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SUMMARY: The extremes of emission-line and continuum variability of Active Galactic Nuclei
(AGN) are unique probes of the physics and geometry of the central engine. This review provides an
overview of the most extreme cases of continuum and optical emission-line variability of AGN and the
proposed interpretations. We also point out remaining challenges in the identification of changing-look
(CL) AGN and discuss future prospects. This includes the need for identification of larger samples
of CL narrow-line Seyfert 1 galaxies and CL LINERs at opposite ends of the accretion regime. In
the second part, evidence for semi-periodic variability of broad lines and continuum emission, and its
possible interpretation by the presence of binary SMBHs is addressed. Most recent results from the
project MOMO are presented which monitors densely the best-known binary SMBH candidate OJ 287.
In the last few years, the results from this project have ruled out the leading binary model and clearly
established the need for new binary modeling in an entirely different parameter regime and based on the
actually measured (primary) SMBH mass of 108 Mg. Ongoing and near-future time-domain surveys,
and first gravitational wave detections of single systems, will play an important role in advancing this

frontier in astrophysics.

Key words. Galaxies: nuclei — Galaxies:
binary black holes — accretion disks

1. INTRODUCTION

Active Galactic Nuclei (AGN) are the most lu-
minous long-lived, compact objects in the universe.
Their luminous radiation across the electromagnetic
spectrum is thought to be the result of accretion of
matter onto the supermassive black hole (SMBH) at
their center; an idea which emerged in the 1960s
(Salpeter 1964, Lynden-Bell 1969). Ever since their
discovery (Seyfert 1943) variability has played a ma-
jor role in the study and interpretation of AGN (Ul-
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rich et al. 1997). For instance, the rapid variability
especially discovered in X-rays was used as one of
the key arguments that AGN are powered by SMBHs.
The rapidity of variability implies a very small dimen-
sion of the emission region of just a few gravitational
radii 7, = GM/c? from which the large luminosity
arises. A few percent of all massive galaxies host
AGN. SMBHs are thought to reside at the centers
of many or most galaxies, but are dormant most of
the time, not actively accreting significant amounts
of matter from their environment and thus not ob-
servable as AGN. Such SMBHs are detected by other
means (see Graham 2016, for a detailed review).
The SMBH-accretion-disk region is surrounded
by two line emitting regions, the broad-line region
(BLR) which likely forms part of the outer accretion
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disk, and the narrow-line region (NLR) which con-
sists of ISM clumps in the host galaxy. Both these re-
gions are photoionized by the broad-band continuum
emission from the accretion disk. While the BLR, of
high gas density and small separation from the nu-
cleus (light-days to light-months), responds rapidly to
changes in the photoionizing continuum emission, the
NLR of lower density and larger distances from the
nucleus (parsecs to kiloparsecs) reflects an average of
the reprocessed continuum luminosity and variabil-
ity over thousands of years. Based on the relative
strengths and prominence of the broad Balmer lines
Ha and HB, AGN are classified into type 1 (domi-
nance of broad lines) and type 2 (absence of broad
lines), and several subtypes inbetween (Osterbrock
1989).

Even though in the vast majority of AGN the
BLR cannot be spatially resolved with current tech-
niques, its size can be measured indirectly from the
time lag between changes in the photoionizing con-
tinuum itself and the subsequent BLR emission-line
response (Blandford and McKee 1982, Gaskell and
Sparke 1986). The technique of BLR reverbera-
tion mapping has developed into the most important
method of measuring the masses of SMBHs in AGN
(Netzer and Peterson 1997), the majority of them
ranging between 10% and 10° M.

Further, time delays between the X-ray emission
produced in the immediate vicinity of the SMBH
in or near the inner accretion disk, and the longer-
wavelength UV-optical emission thought to arise at
least partly from reprocessing further out in the ac-
cretion disk, have enabled (order-of-magnitude) esti-
mates of the sizes of the accretion disks around the
SMBHs (Edelson et al. 2019).

