016), scaled by 0.05, 0.1, and 0.5.

(AIC) test was used to gauge the model’s fit to the data. For this
spectrum, the single Gaussian model gave an AIC value of 392.8 and
the double Gaussian model gave 367.9. The relative likelihood of the
double Gaussian model was > 0.95, so it was chosen as the better fit
to the data. We then measured the EWs of the CLs. The fits of the
CLs and H o complex are shown in Fig. 11.

In order to vary the initial line strengths used in equation (3), we
used a TDE luminosity function (LF) to sample peak luminosities,
which we converted to peak CL strengths using AT2017gge. As
the CLs’ ionization potentials correspond to X-ray wavelengths,
we use the X-ray LF measured by Sazonov et al. (2021), which
is parametrized as

N Nu(L /Loy “)
dlog, L ° o
where N is the volumetric rate and L is the peak luminosity of the
TDE. The constants have values of Ly = 10® erg s™!, No = (1.4 +
0.8) x 1077 Mpc® yr™! and @ = —0.6 £ 0.2. As the LF gives the
rate of TDEs of a particular peak luminosity, we normalized it over
the range of luminosities 10*>7 — 10* erg s~ to create a probability
distribution.

For each galaxy in the SDSS Legacy Survey, we sampled a
peak luminosity, L., and converted it into a peak CL strength,
Smax, DY requiring that the ratio between the peak CL strength and
AT2017gge’s peak CL strength, Sy, at 218 d post-discovery was the
same as the ratio of the selected peak luminosity and AT2017gge’s
peak X-ray luminosity, L, i.€.

Smax _ Lmax
Sgge nge
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Figure 13. ECLE rates per unit stellar mass as a function of galaxy stellar
mass. Vertical error bars show the statistical errors on the rates derived using
the Monte Carlo simulations detailed above; and the horizontal error bars
denote the range within each mass bin that 68 per cent of the galaxies fall.
The points marked with downward arrows are 20 upper bounds on the rates
calculated using the upper Poisson error on zero detections. The red line
shows the power law fit to this trend. The dark grey region shows the 1o
confidence on the fit, whereas the light grey shows the systematic on this
region from including SDSS J2220 and the six galaxies with moderately
strong CLs.

Here, we assume that a TDE with a larger peak X-ray luminosity
will produce CLs with a higher peak strength. o in equation (3) was
then set to equal Syax-

The CL strength evolution was then modelled over a duration of
10 yr. This period was chosen as all the CLs in the W12 ECLEs
had significantly weakened or disappeared 10 yr after they were first
detected. The CL strength curve was then redshifted according to
the galaxy’s redshift, which increased the time over which the CLs
evolved due to cosmological time dilation. The visibility time, #,, for
each galaxy was then

ty = / €[S(1)]dz, (6)

where €(S) is the detection efficiency as a function of CL strength
measured in Section 3.2 and the integral runs over the full time over
which the strength evolution was modelled.

5.2 Galaxy-normalized rate

The galaxy-normalized ECLE rate is the number of ECLEs discov-
ered in the SDSS galaxy and QSO sample divided by the sum of the
visibility times of all the galaxies searched over,
Rg= par @
Zi; 1 tv,i
where Ngcig is the number of ECLEs detected, N, is the number of
galaxies searched over, and ¢, ; is the visibility time of the ith galaxy.
The dominant source of statistical error in our rate calculations
is the Poisson uncertainty on the small number of ECLEs detected
(Gehrels 1986). This gives an error on the number of ECLEs detected
of NgcLg = 5.0 f;:g. The other sources of statistical uncertainty are
the parameters used to calculate the visibility time. These parameters
are the peak average EW of CLs in AT2017gge, the peak X-
ray luminosity of AT2017gge, and the range of power-law indices

