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ABSTRACT

Changing-look transitions challenge our understanding of active galactic nuclei (AGNs), exhibiting dramatic changes in
broad-line emission and continuum flux on time-scales of months to years. We present a detailed study of the spectroscop-
ically confirmed changing-look AGN ZTF18abuamgo. Combining photometric survey data with spectroscopy spanning
three epochs over 20 yr, we identify a turn-on transition from a Type 1.5 to Type 1.2 AGN and estimate the time-scale of this
change to be as short as 4 yr. Spectral analysis indicates that this transformation is driven by a rapid increase in accretion
rate, with the Eddington ratio rising from 0.032 = 0.005 in the dim state to 0.08 = 0.01 in the bright state. For the first time
in a changing-look AGN, we apply the Boltzmann plot method to the visible Balmer series emission, deriving broad-line
region electron temperatures of 11 800 & 900 and 11 900 £ 2400 K in 2022 and 2024, respectively. Applying single-epoch
black hole mass estimation to the brightening Ho emission, we find a mass of (5.0 & 0.4) x 10’ M. The consistency in this
estimate across all spectroscopic epochs suggest that even highly variable broad lines in CL-AGN do not bias the results
derived using this method. Our results demonstrate that objects like ZTF18abuamgo provide a unique laboratory to study
extreme AGN variability, probe the physical conditions in the broad-line region, and assess the limitations of widely used

black hole mass estimation methods.
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1 INTRODUCTION

Active galactic nuclei (AGNs) are among the most luminous and
dynamic phenomena in the Universe, powered by accretion of
matter on to supermassive black holes at the centres of galaxies.
Their intense radiation, variability, and feedback into the host
galaxy make them crucial laboratories for understanding both
galaxy evolution and the physics of extreme environments. For
decades, the unified model of AGNs has provided a framework to
explain the observed diversity of AGN types through orientation-
dependent obscuration (R. Antonucci 1993; C. M. Urry & P.
Padovani 1995). Type 1 AGNs display Doppler-broadened emis-
sion lines from the photoionized broad-line region (BLR), while
Type 2 AGNs, which lack broad lines in their spectra, were histor-
ically understood to be intrinsically similar objects viewed edge-
on, with the BLR obscured by a dusty torus. Intermediate clas-
sifications (Types 1.2-1.9) have been adopted to describe sources
with present but progressively weaker broad emission lines (e.g.
D. E. Osterbrock 1981; M. Whittle 1992; H. Winkler 1992).

A rare but increasingly studied subclass of AGNs is the so-
called changing-look AGN (CLAGN), exhibiting dramatic spec-
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tral transformations between Type 1 and Type 2 classifications
over time-scales of months to years. These changes are charac-
terized by the appearance or disappearance of broad emission
lines in the optical spectrum, typically accompanied by signif-
icant variations in continuum luminosity. First discovered in a
handful of nearby Seyfert galaxies (e.g. J. E. Tohline & D. E. Oster-
brock 1976; S. M. LaMassa et al. 2015), CLAGNs have since been
identified in large-scale time-domain surveys (e.g. C. L. MacLeod
et al. 2016; Z. Sheng et al. 2020; N. Amrutha et al. 2024), revealing
that such transitions are not as rare as once thought.

Proposed explanations for changing-look transitions broadly
fall into two categories: variable obscuration and intrinsic state
changes. In the former, changes in the distribution or density
of dust clouds in the torus along the line of sight can obscure
the central engine and partially or entirely block the BLR, re-
sulting in suppressed or absent broad emission lines (M. Koss
et al. 2017). In the latter, the observed changes are attributed to
intrinsic variations in the accretion rate on to the SMBH, which
lead to changes in the ionizing continuum that powers the BLR.
Since the BLR responds to the photoionizing radiation emitted by
the inner accretion disc, significant changes in the disc’s structure
or luminosity can result in the appearance or disappearance of
broad emission lines. These ‘changing-state’ scenarios typically
invoke rapid transitions, faster than expected from viscous time-
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scales of the accretion disc, suggesting that disc instabilities or
external perturbations, such as tidal disruption events, may play
arole (e.g. C. Ricci & B. Trakhtenbrot 2023).

Alternative models propose analogies with spectral state tran-
sitions observed in X-ray binaries. In this framework, changes
in accretion mode, such as a shift from a standard thin accre-
tion disc to an inner advection-dominated accretion flow, can
suppress high-energy emission and reduce BLR ionization (H.
Noda & C. Done 2018). Other hypotheses include the formation
or destruction of the BLR itself in response to long-term changes
in accretion rate (M. Elitzur & L. C. Ho 2009). Recent estimates
from SDSS-V suggest that CLAGNs constitute approximately 0.4
per cent of the overall AGN population, with this fraction rising
slightly among AGNs with low Eddington ratios (G. Zeltyn et al.
2024). This supports the idea that low-accretion-rate systems may
be more prone to structural changes in the accretion disc and
BLR.

AGNs are known to exhibit variability across a wide range
of time-scales and wavelengths. In the optical, the continuum
emission from the ultraviolet (UV)-bright accretion disc typically
varies by ~ 0.2 mag over months to years (D. E. V. Berk et al.
2004). A minority of sources, roughly 10 per cent, show changes
exceeding 1 mag over decade-long baselines [e.g. extreme vari-
ability quasars (EVQs); N. Rumbaugh et al. 2018], or on even
shorter time-scales in the case of CLAGNs. At longer wave-
lengths, thermal mid-infrared (MIR) emission from the dusty
torus generally varies by ~ 0.1 mag on year-long time-scales (e.g.
S. Kozlowski et al. 2010; J. Lyu, G. H. Rieke & P. S. Smith 2019;
S. Son, M. Kim & L. C. Ho 2022), with CLAGNSs exhibiting varia-
tions at times above 0.4 mag (Z. Sheng et al. 2020). Placing these
continuum variations in context, and clarifying the physical con-
nection between luminosity changes and the presence or absence
of broad emission lines, is key to determining whether CLAGNs
mark the extreme tail of normal AGN variability or instead signal
more fundamental changes in accretion state or obscuration.

The physical conditions within the BLR of CLAGNs remain
poorly constrained. In standard AGNSs, the electron temperature
of the BLR has been estimated using Boltzmann plots based on
the hydrogen Balmer series, yielding temperatures in the range
of 7000-37 000K (D. Ili¢ et al. 2012). This method uses Balmer
line intensities to reflect excitation conditions, typically with a
minimum of five lines (from H « to H ¢) to constrain the best fit
(L. v. Popovic¢ 2003; L. C. Popovic 2006). However, this technique
has not yet been applied to CLAGNS, and its use is strongly con-
strained by the limited number of spectra with sufficiently bright
and well-measured Balmer emission lines. In many cases, the low
flux of higher order transitions makes spectral fitting challenging
and increases the uncertainties in the resulting Boltzmann plot,
thereby reducing the reliability of the derived temperature esti-
mates (e.g. see examples of fit quality from G. L. Mura et al. 2007).