A fraction of all AGN launches powerful jets of-
ten extending beyond the confines of the optical host
galaxy up to kpc or Mpc scales. Their radio emis-
sion is powered by synchrotron emission of relativistic
electrons accelerated in magnetic fields (Urry 1998).
If directed at the observer, beaming enhances any
variability intrinsic to the jet, and blazars are there-
fore known to be highly variable. Most of this review
rather focuses on intrinsic variability of radio-quiet
AGN.

While many AGN are known to be variable by a
factor of a few, giant-amplitude variability exceeding
factors of 70-100 is rare among AGN in X-rays and
even more so in the optical regime. It is these ex-
treme kinds of variability — either in amplitude in
form of outbursts or deep low-states, or changing
looks, and/or exceptional spectral states, — which are
the focus of this review.! In addition, in the second

IThe highest amplitudes of X-ray variability recorded to
date from the cores of galaxies, exceeding factors of 1000, have
been nearly exclusively observed in non-active galaxies in the
form of temporary flares from stars tidally disrupted by dor-
mant SMBHs (stellar tidal disruption events; TDEs). TDEs
will not be discussed much further here (see Komossa 2015, for
a review).

part, we address the topic of semi-periodic variability
and the search for SMBH binaries in AGN.

High-amplitude variability of AGN was noticed
early in individual AGN in the optical band. It was
the large-area or all-sky surveys which then played an
important role in identifying extreme cases of AGN
variability and put results on a statistical basis, for
instance in X-rays in the course of early all-sky sur-
veys with Uhuru (Forman et al. 1978) and ROSAT
(Truemper 1982), or in the optical band with pho-
tographic plates? and the Sloan Digital Sky Survey
(SDSS; York et al. 2000).

SMBHs in AGN and their immediate environ-
ment are powerful probes of the physics of mat-
ter under extreme conditions: strong gravitational
fields and relativistic velocities where special and
general relativistic effects prevail, highest gas den-
sities, strongest magnetic fields, and densest radia-
tion fields. The extremes of variability among AGN
provide us with valuable insights into the underly-
ing drivers and physics of the central engine. In the
X-ray regime, extreme flux and spectral states can
reveal the nature of the inner accretion disk, probe
the physics of matter under strong gravity, may al-
low us to measure SMBH spins, and they can uncover
the mechanisms responsible for the ejection of mat-
ter from the SMBH in form of strong outflows. In
the optical regime, AGN with highly variable emis-
sion lines provide us with important new constraints
on the physics and geometry of the outer accretion
disk, the BLR, and the coronal-line region (CLR).

This review is structured as follows: first, we
define and discuss optical changing-look AGN (Sec-
tion 2), their early detections, recent results, a clas-
sification scheme, their frequency based on larger
surveys, and events in special sub-groups of AGN
(Narrow-line Seyfert 1 galaxies and LINERs). In
Section 3, we review the properties of individual
AGN which stand out by their extreme continuum
and/or emission-line variability. Section 4 provides
an overview over the different types of theoretical
models which have been proposed to explain the
high-amplitude variability of AGN, followed by Sec-
tion 5 on the non AGN-related mechanisms of high-
amplitude continuum and emission-line variability
that could mimic the presence of a CL event. In Sec-
tion 6 we discuss (semi-)periodic variability of the
AGN continuum and/or broad lines and its inter-
pretation in terms of binary SMBHs. Section 7 ad-
dresses the future prospects and identifies a number
of important steps forward, and Section 8 provides
a summary and conclusions. Throughout this re-
view, we use a cosmology with Hy=70 kms~! Mpc1!,
On=0.3, and Q2,=0.7, and the cosmology calculator
of Wright (2006).
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Fig. 1: Examples of optical spectra of changing-look AGN. Left: NGC 3516 keeps changing its Seyfert-type between
type 1 and type 1.9 showing highly variable Balmer emission lines. The line profile of HS (and the neighbouring [OII]]
emission) is shown between the years 1996 and 2021. Adopted from Popovié et al. (2023). Right: IRAS 23226-3843
showed remarkable changes in its Balmer-line profile, varying between Seyfert type 1 with double- or single-peaked
broad Balmer lines between 1997 and 2019. In 2020, the Balmer lines had nearly disappeared, corresponding to a
type 1.8 state. The line profiles of HS and Ha are shown in velocity space after subtraction of the spectrum of the

host galaxy. Adopted from Kollatschny et al. (2023).