ECLEs in SDSS 1111

sampled from to construct the CL strength evolutions. In order to
determine the propagation of these uncertainties, we ran a Monte
Carlo simulation, in which we calculated the galaxy-normalized rate
500 times with the parameters used in its calculation randomly drawn
from their probability density functions each time. The number of
ECLEs was sampled from a Poisson distribution with A = 5. For
the peak AT2017gge CL average EW and X-ray luminosity used
in calculating the peak CL EWs, the parameters were drawn from
normal distributions with means set to the measured values and
standard deviations set equal to the 1o errors on the values to
account for the uncertainty in the measurement of these parameters.
To account for the uncertainty in the power-law indices, we varied
the range from which the indices were sampled using an extended
range from Auchettl et al. (2017). This analysis found that the range
of observed power-law indices in TDE light curves is larger than
theoretical predictions. They measured the X-ray power-law indices
for a sample of 13 TDEs and found that the power-law indices ranged
from —0.26 = 0.10 to —1.89 % 0.20. For the higher (lower) end of
the range, we randomly selected a value between the theoretical
index, —5/12 (—=5/3), and the highest (lowest) observed index,
—0.26 (—1.89). Then, for each galaxy in our SDSS DR17 sample,
we randomly sampled the power-law index from this extended range.
We turned a histogram of the 500 rates into a probability density
function and took the peak of that distribution as the final rate, with
1o statistical errors derived from the distribution.

We also calculated a systematic error on the rate by including
SDSS J2220 and the seven galaxies with moderately strong CLs and
non-AGN MIR evolutions. The rate was recalculated considering
these sources of systematic error using the Monte Carlo simulation.
The difference between the original rate and this new rate was taken
as the systematic error on the rate. This process yielded a final galaxy-
normalized rate of Rg = 3.6 12§ (statistical) 7> (systematic) x
107 galaxy ! yr~!.

We also investigated whether there was any relation between the
galaxies’ stellar masses and the galaxy-normalized rate. This was
done by splitting the SDSS sample into mass bins, three of which
were equally spaced and contained the variable ECLEs. The limits of
the bins were chosen such that two of the bins contained two of the
variable ECLEs each, and the third contained the fifth. For the low-
and high-mass ends of the SDSS sample where zero variable ECLEs
were found, we took the 20 Poisson error on zero detections as upper
limits. The galaxy-normalized rates of each bin were calculated using
equation (7) and are presented in Fig. 12. The stellar masses and rates
of the SDSS Legacy bins are shown in Table 3. This indicates that
ECLE rates are higher in lower-mass galaxies, which aligns with
theory predicting that TDEs (and therefore the CLs they produce)
will only be visible if they occur around black holes with masses <
10® M, which are hosted by galaxies with stellar masses < 10" Mg
(Reines & Volonteri 2015). A similar drop in TDE rates at higher
masses is seen in the TDE host galaxy stellar mass function from van
Velzen (2018). We fit the trend in Fig. 12 to a power law of the form

log,y(Rg) = alog,((M) + b, ®)

using the three bins with detected variable ECLEs and requiring
that the resultant fit fall below the two upper limits at the SDSS
mass extremes. This fit gave values of a = —0.7 703, b =1.9 733
with a reduced x> = 0.01. By including our systematic uncertainties
from SDSS J2220 and the six galaxies with moderately strong CLs,
this fit flattens slightly, with @ = —0.3 33, b = —1.9%22 with a
reduced x> = 5.9. The confidence region for this fit is included in
Fig. 12 as a systematic error. To further investigate this relation,
we compared it to the theoretical TDE rate versus black hole mass
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Figure 14. Comparisons of our galaxy-normalized and volumetric ECLE rates with rates from the literature (left and right, respectively). TDE rates derived
from X-ray surveys are shown as crosses (Donley et al. 2002; Esquej et al. 2008; Maksym et al. 2010; Khabibullin & Sazonov 2014; Sazonov et al. 2021), those
from optical/UV surveys are shown as circles (van Velzen & Farrar 2014; Holoien et al. 2016; Hung et al. 2018; van Velzen 2018; Lin et al. 2022; Yao et al.
2023), IR surveys are shown as triangles (Masterson et al. 2024), and ECLE rates are shown as squares (W12, this work). We also include the SN IIn rate from
Cold & Hjorth (2023), shown as a star. Error bars are shown if available. The statistical errors on this work are denoted by the solid error bars and the systematic
errors by the dashed error bars. These errors have been summed linearly, in the same manner as for the uncertainty budget, as described in Section 5.4. The
horizontal error bar shows the range that spans 68 per cent of the SDSS Legacy Survey DR17 sample. The dotted horizontal line marks the theoretical minimum

TDE rate calculated by Wang & Merritt (2004).

Table 3. Variable ECLE rates versus galaxy stellar mass.