Estimating the masses of distant SMBHs is critical to many
areas of galaxy and AGN evolution. Strong empirical correla-
tions between black hole mass and galactic properties, such as
bulge mass, stellar velocity dispersion, and luminosity, have been
widely observed, although the physical origin of these correla-
tions remains a matter of debate (e.g. J. Magorrian et al. 1998;
L. Ferrarese & D. Merritt 2000; K. Gebhardt et al. 2000; J. Kor-
mendy & L. C. Ho 2013). A widely used approach for estimating
SMBH masses is the single-epoch method, which infers mass
from a single optical spectrum by combining the width of broad
emission lines (e.g. Ha, H 8, Mg11, C1v) with either the line or
continuum luminosity as a proxy for the size of BLR. These esti-
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mates assume a virialized BLR, where the black hole mass can be
expressed as Mgy ~ RprrV?/G (E. A. Dibai 1977; B. M. Peterson &
A. Wandel 1999) and are calibrated using the radius-luminosity
relation, an empirical scaling derived from reverberation map-
ping studies (S. Kaspi et al. 2000; B. M. Peterson et al. 2004;
M. C. Bentz et al. 2013). This relation, combined with the mea-
sured broad-line widths, forms the basis of single-epoch black
hole mass estimates (M. Vestergaard 2002; J. E. Greene 2005; M.
Vestergaard & B. M. Peterson 2006), which are widely applied
across large AGN samples, typically with an intrinsic scatter of
~ 0.4-0.5 dex.

However, CLAGNs complicate this picture. Their dramatic
transformations in continuum and broad-line emission raise con-
cerns about whether single-epoch mass estimates remain reli-
able. While CLAGNs have been shown to broadly follow the
Mgy—o, relation (J.-J. Jin, X.-B. Wu & X.-T. Feng 2022), it remains
unclear whether single-epoch estimates obtained during dim and
bright states are consistent, as illustrated in the case of highly
variable AGN RM160, which exhibits non-virial BLR kinematics
that challenge the virial assumption (L. B. Fries et al. 2024). This
has large ramifications for studying SMBHs across large samples
of AGNs where single epoch spectra are often used to confirm
their nature, for example, in the use of large surveys like the
Legacy Survey of Space and Time.

In this paper, we present a detailed analysis of ZTF18abuamgo,
a previously unstudied AGN at redshift z = 0.074450 (M. J.
Geller et al. 2014), hosted in galaxy J024545.49-030449.6, which
underwent a rapid optical brightening caught by the Zwicky
Transient Facility (ZTF; Section 2.1), with follow-up spectro-
scopic observations (Section 2.2). The emergence of broad Hy-
drogen Balmer series emission lines in the recent bright phase
makes ZTF18abuamgo a compelling case for studying the phys-
ical drivers of CLAGN variability. Using the multi-epoch spec-
troscopy, we investigate the spectral and accretion state evolution
of the source (Section 3.1). For the first time in a CLAGN, we
probe the physical conditions of the BLR through Boltzmann
plot analysis (Section 3.2). We follow by testing the consistency
of single-epoch black hole mass estimates before and after the
changing-look transition, using both H« and H 8 emission lines
(Section 3.3). Finally, we discuss the interpretations of our results
(Section 4), and summarize our findings (Section 5).

2 OBSERVATIONS AND DATA ANALYSIS

We combine photometric and spectroscopic observations of
ZTF18abuamgo to study its physical properties. The photometric
data show the brightness of the source as a function of time
over multiple wavebands. We used photometry to identify and
constrain the AGN variability. The emission lines and continuum
emission present in the spectrum are used to extract informa-
tion on the AGNs and surrounding excitation conditions. In this
section, we outline the observational data and methods used to
analyse those data sets.

2.1 Photometry

We gather photometric data for ZTF18abuamgo from several sky
surveys covering optical and infrared wavelengths from MID =
53627 (2005-09-14) to MID = 60951 (2025-10-03). Optical time-
domain observations were obtained from the ZTF (r and g bands;
MIJD 58437-60951; E. C. Bellm et al. 2019), which provides high-
cadence coverage of the northern sky, and from the All-Sky

920z 8unp 10 uo Jasn Ausiaaiun uoydweyinos Aq 661 558/2090681S/2/81S/8101/SEIuW/WoD dno-olWwspeoe//:sdny Wwolj papeojumoq



AGN properties through a changing-look event 3

Date
2005 2008 2011 2014 2017 2020 2023 2026
16.0F i\ [ ;
1
16.5} | ‘Iy{ ! ! £
17.0F :
2 =k
C
2 175} '?
=
c
2 (1) “@§
= 050" 1 0 0gti0
o
2 e
12.0
v- CRTS
v- ASAS-SN
12.5 g- ASAS-SN
o- ZTF
r ZTF
o W1- NEOWISE
3 ¢ W2- NEOWISE 2
= 18.01 O ¢ ATLAS
o) o- ATLAS
©
= 195}
(O]
[®)
C
Q 21.0f l
Q
£
O 1 1 1 1 1 1 1 1
22.5 54000 55000 56000 57000 58000 59000 60000 61000

Modified Julian Date

Figure 1. Photometric light curves in optical bands (circles, CRTS; triangles, ASAS-SN; squares, ZTF) in the top panel, infrared NEOWISE as diamonds
in the middle panel, and optical difference imaging as pentagons ATLAS in the bottom panel. The marker colours denote the observed photometric
wavebands: violet, vband (left, top panel); green, gband (right, top panel); red, rband (right, top panel); coral, W1band (low, middle panel); and
indigo, W2band (high, middle panel); black, cband (bottom panel); magenta, oband (bottom panel). The hollow data outlines represent the time-averaged
measurements from ASAS-SN showing 20-d average brightness and daily averages from CRTS and ATLAS.

Automated Survey for SuperNovae (ASAS-SN; V' and g bands;
MIJD 55937-60922; B. Shappee et al. 2014; C. S. Kochanek et al.
2017), a global network optimized for bright transient detection.
Long-term optical variability was further supplemented with data
from the Catalina Real-Time Transient Survey (CRTS; V band;
MIJD 53627-56591; A. J. Drake et al. 2009). Optical difference
imaging is obtained from the Asteroid Terrestrial-impact Last
Alert System (ATLAS; ¢ and o bands; MJD 57229-60520; J. L.
Tonry et al. 2018). The difference magnitude isolates the AGN
photometric variability from the constant host galaxy emission.
Infrared photometry in the WISE/NEOWISE W1 and W2 bands
(3.4 and 4.6 um; MJD 56627-60523; E. L. Wright et al. 2010; A.
Mainzer et al. 2014) extends the temporal coverage into the MIR.
These surveys collectively enable the multiwavelength variability
of ZTF18abuamgo to be traced over 20 yr, as shown in Fig. 1. It
should be noted that the light curves are not inter-calibrated.
Fig. 1 displays the apparent magnitude as a function of Modi-
fied Julian Date (MID) and calendar year. The top panel shows
optical light curves, while the middle panel shows MIR light
curves. To reduce scatter in the optical data, we time-average the
CRTS and ASAS-SN measurements by binning them into daily

and 20-d intervals, respectively; these averaged points are plotted
as hollow circle and triangle markers in the top panel.

For ZTF18abuamgo, the combined optical monitoring from
CRTS, ASAS-SN, and ZTF spans from 2005 to 2025. The CRTS
and ASAS-SN V-band light curves exhibit little variability for
more than a decade (2005-2018), with total variations smaller
than those seen in the other optical bands. However, at the end of
CRTS coverage in 2013, we detected a sudden increase in bright-
ness of 0.2-0.3 mag (marked with violet circles). At the start of
ZTF observations in late 2018, a short-lived dip followed by a
rise of ~ 0.3 mag appeared in both g and r bands. These bands
then brighten steadily over the next 4 yr, until late 2022. During
the subsequent bright state, post-2022, the variability amplitude
in the ZTF light curves increases relative to the earlier rising
phase, reaching nearly 0.5 mag within each observing window.
However, because ZTF observations cover only about half of each
year, the short-time-scale variability before and during the bright
state is not well constrained, and the ATLAS data, with com-
parable temporal gaps and larger photometric uncertainties, do
not improve this constraint. The ATLAS difference data, in the
bottom panel of Fig. 1, provides additional context for the AGN’s
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Table 1. Spectroscopic observation dates and instruments used to obtain the spectra shown in Fig. 2.