2. CHANGING-LOOK AGN

2.1. Definition and early observations

The term changing-look (CL) AGN was initially
coined to describe AGN with X-ray spectra that tran-
sition between mildly absorbed (Compton-thin) and
heavily absorbed (Compton-thick) states (Matt et al.
2003). These systems continue to provide us with im-
portant insights into the geometry and kinematics of
absorbing material in the central region of AGN. If
the absorbing material is located only along our line-
of-sight and/or dust-free, the optical emission lines
remain mostly unaffected. However, in recent years,
the term changing-look has been widely used to refer
to optical spectroscopic variability which temporar-
ily or permanently (the latter more rare) changes the
classification of the AGN type (e.g. LaMassa et al.

2015), from type 1 (presence of strong broad Balmer
lines which dominate over the narrow lines) into types
1.8, 1.9, or 2 (faintness or absence of broad Balmer
lines), and vice versa. We use the latter definition
throughout this review.

Individual CL. AGN were noticed already decades
ago (e.g. Andrillat and Souffrin 1968, Tohline and
Osterbrock 1976, Alloin et al. 1985, Kollatschny and
Fricke 1985, Cohen et al. 1986), the majority of
them identified serendipituously when repeated op-
tical spectroscopy was performed on timescales of
months to years. Early interpretations included
changes in the ionizing continuum or cloud motions.
A prominent example is the nearby AGN NGC 4151.
It is one of the intermediate-type Seyfert galaxies
in the sample of Seyfert (1943). After early evi-
dence for strong Balmer-line variability (Anderson
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Fig. 2: Example of optical broad-band spectra of the changing-look quasar SBS 14114533 identified from SDSS
between 2003 and 2017. The two strongest emission lines are MglIl at the short wavelength end and Ha at the

long wavelength end. All spectra were transformed to the rest frame, and shifted vertically by an arbitrary amount.

Adopted from Wang et al. (2018).

and Kraft 1969), the broad Balmer lines of NGC
4151 decreased strongly in 1984 (Penston and Perez
1984, Lyutyj et al. 1984). They were hardly detected
any longer (Penston and Perez 1984, Kielkopf et al.
1985), but had already reverted back to their nor-
mal emission levels in January 1985 (Peterson 1985).
Fig. 1 displays two examples of CLL AGN optical spec-
tra, identified in the course of reverberation mapping
and long-term spectroscopy over decades [NGC 3516;
Popovié¢ et al. (2023)] or triggered as follow-ups of
high-amplitude continuum variability [IRAS 23226-
3843; identified after a strong decline of the X-ray
continuum emission in the XMM-Newton slew survey
(Kollatschny et al. 2023)]. The optical spectra which
let to the identification of a changing-look quasar are
shown in Fig. 2, based on SDSS and follow-up optical
spectroscopy (Wang et al. 2018).

2.2. Recent developments

The topic of CL. AGN received great attention
during the last decade for several different reasons:
larger samples of CL. AGN were identified from op-
tical surveys, more extreme cases were discovered,
events were found not only in Seyfert galaxies but
also in luminous quasars where the emitting regions
are much more extended so that longer variability
timescales are generally expected, and exceptionally
high amplitudes of variability were detected not only
in X-rays that are thought to arise in or near the in-
nermost accretion disk, but in the optical emission
as well, arising from more extended spatial scales
where rapid and high-amplitude variability is less ex-
pected. The rapid and high-amplitude changes espe-
cially in the high-luminosity quasars pose challenges
to accretion-disk models, and have triggered the de-
velopment of many new ideas, and new scenarios to
explain fast disk changes have been explored in recent
years (Section 4).

