of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 539, 231-245 (2025)
Advance Access publication 2025 March 27

https://doi.org/10.1093/mnras/staf496

The rate of extreme coronal line emitters in the Baryon Oscillation
Spectroscopic Survey LOWZ sample

J. Callow “,'* O. Graur ,'? P. Clark “,'* A. G. Kim “,* B. O’Connor *,’ J. Aguilar ©,° S. Ahlen"’
D. Bianchi “’,” D. Brooks ,® A. de la Macorra ", A. Dey ,'° P. Doel .} J. E. Forero-Romero “,!!-1
E. Gaztafiaga ”,"'*!* S. Gontcho A Gontcho ”',* G. Gutierrez “,'> R. Kehoe,'® A. Lambert ' *

M. Landriau “,* L. Le Guillou “,'” A. Meisner ' R. Miquel *','®!° J. Moustakas *',° F. Prada *,*'
I. Pérez-Rafols “,*> G. Rossi,”* E. Sanchez “,>* M. Schubnell ©,%>?% H. Seo *',>’ D. Sprayberry,'°

G. Tarlé ¥,”° B. A. Weaver'® and H. Zou “%®

Affiliations are listed at the end of the paper

Accepted 2025 March 24. Received 2025 March 12; in original form 2025 January 23

ABSTRACT

Extreme coronal line emitters (ECLEs) are a rare class of galaxy that exhibit strong, high-ionization iron coronal emission
lines in their spectra. In some cases, these lines are transient and may be the result of tidal disruption event (TDEs). To test
this connection, we calculate the rate of variable ECLEs (VECLEs) at redshift ~ 0.3. We search for ECLEs in the Baryon
Oscillation Spectroscopic Survey (BOSS) LOWZ sample and discover two candidate ECLEs. Using follow-up spectra from
the Dark Energy Spectroscopic Instrument and Gemini Multi-Object Spectrograph, and mid-infrared observations from the
Wide-field Infrared Survey Explorer, we determine that one of these galaxies is a VECLE. Using this galaxy, we calculate the
galaxy-normalized VECLE rate at redshift ~ 0.3 to be Rg = 1.6 Jj?:i x 107® galaxy ! yr~'and the mass-normalized rate to be
Rv =7 F4° x 1078 Mg! yr~!. This is then converted to a volumetric rate of Ry = 1.8 72 x 107 Mpc™? yr~!. Formally,
the LOWZ vECLE rates are 2—4 times lower than the rates calculated from the Sloan Digital Sky Survey Legacy sample at
redshift ~ 0.1. However, given the large uncertainties on both measurements, they are consistent with each other at 10. Both the
galaxy-normalized and volumetric rates are one to two orders of magnitude lower than TDE rates from the literature, consistent

with VECLEs being caused by 5-20 per cent of all TDEs.

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

1 INTRODUCTION

A tidal disruption event (TDE) is a high-energy transient phe-
nomenon, in which a star is gravitationally shredded by a super-
massive black hole’s (SMBH) tidal forces (Hills 1975). This causes
roughly half of the star’s matter to fall onto the black hole and
form a temporary accretion disc, during which at least one flare of
electromagnetic radiation is produced. TDEs can produce flares with
wavelengths across the electromagnetic spectrum, with examples
of TDEs producing X-ray (Saxton et al. 2021), optical/ultraviolet
(UV) (van Velzen et al. 2020), mid-infrared (MIR) (Masterson et al.
2024), and radio emission (Alexander et al. 2020). Known accretion
physics can explain the X-ray and radio emission (Rees 1988;
Giannios & Metzger 2011). However, the optical/UV emission is
less well understood. It may be caused by shocks from the bound
stream of disrupted matter colliding with itself as it circularizes
around the black hole (Piran et al. 2015) or reprocessing of the X-
ray emission by material surrounding the black hole (Guillochon &
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Ramirez-Ruiz 2013; Roth et al. 2016). The MIR emission is created
by dust reprocessing the UV radiation (Lu, Kumar & Evans 2016;
van Velzen et al. 2021).

An important aspect of TDEs is the rate at which they occur. TDE
rates derived using standard ‘loss cone’ theory are typically of the
order ~ 10~* galaxy™' yr~! (Magorrian & Tremaine 1999; Wang &
Merritt 2004; Stone & Metzger 2016), although more recent work on
modifying this theory has produced different rates. Teboul, Stone &
Ostriker (2023) considered interactions that are only significant
in the dense stellar environments surrounding SMBHs, such as
strong scatterings and collisions between stars. These interactions
can cause stars to be ejected from stellar populations before they
are tidally disrupted. This effect could reduce the theoretical TDE
rate by as much as an order of magnitude. TDE rates derived from
observational studies span a similar range, with values varying from
~ 10~ galaxy ! yr~! (Donley et al. 2002; Khabibullin & Sazonov
2014; van Velzen & Farrar 2014; Holoien et al. 2016; Yao et al. 2023;
Masterson et al. 2024) to ~ 10~ galaxy ™! yr~! (Esquej et al. 2008;
Maksym et al. 2013; Hung et al. 2018; van Velzen 2018). Both sets of
rates come from studies of X-ray and optical/UV surveys, although
arate of 2.0 £ 0.3 x 107> galaxy~! yr~! was also calculated from a

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium,

provided the original work is properly cited.

Gz0z Aeyy 2z uo Jasn uojdweyinog 1o Alsiaaiun Aq 6128608/ £2/1L/6£S/31018/SEIUW/ W0 dNo"olWwapeoe//:sdny woJl papeojumoq


http://orcid.org/0000-0002-0804-9533
http://orcid.org/0000-0002-4391-6137
http://orcid.org/0000-0002-6576-7400
http://orcid.org/0000-0001-6315-8743
http://orcid.org/0000-0002-9700-0036
http://orcid.org/0000-0003-0822-452X
http://orcid.org/0000-0001-6098-7247
http://orcid.org/0000-0001-9712-0006
http://orcid.org/0000-0002-8458-5047
http://orcid.org/0000-0002-1769-1640
http://orcid.org/0000-0002-4928-4003
http://orcid.org/0000-0002-6397-4457
http://orcid.org/0000-0002-2890-3725
http://orcid.org/0000-0001-9632-0815
http://orcid.org/0000-0003-3142-233X
http://orcid.org/0000-0003-0825-0517
http://orcid.org/0009-0003-5658-2601
http://orcid.org/0000-0003-1838-8528
http://orcid.org/0000-0001-7178-8868
http://orcid.org/0000-0002-1125-7384
http://orcid.org/0000-0002-6610-4836
http://orcid.org/0000-0002-2733-4559
http://orcid.org/0000-0001-7145-8674
http://orcid.org/0000-0001-6979-0125
http://orcid.org/0000-0002-9646-8198
http://orcid.org/0000-0001-9504-2059
http://orcid.org/0000-0002-6588-3508
http://orcid.org/0000-0003-1704-0781
http://orcid.org/0000-0002-6684-3997
mailto:joe.callow@port.ac.uk
https://creativecommons.org/licenses/by/4.0/

232 J. Callow et al.

MIR survey (Masterson et al. 2024). It is unclear if the discrepancy
between theoretical and observational rates is due to theoretical
rate calculations being incomplete regarding the modelling of the
processes behind tidal disruptions or whether TDEs are being missed
by surveys, which would artificially lower the observational rate.