Modified Julian Date (MJD) Observation date (YYYY-MM-DD)

Instrument

53355 2004-12-16 UK Schmidt Telescope (Six-degree Field Galaxy Survey (6dF)
59831 2022-09-09 Nordic Optical Telescope (NOT)
60550 2024-08-28 ANU 2.3 metre telescope Wide-Field Spectrograph (WiFeS)
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Figure 2. Spectroscopic observations of ZTF18abuamgo from the instruments described in Table 1. We plot flux density against wavelength for three
different epochs: 2004, 2022, and 2024. The most recent bright-state spectra from 2022 and 2024 are offset by +1.8 and +3.8 (10~ ®erg s~ 'cm~1A),

respectively. Narrow and broad emission features are labelled above.

behaviour pre-ZTF, indicating variability between 2015 and 2018,
though with a smaller overall amplitude, of less than 3 mag, than
the brightening seen after 2018, which reaches ~ 3.5 mag. This
suggests that the AGNs exhibited year-scale variability before the
pronounced brightening captured by ZTF.

The middle panel of Fig. 1 shows MIR light curves from the
NEOWISE W1 and W2 bands (3.4 and 4.6 um) starting in 2014.
These data reveal brightness changes of &~ 0.4-0.5 mag over
the monitoring period, with alternating brightening and fading
phases. The MIR variations generally track the optical variability
seen in the ASAS-SN g, r bands and in ZTF, although the ASAS-
SN V-band light curve is too noisy to reveal a clear correlation
with the MIR trends.

2.2 Spectroscopy

To trace the spectral evolution of ZTF18abuamgo, we collect
archival data from 2004 and compare this to follow-up spectra
taken after the optical brightening event. These spectra are listed
in Table 1 and plotted in Fig. 2. We use three spectra during
our analysis from the Six-degree Field Galaxy Survey (6dF), the
Nordic Optical Telescope (NOT), and the Wide-Field Spectro-
graph (WiFeS) instrument mounted on the Australian National
University 2.3 metre (ANU 2.3m) telescope.

The earliest spectroscopic data are provided by 6dF in the
Final Redshift Release (DR3) (D. H. Jones et al. 2004, 2009).
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In total, 136 304 spectra were observed in the Southern hemi-
sphere between 2001 and 2006 using the UK Schmidt Telescope
and the Six-degree Field multi-object fibre spectrograph, with
ZTF18abuamgo being observed in 2004 December. 6df Observes
two wavelength ranges of A13900-5600A and A15400-5600A,
which are spliced together for redshift determination. Since the
goal of this survey was not to obtain astrophysical measure-
ments, the spectra are not flux-calibrated and can suffer from in-
consistent wavelength and flux calibrations between wavelength
regimes (see W. J. Hon, R. Webster & C. Wolf 2024). Section 2.2.1
describes the flux calibration process to obtain measurements
from the early archival spectrum.

We obtained a spectrum of ZTF18abuamgo using the Alham-
bra Faint Object Spectrograph and Camera (ALFOSC) mounted
on the NOT. The first follow-up spectrum obtained on 2022
September 9 (MJD 59831) was taken using a 1 arcsec slit mounted
with Grism 4 (113200-9600 A). The spectrum was bias sub-
tracted, flat-fielded, wavelength calibrated, and then extracted
using standard routines within iraf . Nightly spectroscopic
standard stars observed under the same setup were used for flux
calibration.

We obtained a spectrum of ZTF18abuamgo on 2024 August
28 utilizing the ANU 2.3m WiFeS telescope located at Siding
Springs Observatory (M. Dopita et al. 2007, 2010; I. Price et al.
2024). This spectrum was taken in ‘Nod & Shuffle’ mode, which
results in simultaneous science and sky spectra, of which the sky
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contribution is subjected during reduction (see section 2.2 of A.
Carr et al. 2024, for more details). We utilized the 3000 grating
to cover the full 3200-9800 A wavelength range. The observa-
tions were reduced using the default WiFeS reduction pipeline
pyWiFeS to produce calibrated 3D data cubes and a 2D spectrum
was extracted using a region with a size to the seeing on the night
(M. J. Childress et al. 2014). A spectroscopic standard star was
also used on the night to calibrate the data.

2.2.1 Spectral calibration

To make reliable comparisons of the spectral energy distribution
across epochs, we scale the spectra according to their integrated
[O m1]A5007 line flux, assuming narrow emission lines are in-
variant over the 20 yr between the first and last observation. To
determine which epoch is best calibrated, we convolve the 2022
and 2024 spectra with the ZTF r- and g-band transmission curves
from the SVO Filter Profile Service (C. Rodrigo, E. Solano & A.
Bayo 2012; C. Rodrigo & E. Solano 2020; C. Rodrigo et al. 2024)
and integrate the result to find the flux, f, as measured by ZTF. We
convert this to an apparent magnitude with m = —2.5log(f/ fp)
using the zero point flux, f,, for each filter (also from SVO).
Comparing the calculated magnitudes to the photometric ZTF
data (Fig. 1) collected over r and g bands, the closest match is
provided by the 2024 WiFeS spectrum, so we use this as our
verified absolute flux calibrated spectrum, and scale the narrow
emission lines to match this epoch.

2.2.2 Spectral decomposition

To investigate the physical conditions and kinematics within the
central region of the AGNs, we perform spectral fitting with PYQ-
SOFIT to decompose the observed spectra into their constituent
components: emission lines, AGN continuum, and host galaxy
contribution (see Fig. 3). PYQSOFIT models the optical spectra of
AGNSs using a chi-squared fitting method (H. Guo, Y. Shen & S.
Wang 2018; Y. Shen et al. 2019; W. Ren et al. 2024). The model
includes an AGN continuum, represented by a power law and
an Fe1I template, along with Gaussian components for emission
lines. To model the host galaxy, we apply prior-informed fitting
based on principal component analysis templates (C. W. Yip et
al. 2004a, b). This approach reduces AGN-host redundancy and
prevents overfitting by restricting the host component to combi-
nations of galaxy spectra derived from large surveys like SDSS.
To obtain the uncertainties in the line parameters, we use a
Monte Carlo method. We generate 200 mock spectra for each
epoch with Gaussian noise applied to the original spectrum
model generated with PYQSOFIT. We fit single Gaussian compo-
nents to emission lines, including broad emission, which, based
on the fit residuals, do not require more than one component
to account for skewness, which is not the case for all AGNs
(see W. Wamsteker et al. 1990; K. T. Korista 1992). Narrow line
widths are tied to one another, with separate widths allowed
for the [0iii]A5007 and [Oiii]r4959 doublet, due to their sig-
nificantly stronger flux making fitting difficult. The following
doublets have their flux ratios fixed at [0 iii]A5007 /[ O iii] 14959 =
3, [Nii]r6583/[Nii]»6548 = 3, and [Sii]r6716/[Sii]r6731 =1
(similar to fits by S. Belli et al. 2024). The [S11] doublet can take a
range of values; however, in our case with low signal-to-noise and
blended profiles (see Fig. 2 and Fig. 3), we approximate them to
be 1:1. We allow the width of broad H« to remain independent
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of other broad Balmer lines, which are tied in width, since H«
is significantly more luminous and has been observed to exhibit
slightly different widths in AGNS, as reported in the literature (J.
E. Greene 2005).