Well studied single AGN with densely covered
light curves and/or spectra have showcased the ex-
ceptional variability properties and have placed tight
constraints on disk models. A dense 70 day mon-
itoring campaign from the NIR to X-rays of high-
amplitude continuum and line variability of NGC
2617 allowed to establish the X-ray emission as driver
of the NIR-UV emission in this system (Shappee et al.
2014). Mrk 590 was found to fade dramatically in the
optical continuum emission by a factor 100 over a pe-
riod of decades. Once a classical type 1 AGN, only
faint the broad Ha emission remained in its lowest
state in 2012 (Denney et al. 2014). Since then, it
partially re-ignited and went into a state of repeat
flaring activity, with a strong correlation between the
X-ray and UV emission, and a characteristic UV vari-
ability timescale of 100 days (Lawther et al. 2023).
The CL event of 1ES19274654 was initially discov-
ered as an optical transient and is characterized by
rapid and high-amplitude variability that is decou-
pled between the optical and X-rays (Trakhtenbrot
et al. 2019, Ricci et al. 2020). Delayed radio jet for-
mation was detected (Meyer et al. 2024). NGC 1566
is remarkable for changing its Seyfert type multiple
times since the 1980s (Alloin et al. 1985, Ochmann
et al. 2024). The Seyfert 1 galaxy IRAS 23226-
3843 is characterized by extremely broad and often
double-peaked broad Balmer lines which nearly dis-
appeared in its type 1.9 state (Kollatschny et al.
2020), discovered after a factor 30 drop in X-rays.
The Seyfert 1.9 galaxy IC 3599 stands out due to
its exceptionally high-amplitude continuum variabil-
ity in the X-rays and EUV accompanied by a strong
emission-line response including high-ionization lines
identified early in the 1990s (Section 5). The first
CL event discovered in a high-luminosity system, i.e.
in a quasar, SDSS J015957.644-003310.5, (LaMassa
et al. 2015) transitioned between type 1 and 1.9
within 10 years. At even higher redshift, the quasar
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SDSS J141324.274530527.0 changed from type 1.9 to
type 1 within ~10 years (Wang et al. 2018).

Overall, the CL events show a rich phenomenol-
ogy, with fast and slow events which ultimately revert
back to their original states, nearly full turn-on and
turn-off events, and events which repeat; all of these
within timescales of months to years. Full turn-offs
are rare. In many cases, a faint broad component
in Ha is still detected in sensitive low-state spectra
(e.g. Denney et al. 2014, McElroy et al. 2016, Parker
et al. 2016, Kollatschny et al. 2023, Temple et al.
2023, Popovi¢ et al. 2023). Even if the direct com-
ponents of BLR and continuum disappeared, as long
as a few percent of them are seen in scattered light,
these components would only fade at much longer
timescales (Hutsemékers et al. 2019).

Komossa et al. (2024) suggested the following clas-
sification (Table 1) of CL events (not yet based on
physical models, because too many different mech-
anisms of accretion-disk variability have been sug-
gested in the last few years and it is not yet clear
which mechanisms dominate, and several different
ones likely come with similar observational proper-
ties): Type I CL events show a slow turn-on in con-
tinuum and broad emission lines on a timescale of
years to decades. Type II events show a turn-off on
the same timescales. Type III CL. AGN display fast
transient outburst events with rise times of weeks to
months, and type IV events show rapid dimmings
on similar timescales. Type V events are character-
ized by more regular and recurrent brightenings and
fades; a behaviour shown by many AGN which are
selected for reverberation mapping. Finally, the cat-
egory VI events exhibit a frozen look (Komossa et al.
2020a) meaning that the broad emission lines do not
respond to changes in the observed continuum emis-
sion. Events in all categories may repeat, even though
the number of recurrent CL. AGN so far identified is
still small (Wang et al. 2024a,b).