A possible signature of TDE activity in a dusty environment is
a set of strong, high-ionization iron coronal emission lines. These
were first observed in a rare class of galaxies known as extreme
coronal line emitters (ECLEs), which were discovered in the Sloan
Digital Sky Survey (SDSS) Legacy Survey (Komossa et al. 2008;
Wang et al. 2011), and were noted as unusual due to these coronal
lines (CLs) and broad Balmer features that indicated a strong ionizing
continuum. The CLs present were [Fe viI] A3759 A, [Fe viI]A5160 A,
[Fe vir] A5722 A, [Fe viI] AG088 A, [Fe X] A6376 A, [Fe X1] A7894 A,
and [Fe X1V] A5304 A (hereafter, the higher ionization CLs will be
referred to as [Fe x], [Fe x1], and [Fe X1v], respectively). A search
through the seventh SDSS data release (DR7; Abazajian et al. 2009)
by Wang et al. (2012) discovered a total of seven ECLEs, which
showed a range of properties. Each of the ECLEs showed a different
combination of CLs, and there were also differences in the presence
and strengths of other emission lines (e.g. He 11 A4686 A and [O 1]
A5007 A).

Long term observations of ECLEs revealed that they belonged
to two subclasses depending on their variability. Follow-up spectra
taken ~ 10 and 20 yr after the SDSS spectra revealed that five of the
ECLEs had fading CLs, whereas the CLs remained constant in the
other two ECLEs (Wang et al. 2012; Yang et al. 2013; Clark et al.
2024). The spectra also showed that the [O111] A5007 A emission
lines in the variable ECLEs (vVECLEs) had increased in strength over
the ~ 20 yr, whereas they had not changed in the non-vECLEs.

It was also noted that the MIR evolution of the vVECLEs differed
significantly from that of the other ECLEs (Dou et al. 2016; Clark
et al. 2024; Hinkle, Shappee & Holoien 2024). The MIR emission
from the ECLEs in which the CLs did not fade over time remained
roughly constant, whereas the VECLEs showed a long-term decline in
the MIR. This difference was particularly noticeable when comparing
the W1-W?2 colour index of the ECLEs, where W1 and W2 are the
bands observed by the Wide-field Infrared Survey Explorer (WISE).
Again, the non-vECLEs showed little variation and remained above
the W1-W2 > 0.8 cut used to discern AGNs from non-AGNs (Stern
et al. 2012). However, the VECLEs all showed a decline from an
AGN-like state to a non-AGN-like state, hinting at accretion being
the energy source powering the VECLEs.

Due to the high energies required to ionize iron to the levels
observed, TDEs, supernovae (SNe), and AGNs were proposed
as possible progenitors. All three of these phenomena have been
observed producing long-lasting CLs (Gelbord, Mullaney & Ward
2009; Smith et al. 2009; Fransson et al. 2014), but differences
between them can be seen in their duration and luminosities. CLs
produced by SNe are typically weaker than those observed in ECLEs
(Komossa et al. 2009; Wang et al. 2011), and usually fade much
faster than the few years over which the CLs in the Wang et al.
(2012) vECLE:S persisted (Palaversa et al. 2016). The Type IIn SN
2005ip developed CLs that were still detectable ~ 3000 d after they
were first observed (Smith et al. 2009), which is more similar to the
time-scales observed in the vVECLEs. However, these CLs were still
much weaker than those observed in ECLEs.

AGNS also produce CLs that are weaker than observed in ECLEs.
This is most clearly seen when comparing the strength of the CLs to
the [O 1] A5007 A line. In AGNSs, the CLs’ luminosities are typically
only a few per cent of the [O 111] line (Nagao, Taniguchi & Murayama
2000; Gelbord et al. 2009; Rose, Elvis & Tadhunter 2015; Cerqueira-
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Campos et al. 2020), whereas in the ECLESs, they have comparable
luminosities (Wang et al. 2012). AGN variation is more erratic and on
shorter time-scales than observed in the VECLEs and the amplitude of
their variation is typically only a few per cent of their total luminosity
(Hawkins 2002).

These differences in CL strengths and the time-scales over which
the variation occurs make SNe and AGNs less likely to be the
progenitors of VECLEs. TDEs have been predicted to produce
sufficient high-energy emission to sustain CLs of this strength for
the lengths of time observed in VECLEs (Komossa et al. 2008; Yang
et al. 2013) and are therefore a likely candidate.

Callow et al. (2024b, hereafter C24) performed the first full
VECLE rate calculation by repeating the search for ECLEs in SDSS
Legacy, but using the updated DR17 (Abdurro’uf et al. 2022).
They discovered nine more galaxies with strong CLs. Follow-up
spectra and photometric observations indicated that none of these
galaxies had transient CLs. Using the sample of five VECLEs
originally discovered in SDSS and detected once more by C24,
the authors calculated the galaxy-normalized rate of VECLEs in
SDSS Legacy to be Rg = 3.6 2% (statistical) T (systematic) x
107° galaxy™' yr~!, which was converted to a volumetric rate of
Ry = 7 *2° (statistical) 7} (systematic) x 107 Mpc~> yr~!. These
rates were one to two orders of magnitude lower than TDE rates
from observational studies (but consistent with the lowest TDE rates
within the measurements’ uncertainties), which suggested vVECLEs
represent emission from a subset of 10—40 per cent of TDEs.

Recently, these same CLs have been observed developing in the
spectra of photometrically discovered TDEs (AT 2017gge (Onori
et al. 2022; Wang et al. 2022), AT 2018bcb (Neustadt et al. 2020),
AT 2018dyk (Clark et al. 2025), AT 2019aalc (Veres et al. 2024),
AT 2019avd (Malyali et al. 2021), TDE 2019qiz (Nicholl et al.
2020; Short et al. 2023), TDE 2020vdq (Somalwar, Ravi & Lu
2023), AT 2021dms (Hinkle et al. 2024), AT 2021qth (Yao et al.
2023), AT 2021acak (Li et al. 2023), TDE 2022fpx (Koljonen et al.
2024), and TDE 2022upj (Newsome et al. 2024). These TDEs were
first detected as optical/UV TDEs, with subsequent detections of X-
ray emission typically occurring on the order of hundreds of days
after peak (AT 2017gge, AT 2018bcb, AT 2018dyk, AT 2019avd,
AT 2021acak, TDE 2022fpx, TDE 2022upj). However, AT 2019qiz
showed X-ray emission around the same time as the optical/UV peak.
In addition, the appearance of the CLs relative to the optical/UV peak
is different between TDEs, with CLs being detected within ~ 50d
of the optical/UV peak in AT 2018bcb, AT 2018dyk, AT 2022fpx,
and AT 2022upj. All the other TDEs showed development of CLs
between 170-500 d after the peak of the TDE, although in some
cases, few spectra were observed, so constraining when the CLs
developed is difficult.

Though the link between VECLEs and TDEs is now established,
more detections are necessary to build substantial samples of ECLEs
and conduct population studies. Though TDEs have been observed
at redshifts ranging as high as z ~ 1.2 (Andreoni et al. 2023), the
maximum redshift that an ECLE has been observed at is 0.14,
which is slightly higher than the median redshift of SDSS Legacy.
Additionally, TDE rates have been measured out to z ~ 0.2 and rates
of VECLEs have only been measured out to z ~ 0.1. Therefore, in
this work, we calculate the rate of vVECLEs at a higher redshift than
done by C24 by searching for ECLEs in the Baryon Oscillation
Spectroscopic Survey (BOSS; Dawson et al. 2013) LOWZ sample.
In Section 2, we outline the observations used in this work, including
the LOWZ sample and follow-up spectroscopic and photometric
observations. We discuss the results of our search in Section 3 by
examining the properties of the galaxies selected and determining the
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efficiency of our detection algorithm. In Section 4, we describe the
cuts made to select the ECLEs from our sample of CL galaxies and
the follow-up observations used to determine if they are variable.
We find two candidates ECLEs in the LOWZ sample. By using
follow-up spectroscopic and photometric observations, we determine
one to be a VECLE, likely created by a TDE. In Section 5, using
this new VECLE, we calculate the rate at which vVECLEs occur
at redshift ~ 0.3. We calculate a galaxy-normalized rate of Rg =
1.6 738 x 107° galaxy™' yr~'and a mass-normalized rate of Ry =
7 J_ré(’ x 10718 Mal yr~!. We explore the relation between ECLE rate
and galactic stellar mass, and convert our mass-normalized rate to
a volumetric rate of Ry = 1.8 f‘f:g x 107 Mpc ™ yr~!. Comparing
these rates to the ECLE rates from C24 and observational TDE rates,
we find that our new measurement is formally lower but statistically
consistent with both TDE and vECLE rates at redshift ~ 0.1. Finally,
we summarize our conclusions in Section 6.