3 RESULTS

3.1 Changing-look transition
3.1.1 Spectral transformation

We use our spectroscopic observations to compare the transfor-
mation observed in our target to other CLAGNS in the literature
to (1) probe the driving mechanism behind the transient; (2) to
extract properties of the BLR; and (3) to estimate the mass of the
central SMBH. Fig. 2 shows our spectra for the three observations,
listed in Table 1: 6dF (2004), NOT (2022), and WiFeS (2024). The
archival 2004 spectrum catches the AGNs in its dim state, with
no detectable broad Balmer emission beyond faint He and H 8.
In 2022, the spectrum changes; we can see the appearance of
various broad emission lines and a change in the shape of the
continuum. The emergence of broad Balmer emission from H«
(electron transition: n =3 — 2) to He (n = 7 — 2) indicates a
possible changing-look transition to a bright state and is accom-
panied by an optically blue continuum tail visible from accre-
tion disc-driven UV emission (B. Czerny 2006). This power-law
tail feature is not so apparent 2 yr later, in the 2024 spectrum,
while the broad emission lines persist, maintaining their bright
state. The AGN continuum power-law component is defined in
PYQSOFIT as: f;, = A(A/A¢)®), where Ao = 3000 A, and the nor-
malization parameters, A, and slope, « are values to be found.
Between 2022 and 2024, the normalization changes from Ay, =
870 £+ 60 to A2024 = 800 + 100, and Slope, 0022 = —8.24+0.4 to
0004 = —12.1 £ 0.6.

We verify the nucleus was active in ZTF18abuamgo before the
apparent state change using a Baldwin, Phillips and Terlevich
plot (BPT; J. A. Baldwin, M. M. Phillips & R. Terlevich 1981) in
Fig. 4. This diagram is used to identify the dominant excitation
mechanism of optical narrow emission lines. The narrow lines
are emitted further from the central engine than broad lines,
and therefore trace longer activity periods of order 10° yr (K.
Schawinski et al. 2015). From the BPT diagram, we determine
that the main excitation mechanism is a Seyfert-like AGN emis-
sion. Therefore, the observed continuum brightening and broad
emission transformations in ZTF18abuamgo are indicative of an
intrinsic change to the pre-existing AGNs rather than an awaken-
ing of a dormant black hole.

To classify the spectral state of each epoch, and to contextualize
the transformation based on line variability, we use the flux ratio
of [O1I]A5007 to HB, established by D. E. Osterbrock (1977,
1981), and follow M. Whittle’s (1992) convention for AGN clas-
sification types. The dim-state 2004 spectrum can be classified as
a Seyfert Type 1.5, and this changes to Type 1.2 for the bright-state
spectra in 2022 and 2024 after the CL transition. This quantifies
the shift from an AGN with comparatively weaker broad-line
emission to one dominated by strong broad lines, as the broad
H « flux increases by more than a factor of 3.

3.1.2 Changing-look or extreme variability?
When selecting for CLAGNs in large AGN samples, studies typ-

ically quantify the variability in broad line flux by statistical sig-
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Figure 4. The BPT diagram identifies the dominant excitation mecha-
nism of narrow-line emission using emission-line flux ratios. Due to the
location of narrow emission from the central engine, these line ratios
probe the emission mechanism over thousands of years. We adopt the
solid and dashed diagnostic boundaries from L. J. Kewley et al. 2006 and
plot the emission-line ratios from our 2004, 2022, and 2024 spectra as
squares, triangles, and circles, respectively. In all epochs, the line ratios
fall in the Seyfert-AGN region, indicating the presence of AGN activity
before the changing-look transition.

nificance of the amplitude change (e.g. see examples from C. L.
MacLeod et al. 2019; P. J. Green et al. 2022; Q. Yang et al. 2025).
ZTF18abuamgo was identified as a candidate nuclear transient
based on its light curve and then followed up spectroscopically
to confirm its CLAGN nature. Here, we test whether this nu-
clear transient would have been selected as a CLAGN from large
surveys. This is particularly interesting for this source due to
the comparatively small spectral transition between the dim and
bright states: from a Type 1.5 in 2004 to a Type 1.2 AGN in 2022.

The approach taken in selecting CLAGNs through line flux
variability is not always the same between studies. G. Zeltyn et
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al. (2024) identify CLAGNs from SDSS V by defining the qual-
ity C(line) = Fiyight/Faim — AForight/Faim) and select candidates
with C(line) > 2. This equation takes the integrated line flux
from the same broad emission line in spectra over two epochs,
Foright, dim- The second term takes the 1o uncertainty on their ratio,
A(Foright/Faim)- In the case of ZTF18abuamgo, we measure, be-
tween 2004 and 2022 spectra, C(Ha) = 3.8and C(HB) = 2.4. This
places ZTF18abuamgo in the category of CLAGNs as opposed
to a highly variable AGNs, or EVQs, based on the He and H 8
line variability. None the less, both EVQs and CLAGNs challenge
the understanding of AGN variability and may therefore offer in-
sights into the underlying mechanisms of accretion disc emission
in AGNs.

3.1.3 Changing-look time-scale

The changing-look time-scale refers to the period over which an
AGN undergoes significant spectral transitions, such as the ap-
pearance or disappearance of broad emission lines and changes
in continuum brightness. It is typically defined as the time be-
tween observations that captures a transformation, for example,
from a Type 1 to a Type 2 spectrum (e.g. Q. Yang et al. 2018; A.
Jana et al. 2024). Capturing this transition requires sufficiently
frequent spectroscopic monitoring, which is often serendipitous.
The time-scale of ZTF18abuamgo’s transition, based on spectro-
scopic analysis, is 18 yr between 2004 and 2022, as confirmed by
the broad emission-line fitting.

We are limited here due to the archival spectra being decades
old, so we use photometric data to place tighter constraints on
the changing-look time-scale. Using the multiwavelength light
curves between spectroscopic observations, presented in Fig. 1,
we estimate when the changing-look transition most likely oc-
curred. The earliest available photometry, from CRTS, begins
several months after the first spectroscopic observation in 2004,
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when the AGN was in a dim state. For more than a decade fol-
lowing this, we see no evidence for large-amplitude variability.
The most significant change occurs beginning in 2018, when the
optical brightness increases by approximately 1 mag in the ZTF g
band. This is accompanied by brightening in ZTF r band; ASAS-
SN’s gband; NEOWISE’s infrared W1 and W2 bands; and ATLAS
oand c bands difference imaging. This brightening phase reaches
a maximum in 2022, when the follow-up 2022 spectra confirms
a changing-look transition has occurred. We therefore estimate
the changing-look to have occurred between 2018 and 2022, sug-
gesting a significantly shorter time-scale for changing-look of 4
yr, compared to the conservative 18-yr estimate.