2.3. Frequency of CL AGN

Different approaches have been used to detect the
CL events, either based on identification of high-
amplitude continuum flux changes in the optical, IR
or X-rays first (in individual objects or dedicated
searches in ongoing or archival large surveys) then
followed by spectroscopic follow-ups, or based on
spectroscopic searches including regular reverbera-
tion mapping of AGN.

Spectroscopic surveys covering large areas of the
sky represent excellent data bases for selecting sam-
ples of CL. AGN. Ultimately, these will provide us
with the frequency, variability timescales, and accre-
tion disk and host galaxy properties of CL events
at all luminosities. Systematic searches for CL. AGN
have been performed on the optical data bases of, e.g.
LAMOST (Yang et al. 2018), 6dFGS/Skymapper
(Hon et al. 2022), and DESI (Guo et al. 2024), or in
the WISE mid-infrared regime, the latter with focus

on the IR continuum variability, and ongoing follow-
ups to distinguish between TDEs and AGN (Jiang
et al. 2021). Primarily, the rich SDSS database (York
et al. 2000) has been extensively used to select larger
samples of AGN with multiple spectroscopic observa-
tions within SDSS, or were observed once with SDSS
and then followed-up at other telescopes (e.g. Runco
et al. 2016, Ruan et al. 2016, MacLeod et al. 2016,
2019, Graham et al. 2020, Potts and Villforth 2021,
Green et al. 2022, Zeltyn et al. 2024, Dong et al.
2024). These searches have started to quantify the
characteristics and frequency of the different cate-
gories of CL events in Seyfert galaxies and quasars.

Runco et al. (2016) evaluated the frequency of CL
events in nearby Seyfert galaxies. Their initial sam-
ple consists of Seyfert 1 galaxies selected from SDSS,
then followed up with renewed spectroscopy at the
Keck telescope. They reported an occurrence of 10%
CL events in this Seyfert sample. The occurrence rate
of CL quasars was found to be much lower. MacLeod
et al. (2016) reported a fraction of ~1% CL events
in their sample of SDSS quasars. An approximately
equal number of events evolved toward the type 1
state, or toward the type 2 state. The most recent
sample of CL AGN selected from SDSS V (Zeltyn
et al. 2024) comprises 33% CL events that showed
brightening, and 67% that showed dimming. In that
sample, the CL. AGN have a median accretion rate
of L/Lgqq = 0.025, slightly lower than in a control
sample with L/LEdd = 0.043.

Archival searches on large spectroscopic samples
are well suited for statistical inferences on the CL
AGN population as a whole. An alternative approach
has concentrated on rapid identification of new CL
events while they happen (for instance, with Swift,
the XMM-Newton slew survey, GAIA, or ASAS-SN)
followed up rapidly by multiwavelength observations
within days to weeks (e.g. Parker et al. 2016). That
way, dense monitoring of the ongoing, evolving event
at multiple wavelengths is possible. Representatives
of such AGN are discussed in Section 5.

2.4. Selection effects and other

considerations

It has to be kept in mind, that so far the selec-
tion criteria used to identify CL AGN (e.g. the re-
quired amplitude of flux variability in the BLR emis-
sion and/or the continuum, or the required Seyfert-
type change for instance from type 1 into 1.9, or only
from type 1.5 into 1.8) have varied between differ-
ent studies. This fact has to be taken into account
when direct comparisons between different surveys
and samples are made.