Throughout this paper, we assume a Hubble-Lemaitre constant,
Hy, of 73 km s~! Mpc~! and adopt a standard cosmology with Q,, =
0.27 and 2, = 0.73. Quoted uncertainties are at the 10 level, unless
stated otherwise.

2 DATA

Here, we describe the surveys and instruments used in this work and
the data-reduction pipelines used to process the data.

2.1 BOSS LOWZ

We performed a search for ECLEs in the SDSS BOSS LOWZ
sample (Dawson et al. 2013), which contains spectra of galaxies
between 0.15 < z < 0.43 obtained between 2008 and 2014. Follow-
ing Graur & Maoz (2013), Graur, Bianco & Modjaz (2015), and C24,
for each spectrum, the only pixels used were those flagged as ‘good’
(0) or ‘emission line’ (40 000 000) by the BOSS pipeline. If this cut
removed 50 percnt or more of the pixels in a given spectrum, then the
spectrum was not used. This resulted in 1486 spectra being rejected,
which left a sample of 341 110 galaxies. As we describe in Section
3 and 4.1, below, we detected two candidate VECLE:s in this galaxy
sample.

Every galaxy in the BOSS survey has stellar mass and star
formation rate (SFR) estimates derived using the Portsmouth group
pipeline (Maraston et al. 2013). This pipeline fitted all spectra with
two templates; a luminous red galaxy model and a star forming
model. The masses and SFRs were then derived using the best-fitting
model, which was assigned using the colour cut defined by Maraston
et al. (2013).

2.2 Optical spectroscopy

We obtained follow-up optical spectra of one of the ECLEs using
the Dark Energy Spectroscopic Instrument (DESI) mounted on the
Mayall 4-m telescope (DESI Collaboration 2016a, b, 2022, 2024g,
h). DESI is a robotic, fiber-fed, highly multiplexed spectroscopic
surveyor which can obtain simultaneous spectra of almost 5000
objects over a ~ 3° field (Silber et al. 2023; Miller et al. 2024;
Poppett et al. 2024), the goal of which is to determine the nature of
dark energy through the most precise measurement of the expansion
history of the universe ever obtained (Levi et al. 2013).

Using the First Data Release (DR1; DESI Collaboration, in
preparation), there are science Key Papers presenting the two point
clustering measurements and validation (DESI Collaboration 2024a),
baryon acoustic oscillations (BAO) measurements from galaxies and
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Table 1. Summary of the spectroscopic observing conditions of the ECLEs.

SDSS Short Name MID Seeing (arcsec) Air mass
BOSS LOWZ

SDSS JO113 56189 1.5 1.2

SDSS 12218 56211 1.4 1.0
DESI

SDSS J2218 59402 0.9 1.0
GMOS

SDSS J0113 60302 1.1 1.0

quasars (DESI Collaboration 2024b), and from the Lya forest (DESI
Collaboration 2024c), as well as a full-shape study of galaxies and
quasars (DESI Collaboration 2024d). There are Cosmological results
from the BAO measurements (DESI Collaboration 2024e) and the
full-shape analysis (DESI Collaboration 2024f).

The spectrum has the DESI TARGETID 39 628 342705 525273
and was observed as part of the bright galaxy survey (Hahn et al.
2023) during main survey operations (Schlafly et al. 2023) and was
processed using the custom DESI spectroscopic pipeline (Guy et al.
2023). When comparing the BOSS and DESI spectra, it is important
to note that the instruments have different sized fibres, with diameters
of 2 and 1.5 arcsec, respectively (Smee et al. 2013; Abareshi et al.
2022). Therefore, DESI spectra contain slightly 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 covered by the fibres.

We also obtained optical spectra of one of the 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. These were taken on 2023 December 24 in the long-slit
spectroscopy mode with a slit width of 1.0 arcsec, using the B480
and R831 gratings, as part of the Gemini program GN-2023B-Q-
321 (PL: P. Clark). Data were reduced using the DRAGONS (Data
Reduction for Astronomy from Gemini Observatory North and
South) reduction package (Labrie et al. 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 this observation, we used the PYTHON
package TELFIT (Gullikson, Dodson-Robinson & Kraus 2014) to
model and remove the telluric absorption features.

In Table 1, we summarize the spectroscopic observing conditions
for the ECLE spectra.

2.3 Mid-infrared photometry

We retrieved MIR photometry from the WISE satellite for all the
objects in our ECLE sample using the ALLWISE (Wright et al.
2010) and NEOWISE Reactivation (Mainzer et al. 2011, 2014) data
releases. We processed the data using a custom PYTHON script (Clark
et al. 2024) that removed observations that were marked as an upper
limit; 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 Wang et al. (2012) vECLEs 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.

MNRAS 539, 231-245 (2025)
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Figure 1. Redshift distributions of the LOWZ (solid black curve) and LOWZ
CL (dashed red curve) galaxy samples, in comparison to the SDSS Legacy
(dotted blue curve) and SDSS Legacy CL (dot dashed magenta curve) samples
used by C24. The overall LOWZ and CL galaxy distributions are broadly
consistent with each other.

3 ECLE SEARCH

In this section, we describe our CL galaxy selection criteria, compare
the galaxies selected to the overall LOWZ sample, and calculate the
efficiency of our detection algorithm. We also compare the galaxy
samples to the SDSS Legacy sample used by C24 and describe
the differences this makes in the properties of the galaxies that we
investigate in this work.

3.1 CL galaxy search

To detect CLs in the BOSS LOWZ galaxy spectra, we used the
detection algorithm outlined in detail in section 3.1 of C24 and Clark
et al. (in preparation). This algorithm primarily requires a galaxy to
show at least three strong CLs to be classified as a CL galaxy (or two
at z > 0.38, where [Fe X1] is no longer within the wavelength range
of BOSS). It also flags galaxies with at least one particularly strong
CL with a signal-to-noise (SNR) > 10 or at least two moderately
strong [Fe vi] lines with SNR > 5. This search returned 419 CL
galaxies.

At certain redshifts, our detection algorithm misclassifies skylines
as CLs redshifted to the same wavelengths. In order to minimize
this source of contamination, we construct redshift distributions of
the LOWZ sample and the CL galaxies and visually inspect the CL
galaxies in redshift bands that are over-represented compared to the
overall galaxy sample. We then remove all the galaxies in the redshift
bands that are affected by skylines.

We compared these CL galaxies to the overall LOWZ sample
and the SDSS Legacy sample used by C24 using their redshifts and
total galactic stellar masses. The LOWZ and SDSS Legacy samples
both contain galaxies out to z ~ 0.6, but distributed very differently
(Fig. 1). The median redshift of the Legacy sample is 0.11, compared
to 0.38 for the LOWZ sample. CL galaxies are detected across the
full range of the LOWZ sample, but are not evenly distributed. A
Kolmogorov—Smirnov test between the LOWZ galaxy and CL galaxy
samples produces a p-value > 0.01, which means we cannot reject the
null hypothesis that the samples are drawn from the same population.