Stellar mass Galaxy-normalized rate Mass-normalized rate

(1010 M@) (10’6 galaxy ™! yr’l) (10’17 Mot yr’l)
0.13 102 <40 < 2200

0.7 793 1317 160 120
257553 56439 19 %13
8.0133 21 21

2619 <13 <37

Note. The rates marked with < represent 20 upper limits.

relation calculated by Stone & Metzger (2016). The dashed purple
lines in Fig. 12 show this relation, scaled down by factors of 0.5, 0.1,
and 0.05 to allow comparison with the rates measured here. The BH
mass was converted to galactic stellar mass using the relation from
Reines & Volonteri (2015). Our power-law fit has a similar shape to
this relation, and the confidence region lies between the 10 and 50
per cent scaling of the theoretical relation. This suggests that variable
ECLEs are a subset of TDE:s.

5.3 Mass-normalized rate

In order to calculate the mass-normalized ECLE rate, we weighted
the visibility time of each galaxy by its stellar mass, M,, in the rate
calculation, i.e.

NecLe
— ©
Z,’=1 tv,iM*,i

Ry =
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The uncertainties on the number of ECLEs and visibility times
were the same as when calculating the galaxy-normalized rate.
Additional uncertainty was introduced by the errors on the mea-
sured stellar masses. We repeated the Monte Carlo simulation to
determine how the visibility time and mass uncertainties propagated
through to the rate uncertainty. The masses were drawn from
normal distributions with the standard deviation set to the lo
error on the mass. The mass-normalized rate was calculated to be
Rv = 3.1 773 (statistical) T35 (systematic) x 10717 Mg! yr=!.

In the same manner as for the galaxy-normalized rate, we split the
galaxy sample into mass bins to determine the relation between mass-
normalized rate and galactic stellar mass (Fig. 13). This reinforces
our finding that ECLE rates are higher in lower mass galaxies. Fitting
the three ECLE mass bins to equation (8) results in values of a =
—1.7 0% b =1.9 71 with a reduced x> = 0.01.

5.4 Volumetric rate

Following Graur & Maoz (2013), we converted our mass-normalized
ECLE rate to a volumetric rate by multiplying it by the total cosmic
mass density. This was determined by integrating the galactic stellar
mass function (GSMF) measured at z < 0.06 by Baldry et al. (2012),
B(M), over the mass range of the galaxies in our SDSS sample.
Though the GSMF from Baldry et al. (2012) was constructed only
out to z ~ 0.06, Hahn et al. (2024) have shown that the GSMF does
not evolve significantly out to z ~ 0.25. Therefore, we are confident
in using the Baldry et al. (2012) GSMF across the redshift range
of our ECLE sample. However, the SDSS Legacy Survey has a
bias towards higher mass galaxies (see Fig. 2), which in turn biases
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Table 4. ECLE rate uncertainty budget, in per cent. The method for deter-
mining the uncertainty percentages is outlined in Section 5.4.

Uncertainty Percentage of rate
Galaxy-normalized rate

Total 4212/ — 49
Statistical

Poisson 467/ —43

AT2017gge peak CL strength +3

AT2017gge peak luminosity +50/ — 15

Range of power-law indices +19/ —12
Systematic

SDSS 12220 +20/ -0

CL-[O 1] ratio cut +120/ -0

Mass-normalized rate
Total +213/ — 49

Galaxy stellar masses +5/ -1
Volumetric rate

Total +411/ — 64

GSMF parameters 445/ — 48

Rate mass trend fit +348/ — 32

our ECLE sample. As we determined that ECLE rates are higher
in lower-mass galaxies, this would serve to lower our volumetric
rates. Therefore, we account for the SDSS Legacy Survey’s galaxy
mass distribution, weighted by the mass-normalized rate versus mass
relation we found for the sample. We do this by taking the total
cosmic mass density to be the ratio of the integrated GSMF, B(M),
to the SDSS Legacy Survey DR17 galaxy-mass distribution, D(M)
(which is normalized such that f D(M)YMdM = 1), where both mass
functions are weighted by the mass-normalized rate versus mass
relation, R(M) found in Section 5.3. The resultant volumetric rate is

[ BMORM)MdM

Rv'=Ru [ DIMRM)MM

(10)

This method added two sources of statistical uncertainty to our
final rate value; the errors on the GSMF parameters determined
by Baldry et al. (2012) and our fit of the mass-normalized rate
versus mass relation in Section 5.3. We repeated the Monte Carlo
simulations to determine how these uncertainties propagated through
to the volumetric rate uncertainty. The parameters were drawn
from normal distributions with the standard deviation set to the
error on the parameter. The volumetric rate was calculated to be
Ry =7 2 (statistical) ") (systematic) x 10~ Mpc > yr~'. When
not accounting for the SDSS Legacy Survey’s mass distribution, the
rate was found to be half this value.