Other selection effects operate as well: For in-
stance, if the initial parent sample comprises mostly
or entirely type 1 AGN, then turn-off events (i.e., a
dimming in line and continuum brightness) will be
preferentially identified in any later follow-up obser-
vations. If instead the parent sample consists only
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Table 1: CL AGN classification scheme proposed by Komossa et al. (2024) based on the different types and timescales

of continuum variability and emission-line response. All categories may repeat.

category CL classification timescale

I slow turn-on years—decades

II slow turn-off years—decades

111 rapid transient event: outburst rise time: weeks to months
v rapid transient event: deep drop fade time: weeks to months
\% regular brightenings and fades weeks to years

VI frozen-look events any time

of type 2 AGN, then only turn-ons, if any, will be
found at the second epoch of spectroscopy. Further,
the amplitude of the type change (from type 1 or
1.5 into type 1.8, 1.9, or 2) will show a strong de-
pendency on telescope sensitivity, since faint broad
Balmer lines are more difficult to identify in spectra
of lower signal-to-noise ratio.

Further, and this effect is important, AGN with
already faint Balmer lines (lower Eddington accre-
tion rates at fixed SMBH mass) will be preferentially
detected as CL. AGN, because only a small luminos-
ity change is required to make the broad lines unde-
tectable and, therefore, make the AGN appear as CL.
This effect will cause an apparent trend towards lower
Eddington accretion-rate AGN showing CL events
more often. Instead, when the broad lines are lu-
minous, a much larger actual change in luminosity is
required to identify the CL event in the first place.
An alternative approach could therefore be to intro-
duce the requirement of a fixed minimum factor (10)
of variability, independent of the exact AGN type, to
search for CL AGN, even though this would not in-
clude events in faint systems where a small decrease
of brightness already makes the continuum and BLR
undetectable.

Finally, it has to be kept in mind, that there is
one instrumental effect, which can cause spurious CL
events. This happens when the slit or fiber is not
placed on the very nucleus of the galaxy, as it can
happen preferentially for the nearby galaxies widely
extended in the sky. If the slit or fiber misses the very
nucleus, the pointlike BLR and continuum emission
will appear faint or absent (depending on the value of
the atmospheric seeing and the slit width), while the
extended NLR will still be detected. Such spectra will
mimic CL events even if the emission is intrinsically
constant.

2.5. CL events across the quasar main

sequence

It is interesting to ask, how CL AGN change
across the quasar main sequence. The AGN emission-
line properties have been used to evaluate differences
across the whole AGN population using principal
component analyses (e.g. Boroson and Green 1992,
Sulentic et al. 2000, Grupe 2004, Xu et al. 2007,

Marziani et al. 2018). The AGN main sequence,
the distribution of AGN in a diagram which plots
the FWHM of the broad Balmer line, FWHM(Hp),
against the strength of the Fell emission, Rperr
(defined as the flux ratio of Fell4570/HfS, where
Fel14570 is integrated between 4434 and 4684A) has
been established as a powerful tool to uncover the
physical parameters which drive the properties of
AGN, and two main populations, A and B, are dis-
tinguished. The accretion rate has been found to be
the main driver across the diagram, inclination play-
ing a secondary role (see Marziani et al. 2018, for a
review). The variation of CL events across the quasar
main sequence only starts to be explored. Panda and
Sniegowska (2024) found that the majority of the CL
AGN of their sample does not cross between popula-
tions A and B, but remains within population B dur-
ing the whole CL event. Only 5 out of their 32 sources
change between population A and B, and during this
process none of them develops into the Narrow-line
Seyfert 1 regime where FWHM(HS) < 2000 km/s.

2.6. CL events in NLS1 galaxies

The majority of CL events have so far been
observed in broad-line Seyfert 1 (BLSI) galaxies.
Narrow-line Seyfert 1 (NLS1) galaxies are defined
as a subgroup of AGN with particular emission-
line properties (Goodrich 1989) which place them at
one extreme end of AGN correlation space (Sulen-
tic et al. 2000, Boroson 2002, Grupe 2004, Xu et al.
2012). Their properties are driven by their low-mass
SMBHs accreting preferentially near the Eddington
limit and, as such, NLS1s are of special interest also
as local counterparts to rapidly growing SMBHs at
high redshift at the epoch of galaxy formation. Fur-
ther, as near-Eddington accretors they allow to test
disk-variability /instability scenarios which operate at
these rates (Section 4). Plus, many NLS1 galaxies
are known to be highly variabe in X-rays, and for
all these reasons the question is raised of how many
NLS1s undergo CL events. Up to now, many dedi-
cated large-sample searches rather focussed on BLS1
galaxies (i.e., involving an FWHM(HS) > 2000 km/s
cut-off criterion, excluding NLS1s).