Compared to the SDSS Legacy sample used by C24, the LOWZ
sample consists of galaxies with higher masses than most of the
Legacy galaxies (Fig. 2). Therefore, by searching for ECLEs in
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Figure 2. Galactic stellar mass distributions of the LOWZ (solid black curve)
and LOWZ CL (dashed red curve) galaxy samples, in comparison to the SDSS
Legacy (dotted blue curve) and SDSS Legacy CL (dot dashed magenta curve)
galaxy samples used by C24. The vertical green line marks 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 mass of a galaxy and the mass of its SMBH used in
this calculation is from Reines & Volonteri (2015). The LOWZ distributions
are broadly consistent but the CL galaxies are under-represented between
3-5 x 10'! Mg, and over-represented below 5 x 10! Mg at > 99 per cent
confidence.

LOWZ, we are probing a higher mass regime than in the SDSS
Legacy Survey. The mass distributions of the LOWZ sample and
LOWZ CL galaxies have similar shapes with median masses of
1.8 x 10" and 1.5 x 10'! My, respectively. 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. This can be seen from the under-representation of
CL galaxies with masses 3-5 x 10'! M, and over-representation at
the low mass ends of the distributions.

3.2 Detection efficiency

Before deriving the rate at which VECLEs occur in BOSS LOWZ,
we must first determine the efficiency of our detection algorithm.
We do this by running the algorithm on fake ECLE spectra created
by planting CLs of varying strengths in LOWZ spectra. 10000
spectra were randomly selected from the LOWZ sample described
in Section 2.1, into which the CLs from the Wang et al. (2012)
ECLEs were planted. For each base spectrum, the CLs’ strengths
were modified by a randomly selected scaling factor, which ranged
from 0 to a maximum value that was set depending on the presence
of [O111] AS007 A in the base spectrum. If this feature was present,
the maximum value was set such that the strongest CL would have
the same strength as the [O 111] line. This was motivated by the fact
that in the known ECLEs, the strengths of the CLs never exceeded
the [O 1] line. If [O 11] was not present, the maximum value for the
scaling factor was set to one, such that the scaled CLs could not be
stronger than they were in the original ECLE spectrum. The results of
running the detection algorithm on the fake LOWZ ECLE:s is shown
in Fig. 3. The maximum detection efficiency is ~ 99 per cent and we
reach 50 per cent efficiency at an average equivalent width of —1.1 A.
This is very similar to the efficiency measured by C24 when running
the detection algorithm on SDSS Legacy DR17 galaxies. For SDSS
Legacy galaxies, the maximum efficiency was ~ 95 per cent and 50
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Figure 3. ECLE detection efficiency as a function of the average EW of the
CLs. Points denote the fraction of fakes classified as ECLEs in 1 A bins. The
black curve is a generalized sigmoid fit to the data. Error bars indicate 10
binomial uncertainties. The red dashed curve is the efficiency of the detection
algorithm when used on SDSS Legacy galaxies, as calculated by C24.

per cent efficiency was reached at an average equivalent width of
—1.3 A. This shows the algorithm is robust when analysing galaxies
at a higher redshift.

4 ECLE SAMPLE

In this section, we describe the cuts used to select the ECLESs from our
sample of CL galaxies. We then present the follow-up observations
used to determine the transient nature of the ECLEs.

4.1 ECLE criteria

One of the key differences between the CLs in ECLEs and those
typically produced by AGN are their strengths relative to the
[O 1] A5007 A emission line. For AGN, the CL-to-[O11] ratio is
a few percent (Nagao et al. 2000; Gelbord et al. 2009; Rose et al.
2015; Cerqueira-Campos et al. 2020), whereas in ECLEs, it has been
observed to be as high as 100 per cent (Wang et al. 2012). We used
the selection criteria from Wang et al. (2012), which required at least
one CL to be at least 20percnt the strength of the [O111] line, and at
least one CL to have an SNR > 5. These cuts reduced the sample to
293 galaxies.

We then visually inspected the remaining galaxies to remove false
positives detected because of random noise or coincidence of skylines
with the locations of CLs. This process returned two ECLEs, the
details of which are summarized in Table 2.

As we do not perform full spectral fitting when measuring the
emission line strengths to identify CL galaxies and ECLEs, we may
not be sensitive to line enhancements due to [Fe 1] complexes or the
blending of adjacent features. This may affect whether CLs appear
to be stronger than the threshold that we use to select ECLEs. To
investigate this, we check for CL galaxies with a CL-to-[O 111] ratio
between 10 and 20 per cent. We find no CL galaxies that meet this
criterion, which suggests that this is a suitable to cut to select ECLEs.

4.2 Transient nature

To search for transient activity in the new ECLEs, we performed a
cross-match of the new ECLEs with the Transient Name Server to
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search for previous transient activity.! Neither of the ECLEs showed
any previous activity, supporting our assumption that if the CLs were
created by a transient progenitor, it was not a recurring process.

In order to determine the transient nature of the ECLEs, we used
follow-up optical spectra (Fig. 4) and MIR photometric observations
(Fig. 5). We obtained optical spectra of both galaxies; SDSS JO113
using GMOS-N and SDSS J2218 using DESI. Given that there
was a gap of ~ 10yr between the BOSS spectra and our follow-
up observations, if the ECLEs were variable, we would expect the
CLs to have faded significantly between the two sets of observations.
vECLEs also exhibit a distinctive evolution when viewed in the
MIR, particularly when looking at the W 1-W2 colour of the objects.
Clark et al. (2024) and Hinkle et al. (2024) found that the VECLEs
all showed long term declines in the MIR, whereas the non-vECLEs
remained constant in their MIR emission. Additionally, Clark et al.
(2024) observed that the W1-W?2 colour of the vECLEs evolved
from above the W1-W2 > 0.8 mag AGN cut (Stern et al. 2012) to
well below this cut. Clark et al. (2024) concluded that this colour
index evolution is a robust method to select vVECLEs.

4.2.1 SDSS J0113+0937

SDSS J0113 was detected due to having several moderately strong
[Fe vii] lines, but has no other CLs. It appeared to show weak [Fe X1]
emission, but visual inspection revealed this to be skylines coinci-
dent with the [Fe X1] observed wavelength. The [Fe vii] lines have
disappeared completely in the GMOS spectrum, strongly suggesting
that this object is a VECLE. However, in contrast to the vECLE
sample, the [O111] A5007 A line has also decreased, whereas in the
known VECLEs, this line remained roughly constant or increased in
strength over a similar time period between observations. The LOWZ
spectrum also had prominent H o emission and weak He 11 A4686 A.
These emission lines have all changed in the GMOS spectrum, with
the H x and He 1l emission both weakening significantly. The H «
complex is affected by telluric absorption in the GMOS spectrum,
so we are unable to confidently determine the extent to which it has
weakened.