3.1.4 Accretion rate change

We track the evolution of the accretion rate to constrain possible
changing-look mechanisms by calculating the Eddington ratio
at all three epochs in 2004, 2022, and 2024. We take continuum
measurements at 5100 A because of its proximity to the calibrated
[O111]A5007 narrow emission line (see Section Section 2.2.1).
The 2024 WiFeS bright-state spectrum provides the opportunity
to measure the host-contribution with less dominant AGN
features, such as the blue-tail from a bright UV-disc, which is
less prominent than in 2022. This decreases the degeneracy
between host and AGN continuum contributions, following the
same principle as J. C. Runnoe et al. (2016), who take their host
measurements exclusively from dim-state spectra due to the
lower AGN flux contribution. Using the prior-informed host
decomposition of the 2024 spectrum with PYQSOFIT, we find the
host luminosity to be Ls;go most = 1.56 x 10* erg s~1. The optical
continuum luminosity from the AGNs in the three epochs is
then found by subtracting the host contribution: Lsjpo acn =
(7.58 £1.12) x 10*ergs™!, in 2004; increasing to (2.38+
0.11) x 10** and (2.44 +0.17) x 10*%ergs™! in 2022 and 2024,
respectively.

To calculate the Eddington ratio, we first determine the bolo-
metric luminosity, Lyo, Which is the AGN luminosity emitted over
all wavelengths. We approximate this using H. Netzer’s (2019)
Ls100 to Lyo) conversion, assuming an optically thick geometrically
thin accretion disc and time-independent accretion rate: Ly, =
koot X Lsi00- At each of our three spectral epochs, the optical con-
tinuum, Ls;q0, is multiplied by a bolometric correction factor, kyoi,
which takes the value of

-0.2

kpol = 40 X (Lsi00/10* ergs™") (1)

We measure the bolometric luminosity to be (2.0 £0.2) x
10%, (5.0 +£0.2) x 10*, and (5.2 £ 0.3) x 10* erg s~! in the dim
(2004) and bright state (2022, 2024) spectra, respectively. It should
be noted that the assumption of an optically thick geometrically
thin accretion disc may conflict with current concepts of CLAGN
mechanisms involving different disc dynamics, as well as addi-
tional uncertainties from the unknown black hole mass, spin, and
inclination. Predicting the bolometric luminosity, for example,
is dependent on the shape of the spectral energy distribution,
which is known to change under CLAGN transitions (e.g. J. C.
Runnoe, M. S. Brotherton & Z. Shang 2012). This is unavoidable;
however, as many effects are systematic between epochs of the
same source, so approximate comparisons can still be made. We
calculate the Eddington ratio:

Agdd = Luo1/1.26 x 10**Mpy @)
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using the bolometric luminosity, Ly, derived above, and the
black hole mass, Mgy = (5.04 £ 0.38) x 10’M, calculated in
Section 3.3. In the dim-state Ag4q 2004 = 0.032 % 0.005, which in-
creases to Agdd 2022 = 0.080 £ 0.007 and Agdq 2024 = 0.081 £ 0.010
in the bright states. Strict upper and lower limits on these val-
ues can be found with the basic assumption that the host re-
mains constant over all epochs. Calculating the Eddington ra-
tio with a dominant AGN contribution (i.e. no host accounted
for; Lsig0,aoN = Lsi00) gives upper limits (ul) on the Eddington
ratio of Agqqm = 0.078, 0.12, and 0.12 in 2004, 2022, and 2024,
respectively. On the other hand, the brightest host galaxy con-
tribution possible is equal to the lowest continuum measured,
from the dim-state 2004 spectrum. This gives lower limits (11) on
Eddington ratio: Aggan = 0.0, 0.041,0.044 in 2004, 2022, and 2024,
respectively.

3.2 Broad-line region temperature

We extract properties of the BLR during the two bright-state
epochs of ZTF18abuamgo to investigate how its variable BLR
compares to those in typical AGNs that do not exhibit changing-
look behaviour. Specifically, we follow the approach of L. v.
Popovi¢ (2003), applying the Boltzmann plot (BP) method, pre-
viously used to analyse the broad Balmer line series in standard
AGNSs (L. v. Popovi¢ 2003; L. C. Popovic 2006; G. L. Mura et al.
2007; D. Tli¢ et al. 2012), and apply it here for the first time to a
CLAGN.

The Boltzmann plot method relates the normalized line inten-
sity, I,, plotted in logarithmic space, to the upper energy level of
the corresponding transition, E,. Under the assumption that the
BLR plasma is optically thin and in partial local thermodynamic
equilibrium (PLTE), such that collisional processes dominate the
population of excited states, the level populations follow a Boltz-
mann distribution. In this case, the Balmer line intensities satisfy
a linear relation between logl, and E,, allowing the electron
temperature to be inferred from the slope of the best-fitting line
(L. C. Popovic 2006; G. L. Mura et al. 2007):

Ful X A

log(I,) = 10g< ) =B — AE,, 3)

uflul
where F,; is the measured flux of the transition from upper to
lower level, and A, g,, and A, are the transition wavelength,
upper level statistical weight, and transition probability, respec-
tively. The constants A and B are determined from a linear regres-
sion fit to the Boltzmann plot, with A known as the temperature
parameter.

This method further assumes that all Balmer emission lines
originate in the same BLR region (G. L. Mura et al. 2011), al-
though in practice different transitions may arise at slightly dif-
ferent radii or under different physical conditions. In our spectral
fits with PYQSOFIT, the broad line widths are tied, apart from H e,
which is fit independently due to its much higher luminosity.

‘We show the Boltzmann plots generated with the Balmer emis-
sion from our bright state 2022 (left) and 2024 (right) spectra
in the top panels of Fig. 5. The corresponding spectral energy
distributions are plotted in the bottom panels, where we recast
the x-axis as the photon transition energy levels, which have
no physical meaning apart from the discrete energy transitions
labelled. The circular data points in the top panels represent
the log line intensity for each broad Balmer line [Ha (n =3 —
2) to He (n =7 — 2)], plotted against the corresponding up-
per energy level. We denote lines with a higher signal-to-noise

MNRAS 548, 1-13 (2026)

920z 8unp 10 uo Jasn Ausiaaiun uoydweyinos Aq 661 558/2090681S/2/81S/8101/SEIuW/WoD dno-olWwspeoe//:sdny Wwolj papeojumoq



8 J Carpenter et al.

T T T T T T
18f @ + .
~ -2 ° 5 ° 2 o O
:61 ==L E
o
19k Te =11800£900K 1 T.=11900+2400K ¢
1 1 1 1 1 1
— T T T T T T
P i
~ Ha 2024
€
9] -
T
o HE 1
LnGJ HV HE He
S
-
-
b oL 1 1 1 1 1
12 12.5 13 12 12.5 13
E, (eV)

Figure 5. Boltzmann plot for 2022 (left) and 2024 (right) with normalized line intensity plotted against upper energy level of the Hydrogen Balmer
transitions (top) and the Balmer lines present in their respective spectra using flux density over the transition energy (bottom). The solid data points
have a signal-to-noise ratio greater than 3, whereas the white points have a ratio below 3. The bottom plots are simply representatives of the Balmer
lines in their spectra; only discrete upper energy states are physically motivated. The electron temperatures of each epoch, as calculated from the linear

regression gradient, T, are stated in the top panels for both Boltzmann plots.

ratio of at least 3 to be solid black points, while lines with a
signal-to-noise ratio below 3 are not filled in. The uncertainty
in normalized line intensity is plotted over the data points in
the Boltzmann plots in white and black. In the spectral energy
distributions, we see a decrease in signal-to-noise of the emission
lines at higher photon energies (lower wavelengths). This is due
to both the increasing continuum noise in that regime and the
decreasing flux of the higher order Balmer emission lines. The
dim state 2004 spectrum cannot be used for this analysis due
to the lack of Balmer emission; only the He and faint H 8 are
detected.