The uncertainty budgets of the rates are presented in Table 4.
The total uncertainty percentages are the linear sum of the total
statistical and systematic uncertainties divided by the corresponding
rate value. The uncertainty percentages for each source of uncertainty
were calculated by repeating the Monte Carlo simulation, varying
the sources of uncertainty independently, and dividing the resulting
uncertainty by the corresponding rate.

When calculating these uncertainties, we did not consider the
properties of the ISM which produces the CLs. Variations in
properties such as density, clumpiness, and ionization balance would
increase the uncertainties presented here.

We also investigated the effect our choice of LF to generate starting
CL strengths had on our rates. We recalculated the rates using the
optical LF from van Velzen (2018), which is parametrized in the same
manner as equation (4). This resulted in rates an order of magnitude
higher than those calculated using the X-ray LF.

ECLEs in SDSS 1113

5.5 Comparisons to TDE rates

In Fig. 14, we compare our galaxy-normalized and volumetric
ECLE rates to observational rates from the literature (Donley et al.
2002; Esquej et al. 2008; Maksym et al. 2010; Wang et al. 2012;
Khabibullin & Sazonov 2014; van Velzen & Farrar 2014; Holoien
et al. 2016; Hung et al. 2018; van Velzen 2018; Sazonov et al. 2021;
Lin et al. 2022; Cold & Hjorth 2023; Yao et al. 2023; Masterson et al.
2024). Our galaxy-normalized rate is consistent within errors with
only three of the observational TDE rates (Donley et al. 2002; van
Velzen & Farrar 2014; Sazonov et al. 2021). It is one to two orders
of magnitude lower than the other TDE rates, and nearly two orders
of magnitude lower than the theoretical minimum rate from Wang &
Merritt (2004). It is also roughly an order of magnitude lower than
the ECLE rate estimate from W12, which was calculated by dividing
the number of ECLEs they detected (seven) by the total number of
galaxies in their SDSS DR?7 spectroscopic sample (~ 700 000) and
estimating the lifetime of CLs in ECLEs to be three years. However,
this is a rough estimate as W12 did not measure their detection
efficiency nor consider that the CLs may not have been variable
in some of the ECLEs in their sample. Our volumetric rate is only
consistent within errors with two of the observational TDE rates (van
Velzen & Farrar 2014; Hung et al. 2018), and is one to two orders of
magnitude lower than the majority of the other observational rates.

Both our galaxy-normalized and volumetric ECLE rates are
consistent with emission from a subset of TDEs. This suggests that
CLs are only produced in a fraction of TDEs, which likely depends
on the nature of the material surrounding the BH. Study of TDE MIR
emission by Masterson et al. (2024) found that the majority of TDE
MIR echoes were produced in dusty, star-forming galaxies, which
have the necessary material to reprocess the TDE emission to IR
wavelengths. Similarly, we expect that the CLs have been created by
material surrounding the BH being ionized by, and reprocessing of
the high-energy TDE emission. This is supported by the fact that all
the CL-TDE:s discovered so far have occurred in dusty environments,
in either star forming or post-starburst galaxies. Graur et al. (2018)
complied a sample of 35 TDE host galaxies, which included 13 star-
forming galaxies. If we assume that all TDEs in star-forming galaxies
produce strong CLs, this would imply ~ 40 per cent of TDEs can
create ECLESs, consistent with our measurements. However, we note
that the Graur et al. (2018) sample is not volume limited and hence
does not represent a rate.