We note the presence of strong [Ne v] A3426 A emission in the
BOSS spectrum of SDSS JO113, which has disappeared by the time
of the GMOS spectrum. This is one of a doublet of emission lines,
the other being [Ne V] A3347 A which is not detected in SDSS
JO113. [Ne V] A3426 A (hereafter [Ne V]) has been previously noted
as a high-ionization CL primarily present in AGN spectra (Abel &
Satyapal 2008; Gilli et al. 2010; Mignoli et al. 2013; Cleri et al.
2023a, b), although stellar light from Wolf-Rayet stars and shocks
from energetic SNe have been proposed as alternate production
mechanisms (Izotov, Thuan & Privon 2012; Zeimann et al. 2014,
Olivier et al. 2022). [Ne V] has a very similar ionizing potential to
[Fe viI] A6088 A (~ 100eV), so it is not surprising that it is present
in the spectrum of SDSS JO113. However, [Ne V] was not observed
in any of the ECLEs detected in the SDSS Legacy survey, as they
were all at low redshifts where the emission line fell outside the
wavelength range of the Legacy spectrograph. As SDSS JO113 is ata
higher redshift than the Legacy ECLEs and the wavelength range of
the BOSS spectrograph is broader than for the Legacy survey, we are
able to observe this emission line in an ECLE for the first time. The
[Ne v] emission line is five times stronger than the [Fe vii] A6088 A
emission line and 2.5 times stronger than the [O 111] A5007 A emission
line, making it one of the strongest emission lines in the spectrum. As

Thttps://www.wis-tns.org/
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Table 2. Summary of the ECLEs detected in the BOSS LOWZ sample.
SDSS Name Short Name RA (J2000) Dec. (J2000) Redshift
SDSS J011306.68 + 0937122  SDSSJO113 01:13:06.6834 + 09:37:12.2716  0.1537
SDSS J221831.51 + 233432.3  SDSS J2218 22:18:31.5153 + 23:34:32.3013 0.0787
SDSS J0113+0937
g BOSS mean SNR = 15.8 5 —— BOSS: 2012-09-19
GMOS mean SNR =11.9 l-?: — GMOS: 2023-12-24
» H
é 4000 5000 6000 7000 8000 9000
g Rest wavelength (A)
§ [FeVII] 16088 A [FeX] A6376 A [FeXI] 17894 A [FeXIV] 25304 A
3 W | WWWW A\ o PR
% WW” W
Ha Hell 14686 A [OI11] 25007 A [NeV] 13426 A
—5000 —2500 2500 5000 —5000 —2500 0 2500 5000 —5000 —2500 0 2500 5000 —5000 —2500 0 2500 5000
Relative velocity (km s’1>
SDSS J2218+2334
= = IR 5
o ' A e
ol 'y e Wb
.‘ N ,'.AI’J'AF oy g ey M
| BOSS mean SNR = 9.1 — BOSS:2012-10-11
:té DESI mean SNR =4.5 —— DESI: 2021-07-07
4000 5000 600 7000 8000 9000

[FeVII] 16088 A [FeX] A6376 A

Rest wavelength (A)

[FeXI] 17894 A [FeXIV] 15304 A

Scaled flux

WW\WWZ MWWWAMWN

Ha Hell 14686 A

[OI11] A5007 A [NeV] 13426 A

et

—5000 —2500 0 2500 5000 —5000 —2500 0 2500

5000 —5000 —2500 0

2500 5000 —5000 —2500 0 2500 5000

Relative velocity (km s’l)

Figure 4. Comparisons of the ECLE spectra from BOSS LOWZ (black), GMOS (blue), and DESI (red). Emission lines of interest are marked by vertical solid
lines with labels at the top of the plots. 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. For SDSS J2218, the vertical
dashed lines indicate the z >~ 0 Balmer emission that is imposed on top of the galaxy spectrum. The labels for these lines are at the bottom of the plot.

[Ne v] was not observed in the SDSS Legacy ECLE sample, we do
not use this line when performing the VECLE rate analysis. Given the
iron emission lines were the focus of that sample, our assumptions
and modelling are based on the properties of the iron lines in the
Legacy ECLEs. We do not know if the [Ne V] line evolves in the
same way as the iron lines, so we are unable to apply our modelling
to this line. In addition, [Ne V] lay outside the wavelength range of
the observations of AT 2017gge, the TDE with CLs that we use in
our rate analysis. However, [Ne V] has been detected in the spectra
of some of the TDEs that have developed CLs, namely AT 2018dyk
(Frederick et al. 2019; Clark et al. 2025), AT 2019aalc (Veres et al.
2024), and TDE 2019qiz (Short et al. 2023). Therefore, though we
are unable to use this emission line in this work, it will be useful
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in future ECLE searches at higher redshifts, where [Ne v] will more
often fall within the observed wavelength range.

The MIR behaviour of SDSS JO113 closely aligns with that of the
vECLE sample. Both bands show a decline over a time-scale of years,
followed by a slower decline (or, perhaps, a plateau). Both bands also
show an increase in magnitude at the start of the observation period,
indicating that the peak of the MIR emission occurred at a MJD of
~ 55300.

The colour index also shows similar evolution to that of vECLEs,
evolving from an AGN-like colour to a non-AGN-like colour. The
first two points of the colour index evolution show the colour evolving
in the direction of the AGN-like colour space, indicating that the
pre-outburst colour was also non-AGN-like. Interestingly, the peak
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Figure 5. Comparison of the MIR evolutions of SDSS JO113 (orange) and SDSS J2218 (blue) with the Wang et al. (2012) ECLE sample (grey). The shaded
region for each object is the 1 o uncertainty on the best fit, determined using a Gaussian process. The left and centre panels show the evolution in the W1 and W2
bands. The right panel shows the colour evolution. The dashed horizontal line is the AGN/non-AGN dividing line from Stern et al. (2012). SDSS J2218 shows
little evolution in the W1 and W2 bands and no colour evolution, so is inconsistent with the vVECLEs. SDSS J0113 shows a clear decline between the WISE and
NEOWISE observations periods in a manner consistent with the vVECLE sample. This decline is also seen in the colour plot, again consistent with the vVECLEs.

in colour appears to lag the individual bands’ peaks by ~ 700d.
However, due to the gap in WISE observations, we are unable to
constrain this lag.

To further investigate the MIR behaviour, we fit each band’s
decline using a power law of the same form as expected for TDE light
curves. In Fig. 6, we show the power law index of the W1 and W2
declines for SDSS JO113 and compare them to the vVECLE sample
and X-ray selected TDEs. The fits to each band give a very similar
power-law index, with values of 0.43 and 0.40 for W1 and W2,
respectively. The weighted mean of the indices sits within the range
of TDE indices from Auchettl, Guillochon & Ramirez-Ruiz (2017)
and is very close to the expected index from the disc emission model.
Both the spectral and MIR evolution of SDSS JO113 are consistent
with the known VECLEs. Therefore, we classify it as a vECLE.

4.2.2 SDSS J2218+2334

SDSS J2218 was selected as an ECLE due to the strength of the
[Fe vii] A6088 A line. Tt also exhibited prominent H  and weak
[O1m] A5007 A emission. However, it did not show any other CLs,
including [Ne v] A3426 A. The DESI spectrum is very similar to the
LOWZ spectrum. The shape of the continuum has not changed, and
the strength of the emission lines has remained unchanged.

The MIR light curve also indicates this object is not transient, as
the emission in both bands has remained roughly constant, as has the
colour index. Therefore, we are confident in classifying SDSS J2218
as non-variable and therefore not a vVECLE.

We note, however, that both the spectrum and MIR colour index
of this object are very different in comparison to the previously
described non-vECLEs (Wang et al. 2012; Yang et al. 2013; Clark
etal. 2024; Hinkle et al. 2024). Previous non-vECLE spectra were all
consistent with AGN or star-forming galaxies, with a predominantly
blue continuum and broad Balmer features. SDSS J2218, instead,
has a red continuum and narrow H o emission. This difference is
also seen in the MIR colour index, where SDSS J2218 lies below
the AGN dividing line, whereas all the other non-vECLEs sit above
this line (Clark et al. 2024, fig. 5). The spectrum’s continuum and
emission lines are consistent with a galaxy dominated by post-AGB
star emission, which produces the red spectrum with narrow H « and
little [O 111] emission (Habing 1997).