Deviations from the optically thin and PLTE assumptions can
produce the curvature we see in Fig. 5, leading to unreliable tem-
perature estimates (G. L. Mura et al. 2011). In particular, higher
order Balmer lines are often weak and more strongly affected
by measurement uncertainties, reducing the robustness of the
linear fit. Therefore, the Boltzmann plot-derived BLR tempera-
tures should be interpreted as approximate, comparative indica-
tors rather than precise physical measurements.

To estimate the BLR temperature, the temperature parameter,
A, from equation (3), is measured from the Boltzmann plot gra-
dient, shown in the dashed straight lines fitted in both epochs
in Fig. 5. We measure the temperature parameter to be A ~ 0.4
in both cases (A = 0.43 +£0.03, A = 0.42 4 0.08). The electron
temperatures are then calculated as T, = log(e)/(kA) with the
Boltzmann constant, k (L. v. Popovi¢ 2003), to be 11 838 + 928
and 11903 £ 2411 K in 2022 and 2024, falling within the range
of 7000-37 000 K for AGNs reported by D. Ili¢ et al. (2012). The
temperatures measured in 2022 and 2024 are consistent within
the uncertainties, showing the temperature of the BLR remains
constant even with a highly variable continuum in the bright
state.
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3.3 Single-epoch black hole mass estimates

To test the reliability of single-epoch SMBH mass measurements,
we analyse the spectra of ZTF18abuamgo obtained in 2004, 2022,
and 2024. This allows us to estimate black hole masses at different
epochs and evaluate the efficacy of using highly variable systems
such as CLAGNS for mass determinations. Our approach follows
several well-established correlations between black hole mass
and broad emission line widths and luminosities (J. E. Greene
2005; E. D. Bonta et al. 2024; S. M. LaMassa et al. 2024).

These estimates assume a virialized BLR, supported by rever-
beration mapping results showing that BLR size scales with lumi-
nosity and that broad-line widths trace the virial velocity (B. M.
Peterson et al. 2004; M. C. Bentz et al. 2013). In this framework,
the width of Ha provides a proxy for the virial velocity, while
line or continuum luminosities (e.g. Ls1o0) give an estimate of the
BLR radius through the R-L relation (S. Kaspi et al. 2000; M. C.
Bentz et al. 2013). As is standard, such analysis is typically carried
out in bright states of CLAGNs, when broad emission lines are
strong enough for reliable measurements, rather than in dim
Type-1.8/1.9/2 states, where the reduced flux makes such mea-
surements uncertain or impossible. However, ZTF18abuamgo,
which retains Type-1.5 characteristics even in its dim state, offers
a rare opportunity to investigate the impact of deriving black
hole masses from both dim and bright states using the broad H «
Balmer line, without a severe loss in signal-to-noise.

The mass estimates are grounded in the same virial framework
that links BLR size and velocity dispersion to black hole mass,
which can be written in the general form:

MBH LLine ¢ FVVHN[Line ¢
Li — | = Li . 4
0g< MO) @t Og|:<10bergsl) (10" kms’1> i| @
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Figure 6. Luminosity of the broad He emission line (in log space) as
a function of its FWHM, with contours showing the logarithm of the
black hole mass (units of logMpy; /Mg). The three data points indicate the
Ho measured in the three spectra: dim-state 2004 (square), bright-state
2022 (triangle), and 2024 (circle). The intrinsic scatter associated with the
mass measurement from E. D. Bonta et al. 2024’s study of 0.332 dex is
represented by the shaded region centred on the mass we predict with
He in 2024.

Different studies use slightly different calibrations for the
single-epoch black hole mass formula (equation 4), resulting in
varying constants a, b, ¢, d, and e. These differences arise from
fitting AGN samples spanning a range of redshifts, luminosities,
and observational conditions. In most cases, Ly jne and FWHMy e
represent the luminosity (in ergs™') and full width at half-
maximum (FWHM) (in km s™1), respectively, of a broad emission
line, such as HB. For S. M. LaMassa et al. (2024), Ly, may be
given as the continuum luminosity, Ls;qo instead. To test whether
consistent black hole masses are recovered across different AGN
states in changing-look sources, we calculate single-epoch mass
estimates for ZTF18abuamgo using spectra from 2004 (dim), 2022
(bright), and 2024 (bright). Line properties are measured using
PYQSOFIT (see Section 2.2.2), and applied to several published
mass relations. While each relation varies slightly in constants,
they are all reformulations of equation (4). For our main com-
parison (Fig. 6), we adopt the mass estimate of E. D. Bonta et al.
2024, which reports the smallest intrinsic scatter (0.332 dex). This
scatter dominates the total uncertainty once combined in quadra-
ture with our line luminosity and width measurement errors from
the spectra (see Section 2.2.2). As a result, this choice provides
the strictest constraints and maximizes sensitivity to detecting
inconsistencies among mass estimates from different spectra.

Fig. 6 shows the luminosity-FWHM parameter space for the
broad H « line, with our measurements for each epoch overplot-
ted. The background contours represent black hole mass predic-
tions (in log My /M) based on the Ha single-epoch relation
of E. D. Bonta et al. (2024). This model was calibrated using
reverberation-mapped AGN samples available up to 2019, includ-
ing the SDSS Reverberation Mapping Project (Y. Shen et al. 2024).
We adopt their final calibration constants (@ = 7.37, b =42, ¢ =
0.812, d = 3.5, e = 1.634), and include the intrinsic scatter of
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0.332 dex as a shaded region around the 2024 prediction. This
scatter is added in quadrature to our line measurement uncer-
tainties.

Between 2004 and 2024, we observe the H o emission becomes
both brighter and narrower. The FWHM decreases between the
dim and bright states in 2004 and 2022, from 5400 % 100 to
4450 4 20 km s, respectively, as it undergoes the spectral tran-
sition. Meanwhile, the broad H & luminosity increases by a factor
of nearly 3.9 times from 4.5 x 10" to 1.7 x 10*?erg s~!. Despite
these changes in individual line properties, the derived black hole
masses remain broadly consistent across epochs when uncertain-
ties and intrinsic scatter are considered. The additional models
we test produce the same results. The 2004 dim-state spectrum
yields the lowest mass estimate, with a black hole mass of 2.90 x
10’Mg. The H o measured in the bright state spectra of 2022 and
2024 give masses of 6.47 x 10’Mg, and 5.04 x 10’ M. While these
differences highlight the sensitivity of single-epoch methods to
line variability, they remain within the typical intrinsic scatter of
such estimators (~ 0.4-0.5 dex; M. Vestergaard & B. M. Peterson
2006).

We adopt the 2024 mass estimate in our Eddington ratio cal-
culations (see Section 3.1, equation 2), as it is consistent with
results from all three epochs and carries the smallest model-
dependent uncertainty. Overall, these results demonstrate that
ZTF18abuamgo, despite its spectral evolution from a Type 1.5 in
2004 to a brighter Type 1.2 in 2024, yields robust and consistent
black hole mass estimates across states when single-epoch meth-
ods are applied.