By assuming that all the variable ECLEs in our sample are pro-
duced by TDEs, we can compare our rates and TDE rates to estimate
upper limits on the proportion of TDEs that produce CLs. Using the
10~* galaxy™" yr~! theoretical minimum galaxy-normalized TDE
rate, we estimate that at most 4 t; per cent of TDEs produce CLs.
Given the discrepancy between theoretical and observational TDE
rates and recent work investigating the processes that could lower
this theoretical minimum rate (Teboul, Stone & Ostriker 2023), this
can be considered a conservative lower limit. Therefore, we also
consider the lowest observational galaxy-normalized and volumetric
TDE rates, which were measured by Donley et al. (2002) and Lin
et al. (2022), respectively. From the galaxy-normalized rates, we
estimate an upper limit of 40 fgg per cent of TDEs producing CLs.
The volumetric rates provide a lower value of 12 fg' per cent. These
upper limits derived from observational rates agree within their
respective uncertainties, but are both larger than the estimate from
the theoretical minimum. We also note that the range spanned by the
estimates from observational rates (~ 10 — 40 percent) is roughly
the same as the range covered by the uncertainty region between the
10 and 50 per cent scalings of the Stone & Metzger (2016) TDE rate
versus black hole mass relation shown in Fig. 13.
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In Fig. 14, we also include the SN IIn volumetric rate measured
by Cold & Hjorth (2023), as CLs have been observed in SN IIn
spectra. This rate is at least an order of magnitude larger than most
of the observational TDE rates and nearly three orders of magnitude
larger than our ECLE rate. Therefore, if SNe IIn are the progenitors
of ECLEs then we would expect ~ 0.1 per cent of them to produce
CLs. Given the large discrepancy between the rates combined with
observed CLs from SNe IIn being 100-1000 times weaker than in
ECLEs, we consider it very unlikely that SNe IIn are the progenitors
of the variable ECLEs studied here.

A caveat to the findings in this section is that given the small size
of our variable ECLE sample, the resulting rates and proportion of
CL-TDEs estimates could be largely influenced by small number
statistics. Larger samples of variable ECLEs from spectroscopic
galaxy surveys such as DESI will allow us to further constrain these
results.

6 CONCLUSIONS

We performed the first full variable ECLE rate calculation, for which
we re-searched the SDSS DR17 Legacy Survey for ECLEs. We used
follow-up spectra and optical and MIR observations to determine
the variable nature of the ECLEs discovered. We then calculated
the variable ECLE rate at a median redshift of 0.1 and compared
our results to TDE rates from the literature. Our conclusions are
summarized below.

(i) We discovered nine new ECLEs among 848 585 galaxies and
QSOs from the SDSS DR17 Legacy Survey with sufficiently strong
CLs compared to [O111] A5007 A. This more than doubles the
previous sample collected by W12 from SDSS DR7.

(i1) Follow-up spectra, MIR WISE data, and optical LT data
revealed that eight of the nine new ECLEs were consistent with
AGN activity.

(>iii) The ninth ECLE, SDSS J2220, varied over time. While its
behaviour was not identical to that of the five variable ECLEs from
the W12 sample, its CLs did fade over time. However, its MIR
emission was subject to contamination, meaning we could not draw
substantial conclusions regarding its nature. We did not classify itas a
variable ECLE but included it as a systematic in the rate calculations.
Further follow-up of SDSS J2220 is required to fully establish its
variable nature.

(iv) With a sample of five variable ECLEs, we
derived a galaxy-normalized variable ECLE rate of
Rg = 3.6 125 (statistical) T3 (systematic) x 107 galaxy~' yr~'.

We also measured a mass-normalized rate of Ry =
3.1 ﬁ;g (statistical) J_r?)j?) (systematic) x 107" M51 yr!

and converted it to a volumetric rate of Ry =
7 1»?0 (statistical) f(l)% (systematic) x 10~° Mpc_3 yrl.

(v) Our variable ECLE rates are lower than both theoretical and
observational TDE rates by roughly an order of magnitude. This
suggests that variable ECLEs are due to emission from a subset of
roughly 10—40 per cent of all TDEs.

(vi) This work also reinforces the conclusion reached by Clark
et al. (2024) that multi-wavelength spectroscopic and photometric
follow-up is essential to distinguish variable, TDE-related ECLEs
from AGN.
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APPENDIX A: OBSERVING CONDITIONS

Here, we summarize the observing conditions during the spectro-
scopic observations used in this work.

Table A1. Summary of the spectroscopic observing conditions.