Upon investigation of the [Fe viI] A6088 A emission line, it was
found that this line and other emission lines in the spectrum were
consistent with Balmer emission at z >~ 0. The H o« emission line is
coincident with the observed wavelength of [Fe vii] A6088 A. These
lines are marked on Fig. 4. The galaxy lies in a higher density region
of the Finkbeiner (2003) H o sky-map, and nearby galaxies exhibit
the same z >~ 0 Balmer emission. As there is no intervening object
visible, we conclude that this Balmer emission was created by a
diffuse cloud of hydrogen in the Milky Way. Therefore, this object
is a false positive and not included in the rate calculations.

5 ECLE RATE ANALYSIS

In this section, we calculate the galaxy-normalized, mass-
normalized, and volumetric VECLE rates in the BOSS LOWZ sample
using the one VECLE described above. The process for calculating
the rates is as follows. First, we calculate the total visibility time
of our survey (Section 5.1). We then calculate a galaxy-normalized
vECLE 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 (Section 5.3). Next, we convert the mass-normalized rate to a
volumetric rate using a galactic stellar mass function (Section 5.4).
Finally, we compare the LOWZ vECLE rates to the SDSS Legacy
vECLE rates and TDE rates from the literature (Section 5.5).

5.1 Visibility time

The visibility time for each galaxy is the amount of time a VECLE
would be detectable at that galaxy’s redshift. Here, we follow the
same process as C24. First, we model the strengths of the CLs over
time. This entails sampling a random peak luminosity using the
TDE X-ray luminosity function (LF) from Sazonov et al. (2021),
converting it to a peak CL strength using observations of the CL-
TDE AT 2017gge (Onori et al. 2022), and then evolving this strength
over the period of 10yr according to a power law, which is the
predicted shape of a TDE light curve. This length of time was
chosen as the CLs in the Wang et al. (2012) VECLE sample had
all significantly weakened or disappeared this long after their SDSS
discovery spectra.
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mean lies within the range of indices from the Auchettl et al. (2017) TDEs and is close to the — 35 index from the disk emission model.

The Sazonov et al. (2021) TDE LF is parametrized as

dN

———— = No(L/Ly), 1
dlog,y L o(L/Lo) (1)

where N is the volumetric rate and L is the peak luminosity of
the TDE. The constants are Ly = 10¥ erg s™!, Ny = (1.4 £0.8) x
1077 Mpc3 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 the LF was constructed over, 10%7-10* erg s7!, to
create a probability distribution.

For each galaxy in the LOWZ survey, we sample a peak luminosity,
L.y, and convert it into a peak CL strength, Sy, by requiring that
the ratio between the peak CL strength and AT 2017gge’s peak CL
strength, Sg,c, at 218 d post-discovery is the same as the ratio of the
selected peak luminosity and AT 2017gge’s peak X-ray luminosity,
Ligge, ie.

sz\x Lmux
= ) @

Sgge L 8ge

Here, we assume that a TDE with a larger peak X-ray luminosity

will produce CLs with a higher peak strength. The process used to

measure the peak CL strengths of AT 2017gge is described by C24.
The peak CL strength is evolved as the power law

S = ar?, 3)

where S is the average strength of the CLs, ¢ is the time since the
peak CL strength, and « and g are constants. Theoretical models
have predicted power law indices between —5/12 and —5/3 (Fig. 6).
Therefore, for each galaxy we sample the index from this range
assuming a flat probability density function. Observational studies
have found a larger range of indices (Auchettl et al. 2017), which we
use when determining the uncertainty on the rate.
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Next, the CL strength curve is redshifted according to the galaxy’s
redshift, which, due to cosmological time dilation, increases the time
over which the CLs are visible. The visibility time, ¢, for each galaxy
is then

t, = / €[S(H)]dt, 4

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 is modelled.

5.2 Galaxy-normalized rate

The galaxy-normalized VECLE rate is the number of VECLEs
discovered in the BOSS LOWZ sample divided by the sum of the
visibility times of all the galaxies searched over,
NAI;ICLE ’ )
Z,—ﬁ 1 tv,i
where Ngcyg is the number of VECLEs detected, N, is the number of
galaxies searched over, and ¢, ; is the visibility time of the ith galaxy.
Due to the small number of VECLESs detected, the dominant source
of statistical error in our rate calculations is the Poisson uncertainty
on our single detection. This gives an error on the number of ECLEs
detected of Ngcr g = 1.0 féjg‘ The statistical uncertainty on the total
visibility time stems from the uncertainties on the average peak
strength of the CLs of AT 2017gge, the peak X-ray luminosity of AT
2017gge, and the range of power-law indices used to evolve the CL
strengths. To determine how these individual uncertainties propagate
to the uncertainty on the total visibility time, we perform a Monte
Carlo simulation, which entails calculating the total visibility time
500 times, randomly sampling the parameters from their probability
density distributions each time. The AT 2017gge peak luminosity

R =
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Table 3. vECLE galaxy and mass-normalized rates used in fitting the rate-
mass relations.

Stellar mass Galaxy-normalized rate Mass-normalized rate

(IOIOMO) (10’6 galaxy ™! yr’l) (10’17 My ™! yr’l)
SDSS Legacy

0.13 1012 <40 < 2200

0.7 793 1342 160 TL1°

25143 5643 1o

4.5 5 5

8.0 ir2.8 2 ir2 2 t2

2619 <13 <37
BOSS LOWZ

18 10 16738 0.7 %3¢

Note. The rates marked with < represent 2o upper limits.

and line strength are drawn from normal distributions with standard
deviations set to their 10 errors. For the power-law indices, we vary
the range from which the indices are sampled using the observational
range from Auchett]l et al. (2017), who found power-law indices
ranging from —0.26 &= 0.10 to —1.89 % 0.20. Having calculated the
uncertainties on the number of ECLEs detected and the total visibility
time, we use standard error propagation to determine the uncertainty
on the galaxy-normalized rate. This yields a galaxy-normalized rate
of Rg = 1.6 138 x 107 galaxy ! yr~".

As BOSS observed higher-mass galaxies on average than SDSS
Legacy (see Fig. 2), we are able to extend the vVECLE rate versus mass
relation found by C24 to higher masses. C24 detected five VECLEs
in SDSS Legacy, so the galaxies in that sample were put into bins
based on the masses of the VECLE host galaxies. The VECLE rate
was then calculated for each bin individually, where the lowest and
highest mass bins contained no VECLEs and were therefore used
as upper limits on the rate for zero detections. As we only detected
one VECLE in LOWZ, the galaxy-normalized vECLE rate from the
LOWZ sample is added to the relation at the median mass of the
LOWZ sample rather than binning the galaxies. The stellar masses
and rates of the SDSS Legacy bins and the LOWZ rate are shown in
Table 3.

The rate versus mass relation is then refit using the SDSS Legacy
and LOWZ points with a power law of the form

log,o(Rm) = alog,y(M) + b. 6)

To estimate the fit of this relation, we calculate the x> for 1000 000
fits using pairs of parameters with values between —3 < a < 0 and
—10 < b < 10 and take the pair that produces the lowest x> as the
best fit. We use the rates of the three SDSS Legacy bins that contain
vECLEs and the BOSS LOWZ rate to perform this fit. As the error
bars on the rates are asymmetric, when calculating the x? of each
fit, we use the positive error when the residual is positive, and the
negative error when the residual is negative. The upper limits on zero
detections from SDSS Legacy are implemented by requiring that
the fits calculated from the pairs of parameters must fall below the
upper limits in their mass ranges. This fit (shown in Fig. 7) estimates
values of a = —0.7+0.3 and b = 1-53:(5)’ with a reduced x2 =
0.02. This fit is consistent with the one measured by C24. Though
~ 30 per cent of galaxies in the LOWZ sample were also observed by
the SDSS Legacy survey, there is no overlap between the CL galaxy
samples drawn from each survey. Therefore, the same VECLE was
not detected in both samples and so the rates are independent.