4 DISCUSSION

4.1 Changing-look mechanism

Constraining the physical mechanism responsible for the
changing-look transition is very challenging; therefore, we
use a combination of spectral and photometric observations
to derive clues on the physical mechanisms involved. In a
changing-obscuration scenario, where continuum and broad
line variability were due to obscuration by dusty torus material,
we would expect corresponding photometric signatures in the
optical and MIR bands. Dust moving across the line of sight
would reprocess UV and optical light into longer wavelengths
(E. Lopez-Rodriguez et al. 2018), thereby dimming the optical
flux from the disc while simultaneously enhancing infrared
re-radiation, producing an anticorrelation between the bands
(K. D. Denney et al. 2014). In contrast, intrinsic changes to the
disc emission, in a changing-state event, would drive correlated
variability, with both optical and MIR flux increasing together
as the torus responds to enhanced disc output. The optical-MIR
photometry presented in Fig. 1 shows correlated variability
between wavebands as the broad emission lines brighten by a
factor of up to 3.8 times, for Ha, and AGN continuum increases
from Lsypo.acy = (7 £ 1) x 10*? to (2.4 +0.1) x 10*¥%erg s~L. The
largest photometric change seen between dim and bright state
spectroscopic observations was between 2018 and 2022, both
optical and MIR bands brightened by about ~ 1 and ~ 0.5 mag,
respectively. These correlated variations are consistent with
intrinsic accretion disc variability, so we classify ZTF18abuamgo
as a changing-state AGN rather than a changing-obscuration
object. Our lower limit for the changing-look time-scale of 4-yr,
based on the highest amplitude photometric variability observed
from ZTF (2018-2022), is consistent with the several-year time-
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scale seen by A. Jana et al. (2024) from samples of CLAGNs with
more regular spectroscopic coverage.

The distinct optical blue tail from a UV peak in the 2022
continuum (see Fig. 2) is an indicator of brighter accretion disc
emission (and ionizing continuum) compared to the dim state,
possibly driving the broad line emission. However, the blue tail
appears suppressed in the 2024 bright-state spectrum, only 2 yr
later, demonstrating that the continuum is highly variable in the
bright phase, while the broad emission lines are maintained. This
disconnect between the accretion disc flux and broad line change
is similar to what has been observed in the CLAGN Mrk 590 (S. L.
Raimundo et al. 2019), which has shown variability in the broad
lines without significant variability in the accretion disc flux. The
flux variability can also be seen in the optical ZTF and ATLAS
light curves in Fig. 1. Optical variability is observed by ZTF during
the 6-month observation period for each year, reaching fluctua-
tions in apparent magnitude of almost 0.5 mag between 2022 and
2025.

Using the Eddington ratio as a proxy for accretion rate pro-
vides a useful way to compare CLAGNs across a wide range
of black hole masses, since the dimensionless scaling accounts
for differences in Mpy. From the optical Lsjop continuum of
the three spectra, we estimate Aggq 004 = 0.032 % 0.005, rising
to )‘«Edd,2022 = 0.080 &= 0.007 and )"Edd,2024 = 0.081 4+ 0.010. Al-
though ZTF18abuamgo undergoes only a modest transition from
Type 1.5 to 1.2, the relative change in Eddington ratio is com-
parable in magnitude to those reported for CLAGNs with more
dramatic type changes (C. L. MacLeod et al. 2019; P. J. Green et al.
2022; B. Lyu et al. 2022; Q. Dong et al. 2025).

For a direct comparison, A. Jana et al. 2024 studied 20 CLAGNs
from the BAT AGN Spectroscopic Survey (BASS) that transitioned
between Type 1.0 and 1.8/1.9/2.0. The transition Eddington ratio,
inferred as the mid-point between the Eddington ratios measured
in the bright (Type 1.0) and dim (Type 1.8/1.9/2.0) states, was
reported to have a median value of ~ 0.01. Our inferred transi-
tion ratio of 0.056 is therefore somewhat higher. However, this
comparison should be treated with caution, since ZTF18abuamgo
exhibits only a modest change from Type 1.5 to 1.2, whereas
the BASS sample involves larger transitions from Type 1.0 to
1.8/1.9/2.0. In addition, any estimate of Agqq carries uncertain-
ties related to bolometric corrections, spectral energy distribution
changes, and black hole mass measurements. Within the sample,
three objects, NGC 5548, Mrk 1018, and Fairall 9, show transition
ratios similar to ours, suggesting that ZTF18abuamgo’s behaviour
is none the less consistent with the observed diversity of CLAGN
accretion-state changes.

Although we cannot make definitive statements about the
mechanism driving the changing-look behaviour beyond accre-
tion rate variations, we can rule out some proposed scenar-
ios linked to rapid accretion rate changes. In a disc-wind BLR
scenario, outflows from the accretion disc sustain clumpy BLR
clouds within the region of gravitational dominance of the central
SMBH (e.g. F. Nicastro 2000; M. Elitzur & I. Shlosman 2006).
This model requires a minimum bolometric luminosity of Lg;; ~
1.5 x 10%%rg s7! for a black hole mass of M = 5 x 10’"My (M.
Elitzur & L. C. Ho 2009). This threshold is roughly four orders of
magnitude below the bolometric luminosity of ZTF18abuamgo,
suggesting that a lack of disc outflows is unlikely to be respon-
sible for any BLR cloud diminution. Another scenario that ap-
pears unlikely is disc perturbation caused by a tidal disruption
event (e.g. M. Eracleous et al. 1995; A. Merloni et al. 2015; P. K.
Blanchard et al. 2017). Such events, produced by stars passing
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close to SMBHs with mass Mpy < 108M, typically generate light
curves with a rapid rise to peak brightness in a matter of weeks,
followed by a power-law decline (see review of TDEs; S. Gezari
2021). ZTF18abuamgo shows no evidence for this behaviour in
its optical or infrared light curves.

4.2 Insights to the broad-line regions via Boltzmann plots

A novel aspect of this study is the application of Boltzmann plot
analysis (Fig. 5) to the broad Balmer emission lines during the
bright states, providing direct constraints on the physical condi-
tions within the BLR. ZTF18abuamgo offers a rare opportunity
to do this due to the presence of five detectable Balmer emission
lines, although the quality of the fit in the Boltzmann plots is
relatively poor (see also G. L. Mura et al. 2007). In our case,
we are limited by the low luminosity of some Balmer lines and
increased noise in the continuum at lower wavelengths. This is
not a problem unique to ZTF18abuamgo; however, we compare
our optical spectroscopic data to a sample of 82 CLAGNs from
Q. Yang et al. (2025), to assess how often BP analysis might be
applied to other CLAGNSs. From the visual inspection of those 82
sources, none show five distinguishable broad Balmer lines (up to
H ¢), and only 32 show four lines (up to H §). We therefore assume
that the probability of being able to use CLAGNs with optical
spectra for this analysis of the BLR, using the BP method with
only four points to constrain the temperature, is approximately 40
per cent, and with an ideal five detectable broad Balmer lines, it
is significantly lower, < 1 per cent. The aim of investigating the
temperature of the BLR throughout a changing-look transition,
using the dim state spectrum as well, only exacerbates the issue
because of the lower luminosity of all the Balmer emission lines.
Attempting to investigate BLR temperatures throughout a full
changing-look transition, using the dim state spectrum as well,
exacerbates the problem, since the Balmer emission lines are
significantly fainter.