SDSS short name MJD Seeing (arcsec) Air mass
SDSS Legacy
SDSS J0807 53682 1.4 1.0
SDSS J1207 54484 1.7 14
SDSS J1238 54481 1.6 1.0
SDSS J1247 53876 1.1 1.3
SDSS J1402 54178 1.2 1.1
SDSS J1458 54539 1.6 1.0
SDSS J1459 53146 22 1.1
SDSS J1715 51788 1.7 1.3
SDSS J2220 52203 1.6 14
DESI
SDSS J0807 59646 1.0 1.2
SDSS J1238 60306 1.0 1.1
SDSS J1247 59732 0.8 1.1
SDSS J1402 60058 1.4 1.0
SDSS J1458 59378 0.9 1.0
SDSS J1459 59683 1.1 1.0
SDSS J2220 59846 0.9 1.3
GMOS
SDSS J1207 60489 1.5 1.7
SDSS J1715 60154 1.3 1.5
SDSS 12220 60155 0.8 1.2

APPENDIX B: ECLE DESI SPECTRA

Here, we list the TARGETIDs of the DESI spectra of the ECLEs
found in this work. We also include the surveys and programmes that
these objects were part of.

Table B1. Summary of the DESI spectra of the new ECLEs.

Survey and
SDSS short name DESI TARGETID programme
SDSS J0807 39628121963496839 BGS bright
SDSS J1238 39628239013940096 BGS bright
SDSS J1247 39627956754055903 QSO
SDSS J1402 39628475925004934 BGS bright
SDSS J1458 39628245288616742 LRG
SDSS J1459 39633091307767094 BGS bright
SDSS J2220 39627597541281704 BGS bright

APPENDIX C: GALAXIES WITH MODERATELY
STRONG CLS

Here, we summarize the properties of the spectra of the galaxies
with moderately strong CLs that were included in the systematic
uncertainty calculations on the rates. We also show the spectra
themselves.
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Figure C1. Comparisons of the spectra of the galaxies with moderately strong CLs from SDSS (black) and DESI (red). Emission lines of interest are marked
by vertical lines. The dotted lines in the upper plots indicate the region used to rescale the spectra with respect to each other to allow for easy comparison. For
the line-specific plots, this rescaling was done on continuum sections of the spectra near the emission line.
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Table C1. Summary of the galaxies with moderately strong CLs, six of which were included as a positive systematic in the rate calculations.
SDSS name RA (J2000) Dec. (J2000) Redshift DESI TARGETID Survey and programme Included
as systematic
SDSS J080523.39 + 281814.0  08:05:23.3970 + 28:18:14.0623 0.129 - - v
SDSS J080625.29 4+ 160416.3  08:06:25.2964 + 16:04:46.3145 0.092 39628168700626077 BGS bright X
SDSS J083053.67 + 371802.9  08:30:53.6795 + 37:18:02.9202 0.099 - - v
SDSS J085737.78 + 052821.3  08:57:37.7805 + 05:28:21.3357 0.059 39627919739324361 BGS bright X
SDSS J095434.81 + 501433.3  09:54:34.8184 + 50:14:33.3330 0.053 39633251614066475 BGS bright X
SDSS J110649.90 + 101738.4 11:06:49.8013 + 10:17:38.4346 0.168 39628034029914999 BGS bright X
SDSS J114114.63 + 055952.8 11:41:14.6395 + 05:59:52.8549 0.099 2305843038338946672 BGS bright X
SDSS J115710.68 + 221746.2 11:57:10.6829 + 22:17:46.2312 0.052 - - v
SDSS J121754.97 + 583935.6 12:17:54.9783 + 58:39:35.6511 0.023 - - v
SDSS J123235.82 + 060309.9 12:32:35.8213 + 06:03:09.9785 0.083 39627932666169508 QSO X
SDSS J134234.30 + 191338.9 13:42:34.3096 + 19:13:38.9481 0.086 39628244986626198 BGS bright v
SDSS J150107.62 + 160741.4 15:01:07.6261 + 16:07:41.4843 0.190 39628176183263704 BGS bright v
SDSS J161809.36 4+ 361957.8 16:18:09.3692 + 36:19:57.8907 0.034 39633006326975257 BGS bright X
SDSS J163631.28 + 420242.5 16:36:31.2890 + 42:02:42.5536 0.061 39633114334495784 BGS bright X
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