We compare the rate—mass relation in Fig. 7 to the theoretical TDE
rate versus black hole mass relation calculated by Stone & Metzger
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Figure 7. Galaxy-normalized VECLE rates as a function of galaxy stellar
mass for SDSS Legacy (blue squares) and BOSS LOWZ (black circle).
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 2o upper bounds on the rates calculated
using the upper Poisson error on zero detections. The solid red line shows the
power-law fit to the Legacy and LOWZ rates and the shaded area is the 10
confidence region. The dashed purple line shows the TDE rate vs. black hole
mass relation calculated by Stone & Metzger (2016), scaled by 0.05, 0.1, and
0.5.

(2016) by converting black hole mass to galactic stellar mass using
the relation from Reines & Volonteri (2015). The dashed purple lines
in Fig. 7 show this relation, scaled by factors of 0.05, 0.1, and 0.5
to allow better comparison to the VECLE rates. The two relations
have similar shapes (within their measured uncertainties) and the 1o
confidence region on our measured relation lies between the 10 and
50 per cent scalings of the TDE rate relation. This is consistent with
the findings of C24 and supports our suggestions that VECLEs are
caused by a subset of TDE:s.

We caution that the x? distribution used to determine the power-
law fit parameters and confidence region is a biased estimator due
to the inclusion of Poisson uncertainties stemming from the small
number of VECLEs per bin. Hence, the errors on the parameters and
the confidence region are likely underestimated. However, we note
that the shape of the power-law fit and the theoretical TDE rate versus
mass relation are still qualitatively consistent.

5.3 Mass-normalized rate

We calculate the mass-normalized ECLE rate by weighting the
visibility time of each galaxy by its stellar mass, M,, in the rate
calculation, i.e.

N,
Ry = ECLE %

Z,N:gl lv,iM*,i

We use the masses derived by the Portsmouth group pipeline, as
described in Section 2.1. We repeat the Monte Carlo simulation to
determine the statistical uncertainty on the rate, with the addition
of varying the masses according to their uncertainties. To that end,
the masses are drawn from normal distributions with the standard
deviation set to the 10 errors on the masses. The resultant mass-
normalized rate is Ry = 7 fé6 x 10718 Mal yr L
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Figure 8. Mass-normalized VECLE rates as a function of galaxy stellar mass
for SDSS Legacy (blue squares) and BOSS LOWZ (black circle). 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 solid red line shows the
power law fit to the Legacy and LOWZ rates and the shaded area is the 1o
confidence region.

Using the same steps as for the galaxy-normalized rate versus mass
relation, we extend the mass-normalized rate versus mass relation
from C24 to higher masses (Fig. 8). The stellar masses and mass-
normalized rates of the SDSS Legacy bins and the LOWZ rate are
shown in Table 3.

A power-law fit of the form of equation (6) produces values of
a=—17 £0.3 and b = 1.6732, with a reduced x> = 0.01. The
resultant relation is consistent with the one measured by C24.

Following Graur et al. (2015), we also investigate the dependence
of the mass-normalized VECLE rate on the host galaxies’ SFR and
specific SFR (sSFR). The sSFR is calculated by dividing the SFRs
from the Portsmouth group pipeline by the corresponding masses.
We compare these rates to the mass-normalized VECLE rates from
the SDSS Legacy survey (C24). The masses and SFRs of the Legacy
sample were derived by the MPA-JHU pipeline (Kauffmann et al.
2003; Brinchmann et al. 2004; Tremonti et al. 2004). The Legacy
galaxies are binned according to their SFRs, with three bins that
contain one or two of the five VECLEs detected in that sample and
two bins that contain no VECLESs, for which we calculate upper
limits. The rates for each of these bins are calculated as for the full
sample, with the bins with no vVECLEs calculated as 20 upper bounds
on the rates using the Poisson error on 0 detections. These rates are
presented in Tables 4 and 5 and Fig. 9, along with the distributions
of the SDSS Legacy and LOWZ samples.

The mass-normalized rate shows no dependence on the SFR, with
each bin having a very similar rate. The LOWZ rate is consistent with
the Legacy rate in the corresponding SFR bin. The mass-normalized
vECLE rate appears to increase with sSFR. We find that there may
be a positive correlation for the four measurements that are not upper
limits, though it is not statistically significant. A likelihood ratio test
prefers a 1st-order polynomial over a Oth-order polynomial ata > 20
confidence level. In addition, we measure a Pearson r coefficient of
0.88 for these four measurements. However, the p-value for this
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Table 4. vECLE mass-normalized rates used in in-
vestigating the rate-SFR relation.

SFR Mass-normalized rate

(M@ yr’l) (10’17 Mg ! yr’l)
SDSS Legacy

0.04

0.05 "3 <53

0.25 50 8.7 1%,

1.00 T8¢ 2.7 130

4.6 133 5112

40 T30 <21
BOSS LOWZ

1.2 1.6
0.9 5z 0.7 152

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

Table 5. vECLE mass-normalized rates used in in-
vestigating the rate-sSFR relation.

sSFR Mass-normalized rate

(10711 yr—l) (10717 Mg~ yr—l)
SDSS Legacy

+2.45

0.09 7342 <13

2.2 £0.1 120 *59

8t 120 5

22 500 7339

90 100 < 1900
BOSS LOWZ

+0.7 +1.6
0.7 %54 0.7 Zpe

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

coefficient is (.12, so we are unable to reject the null hypothesis that
the rate is constant for the range of sSFRs.

A correlation between SFR and CL emission has been presented
by Molina et al. (2021) and Reefe et al. (2022), who both found
that CL emission is preferentially seen in galaxies with SFRs
higher than predicted by the main sequence relationship for the
galaxies’ masses. Given a key process that produces CL emission
is accretion on to SMBHs, higher SFRs could enhance the feeding
of these black holes, giving rise to CLs. Combined with TDEs and
VECLEs occurring preferentially in lower-mass galaxies (Stone &
Metzger 2016 and C24), this would result in VECLE rates being
higher in galaxies with higher sSFRs. The gas required to reprocess
high-energy emission to CLs is also more common in star-forming
galaxies, which would further support this possible correlation. We
also note that none of the six VECLEs from C24 and this work are
located in passive galaxies, again indicating that vVECLEs are possibly
linked to star formation. Given that the correlation we measure is not
statistically significant, we require more measurements to fully test its
validity.