We successfully fit a linear trend in the Boltzmann plots be-
tween the lognormalized line intensity versus upper energy levels
of the Balmer transitions (H« to He). The presence of a linear
regression indicates that PLTE conditions are met, allowing us
to estimate the electron temperature (L. v. Popovi¢ 2003). The
derived electron temperatures of ZTF18abuamgo’s BLR in the
bright state spectra are 11 800 £ 900 and 11 900 =+ 2400 K in 2022
and 2024, respectively, despite the highly variable accretion disc
during the bright phase, shown by ZTF’s optical light curves in
Fig. 1. These values are of the order 10* K, expected for pho-
toionization equilibrium (H. Netzer 1990), and fall within the
range of BLR electron temperatures derived from Boltzmann plot
analyses, which span roughly 7000-37 000 K depending on the
sample and method (L. v. Popovi¢ 2003; L. C. Popovic 2006; G. L.
Mura et al. 2007; D. Ili¢ et al. 2012).

We observe a consistent BLR temperature between epochs.
This may be explained by the fact that our optical continuum
remains relatively constant between the two epochs: Lsigo agn =
(2.34£0.1) x 10¥ and (2.4 £ 0.1) x 10¥erg s~! in 2022 and 2024,
respectively. A strong correlation between the optical luminosity
and BLR temperature was found using the same BP method for
NGC 5548, a highly variable Seyfert 1 AGN, between 1998 and
2004 (L. v. Popovic et al. 2008). The Balmer emission lines are pri-
marily powered by photoionizing UV photons from the accretion
disc (B. M. Peterson 1997; D. E. Osterbrock & G. J. Ferland 2006),
however, we do not have access to UV observations of our target to
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probe this ionizing continuum. In our spectra, we can only infer
changes in the ionizing continuum indirectly from variations in
the blue tail of the optical accretion disc spectrum during the
bright states. Further analysis of CLAGN with larger coverage
of their spectral energy distributions is required to test the BLR
temperature across a large population of changing-look sources.

4.3 Implications of using single-epoch black hole mass
estimates

The extreme variability of broad emission in CLAGNs can raise
concerns about the applicability of single-epoch black hole mass
estimates to all CLAGN states. In a virialized BLR, line width and
luminosity are anticorrelated: when the continuum brightens,
the BLR expands and lines narrow, and vice versa. This’breathing’
behaviour (H. Netzer 1990; K. T. Korista & M. R. Goad 2004)
means that different luminosity-width combinations can yield
the same virial mass, as illustrated by the contours of constant
mass in Fig. 6. Testing whether such single-epoch estimates re-
main robust under the dramatic variability of CLAGNS is there-
fore a key motivation of this work.

Between the dim state spectrum in 2004 and the bright states
of 2022 and 2024, the decrease in FWHM of the H « broad line
of ~ 1000 km s™! and increase in luminosity by a factor of 3.9
produce mass estimates that agree within the intrinsic scatter of
the single-epoch relation from E. D. Bonta et al. 2024 (0.332 dex).
We therefore find no evidence from our analysis that CLAGNs
provide challenges to single-epoch mass relations.

This result implies that when variability is observed in the BLR
through changes in broad emission lines, the virialized BLR as-
sumption behind single-epoch approaches holds, at least within
the uncertainties of the single epoch relation itself. This is par-
ticularly useful in the case of highly variable systems, such as
CLAGNSs, where single-epoch measurements are typically taken
from the brightest spectral states observed to maximize signal-to-
noise of broad emission. Future monitoring of CLAGNs through
full transitions, especially from Type 1.0 to intermediate types
(1.8/1.9), will be valuable to further test the robustness of single-
epoch mass estimators. Not to mention, investigating additional
broad lines commonly used for these estimations, such as Mg11,
which show less variability in EVQs (Q. Yang et al. 2018), may
provide complementary mass constraints.

5 CONCLUSION

In this project, we investigate the CLAGN ZTF18abuamgo, fol-
lowing its turn-on event captured by ZTF in 2018, which triggered
follow-up optical spectroscopic observations in 2022 and 2024.
By comparing our new spectra to archival and pre-transient 6dF
spectroscopy from 2004, we find that the broad Hydrogen Balmer
lines have significantly brightened, and an optically blue tail,
indicative of a luminous UV accretion disc, emerges during the
bright state but disappears again 2 yr later. Our main conclusions
are summarized as follows:

(i) By measuring the line ratios between narrow [O 111]15007
and broad H 8 emission, following the M. Whittle (1992) classifi-
cation, we find the AGNSs to have transitioned from an interme-
diate Seyfert Type 1.5 in its 2004 dim-state to a Type 1.2 in bright-
state 2022 and 2024 spectra. This spectral transition is less pro-
nounced than that of many CLAGNS studied before, often with
broad emission lines that completely disappear. ZTF18abuamgo
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offers the opportunity to study intermediate CLAGNS, which ex-
hibit properties between typical AGN variability and the extreme
tail in the AGN variability distribution.

(ii) We estimate the changing-look transition time-scale to be
4 yr based on the maximum variability amplitude in the optical
of 1 mag between 2018 and 2022, similar to changing-look time-
scales studied from samples of CLAGNSs (Q. Yang et al. 2018; A.
Jana et al. 2024). Based on the spectroscopic epochs available, we
obtain a conservative upper limit of 18 yr for the time-scale of the
transition.

(iii) We determine that the changing-look transition is driven
by rapid changes in the accretion rate, classifying this source as a
changing-state AGN. The presence of an optical blue tail in the
2022 bright-state spectrum from a UV-luminous accretion disc
suggests a change in accretion rate, and the correlated increase in
optical and MIR brightness argues against obscuration as a cause
for the transient event. Additionally, the shape of the light curves
disfavours a tidal disruption event scenario.

(iv) We measure the accretion rate change by calculating the
Eddington ratio from the optical continuum of the three spec-
tral epochs. Using the optical continuum with strict upper and
lower limits by utilizing the dim-state continuum to constrain
the brightness of the host contribution, we find the Eddington
ratio increased from 0.032 =£ 0.005 to 0.080 £ 0.007 in the bright
state. These values are consistent with CLAGNs identified by
G. Zeltyn et al. (2024) in SDSS V, which show a bias towards
Eddington ratios of a few per cent. The shift in Eddington ratio
between spectral states in 2004 and 2022 or 2024 observations
is also consistent with CLAGNSs studied by C. L. MacLeod et al.
(2019), P. J. Green et al. (2022), B. Lyu et al. (2022), A. Jana et al.
(2024), and Q. Dong et al. (2025).

(v) For the first time, we have obtained temperature estimates
for the BLR of a CLAGN using Boltzmann plots. We demon-
strate that the temperature in ZTF18abuamgo’s highly variable
BLR is within the expected range of 1 x 10*-3 x 10* by using the
Hydrogen Balmer line series present in the bright state spectra
(2022 and 2024). The estimated electron temperatures we obtain
are 11800 £ 900 and 11900 + 2400 K, respectively. The disap-
pearance of the optically blue tail from the UV disc emission
between these epochs suggests that the BLR maintains a constant
temperature while the photoionizing continuum varies.

(vi) We test the efficacy of using single-epoch black hole mass
measurements on a CLAGN that displays large variability on
the broad Ha and H 8 lines. We find the mass of the SMBH to
be (5.04 £ 0.38) x 10’M, using Ha measured in 2024 with the
single-epoch black hole mass relations of E. D. Bonta et al. (2024).
We observe that the dim-state spectra, with fainter and larger line
widths for Ho and H 8, consistently produce the lowest mass
estimates with each single-epoch mass relation tested. However,
due to the large intrinsic scatter associated with these relations
of ~ 0.3-0.5 dex, we demonstrate that for this CLAGN, the mass
measurements are consistent across all epochs.
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