5.4 Volumetric rate

Following Graur & Maoz (2013), we calculate the volumetric vVECLE
rate by multiplying the mass-normalized rate by the total cosmic
stellar density. We determined this by integrating the galactic stellar
mass function (GSMF) from Baldry et al. (2012) over the range of
masses in the LOWZ sample, which is 10'° to 10'> My, (Fig. 2).
Though the Baldry et al. (2012) GSMF was only measured out
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Figure 9. Top: Mass-normalized VECLE rates as a function of galaxy SFR (left) and sSFR (right) for SDSS Legacy (blue squares) and BOSS LOWZ (black
circle). Vertical error bars show the statistical errors on the rates, while the horizontal error bars denote the SFR and sSFR ranges comprising 68 per cent of the
galaxies in each bin. The points marked with downward arrows are 2o upper limits on the rates calculated using the upper Poisson error on zero detections.
Bottom: Contours showing the density of galaxies in the SDSS Legacy (blue) and BOSS LOWZ (black) samples in decrements of 10percnt. The VECLEs
detected in SDSS Legacy by Wang et al. (2012) and C24 are shown as red squares, and the VECLE detected in BOSS LOWZ, SDSS J0113, is shown as an

orange circle.

to z ~ 0.06, results from McLeod et al. (2021) and Hahn et al.
(2024) have shown that the GSMF does not evolve significantly
out to z ~ 0.5. Therefore, we are confident in using this GSMF for
the LOWZ sample. As can be seen in Fig. 2, the LOWZ sample
is biased towards higher mass galaxies, which in turn will have
biased our VECLE sample. We account for the relation between
mass-normalized VECLE rate and galaxy stellar mass (Fig. 8) by
calculating the total cosmic mass density as the ratio of the integrated
GSMF, B (M), to the LOWZ sample galaxy-mass distribution, D (M)
(which is normalized such thatf D(M)YMdM = 1), where both mass
functions are weighted by the mass-normalized rate versus mass
relation, R (M), determined in Section 5.3. The resultant volumetric
rate is

[ BMORM)MdM

Ry = Ru [ DIMRM)MM

()

This method adds two additional sources of statistical uncertainty
to our volumetric rate: the errors on the GSMF parameters determined
by Baldry et al. (2012) and the uncertainty on the power-law fit of
the mass-normalized rate versus mass relation in Section 5.3. The re-
sultant volumetric VECLE rate is Ry = 1.8 *12 x 107 Mpc ™ yr~'.

To test the impact of each source of uncertainty, we repeat
our Monte Carlo simulations, varying each source of uncertainty
individually, and construct an error budget for the rates. This is
presented in Table 6. The total uncertainty percentages are the linear

Table 6. ECLE rate uncertainty percentages.

Uncertainty Percentage of rate

Galaxy-normalized rate

Total +233/ -84
Statistical
Poisson +229/ - 83
AT 2017gge peak CL strength +3
AT 2017gge peak luminosity +60/ — 15
Range of power-law indices +23/ —10
Mass-normalized rate
Total +233/ — 84
Galaxy stellar masses +1
Volumetric rate
Total +249/ — 85
GSMF parameters +112/ — 18
Rate mass trend fit +25/—18

sum of the total statistical and systematic uncertainties divided by
the corresponding rate value.

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.
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Figure 10. Comparisons of our galaxy-normalized (left) and volumetric (right) VECLE rates with TDE and ECLE rates from the literature. 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 (Wang et al. 2012, C24, this work). Error bars are shown
if available. The statistical errors of C24 and this work are denoted by the solid error bars and the systematic errors by the dashed error bars. The horizontal error
bars show the range of redshifts spanned by 68percnt of the galaxies in BOSS LOWZ and the SDSS Legacy samples used here and by C24, respectively. The
dotted horizontal line marks the theoretical minimum TDE rate calculated by Wang & Merritt (2004).

5.5 Comparison to previous work

In Fig. 10, we compare our galaxy-normalized and volumetric
VECLE rates to TDE rates from the literature (Donley et al. 2002;
Esquej etal. 2008; Maksym, Ulmer & Eracleous 2010; 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;
Yao et al. 2023; Masterson et al. 2024). We also include ECLE rates
from Wang et al. (2012) and C24.

By searching for ECLEs in the LOWZ sample, we have probed
the VECLE rate at a higher redshift range than C24 and TDE
observational rates. We find that both the galaxy-normalized and
volumetric LOWZ rates are consistent with the SDSS Legacy rates.
The LOWZ galaxy-normalized rate is also an order of magnitude
lower than the ECLE rate from Wang et al. (2012). This rate estimate
included two ECLEs that were later found to be non-variable, unlike
the full rate calculations done by C24 and this work. Therefore, it is
not surprising that our rate is lower than the one estimated by Wang
et al. (2012).

Our rates are formally lower than those measured by C24, though
consistent within the measured uncertainties. More precise mea-
surements are required to ascertain whether the VECLE rate indeed
drops with increasing redshift. If that is the case, it would align with
theoretical work on the evolution of the TDE rate with redshift, which
is expected to decrease with increasing redshift (Kochanek 2016).
Such an alignment between observed VECLE rates and theoretical
TDE rates would lend further support to the suggestion that TDEs
are the progenitors of VECLEs.

TDEs have only been well studied in the local universe, so there are
no observational rate estimates past z ~ 0.2. Comparing our vVECLE
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rates to the lower-redshift TDE rates, we find that our ECLE rates are
one to two orders of magnitude lower than the observed TDE rates.
The galaxy-normalized VECLE rate is also two orders of magnitude
lower than the theoretical minimum TDE rate from Wang & Merritt
(2004), although, as mentioned in Section 1, Teboul et al. (2023)
have shown that this minimum can be lowered by including strong
scattering interactions. By assuming that all vVECLEs are produced
by TDEs, we can estimate the fraction of TDEs that produce strong
variable CLs. A comparison to the lowest galaxy-normalized and
volumetric TDE rates (Donley et al. 2002 and Lin et al. 2022,
respectively) results in upper limits on this fraction of 2Of‘1‘2 per cent
from the galaxy-normalized rate and 31'; per cent from the volumetric
rate. As expected, these fractions are lower than those calculated
by C24, but are consistent within the uncertainties. However, these
comparisons are made between our LOWZ vECLE rates and TDE
rates, which are at a lower redshift. If TDE rates decline at higher
redshifts, as predicted, then these fractions would increase and appear
more similar to those calculated by C24.

6 CONCLUSIONS

In this work, we investigated the VECLE rate at a higher redshift
range than previously done by searching for ECLEs in the BOSS
LOWZ sample and using follow-up spectra and MIR observations to
determine their variability. We discovered two candidate ECLEs in
the 341 110 BOSS LOWZ galaxies.

Using follow-up spectra from DESI and GMOS, along with WISE
MIR observations, we determined that only one of the candidate
ECLEs (SDSS J0113) was variable.
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Using this VECLE, we measured the galaxy-normalized VE-
CLE rate in LOWZ to be Rg = 1.6 ©3% x 1076 galaxy™' yr—'.
We also measured a mass-normalized rate of Ry =7 1% x
10718 M(SI yr—'and converted it to a volumetric rate of Ry =
1.8 f‘llg x 107 Mpc =2 yr~'.

The vECLE rate decreases with increasing galactic stellar mass,
which is consistent with the theoretical calculations that predict a
declining TDE rate with increasing SMBH mass.

By calculating the VECLE rate in LOWZ, we have probed a higher
redshift than previous work. We found that the rates between SDSS
Legacy and LOWZ are consistent with each other, but the LOWZ
rate is formally lower. If upheld by future studies, a VECLE rate that
declines with increasing redshift would align with theoretical work
that predicts a similar declining TDE rate.

We found no correlation between VECLE rate and SFR, but
there is a 20 linear correlation with sSFR. If validated with future
measurements, such a correlation would align with evidence that
elevated SFR can enhance accretion on to SMBHs, the inverse scaling
of vECLE rates with galaxy mass, and the necessity of gas for the
productions of CLs.

The LOWZ vECLE rates are one to two orders of magnitude lower
than TDE rates at lower redshifts, which suggests that vVECLEs are
produced by 5-20 percent of TDEs. This fraction will be better
constrained once TDE rates have been calculated for higher redshift
samples, and large spectroscopic galaxy surveys, such as DESI,
produce larger VECLE samples.
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