So far, only a few CL events in candidate NLS1
galaxies have been identified, summarized in Ta-
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Table 2: Summary of the CL events so far identified in candidate NLS1 galaxies. Column (1): galaxy name, (2):
redshift z, (3): FWHM of broad HS, and (4): observed variability timescale At of the spectroscopic type change.
Since often only two spectra were taken years apart, it is well possible, and even likely, that the actual variability

timescale is much shorter and/or that the AGN changed its type multiple times in between. At can therefore be

regarded as the upper limit. NGC 1566 changed within months from one type to the other and, in this case, we

list At of the fastest recorded type change. Column (5):

lists reference(s) for the identification of the CL event

and/or the FWHM measurement ([1]=Brandt et al. (1995), [2]=Grupe et al. (1995b), [3]=Komossa and Bade (1999),
[4]=MacLeod et al. (2019), [5]=Liu et al. (2019), [6]=Frederick et al. (2019), [7]=Hon et al. (2022), and [8]=Alloin

et al. (1985)). Column (6) provides comments.

name z FWHM(HS) At ref comments
km/s yIs
() 2) G W 6 (©
NGC 1566 0.005 1950 0.33  [8] recurrent Seyfert-type changes
1C 3599 0.021 1200 0.75 [1,2,3] two giant outbursts separated by 20 yrs;
no bona-fide NLS1, no Fell
SDSS J123359.12+084211.5  0.256 2430 11 [4,5] change in both, Balmer lines & Fell
ZTF18aajupnt 0.037 940 16 [6] spectral change from LINER to NLS1
J1406507-244250 0.046 3000 18 [7] little optical continuum variability

ble 2. Larger samples are expected from SDSS V
(Kollmeier et al. 2019) and LSST (Ivezi¢ et al. 2019),
for instance, and detailed studies of single systems
will be made possible in X-rays with the space mis-
sion SVOM (Wei et al. 2016, Xu et al. 2024). Among
the five CL galaxies in Table 2, NGC 1566 and IC
3599 stand out due to their well-covered longterm
light curves spanning decades, and both of them show
unique properties further discussed in Section 5, even
though it has to be kept in mind that IC 3599 lacks
Fell emission, often included as one of the defining
characteristics of NLS1 galaxies (Véron-Cetty et al.
2001).

Identifying NLS1 galaxies in their turn-off states
offers a great wealth of new applications w.r.t un-
derstanding NLS1 physics, highlighted by Xu et al.
(2024). First, CL NLS1 galaxies in their type 2 states
will enable us for the first time to study the proper-
ties of their circum-nuclear environment (e.g. in form
of the X-ray ISM and/or the presence of outflows),
since unlike broad-line Seyfert galaxies, there is no
immediate way to identify the type 2 counterparts
of the NLS1 population (except for spectropolarime-
try which has rarely identified candidates so far; Pan
et al. 2019). Second, in type 2 states without the
bright continuum emission which hampers such stud-
ies in the type 1 state, the host galaxies will become
more easily detectable, and their properties can be
measured. The same holds for stellar velocity disper-
sion measurements (and therefore SMBH mass esti-
mates), as well as stellar population measurements
that would also shed new light on the evolutionary
state of the systems. Third, type 2 states will enable

3See Section 3 for the case of PS16dtm (SN 2016ezh). The
nature of this event has not yet been identified with certainty
and it may rather represent a supernova or TDE than a NLS1
galaxy.

us to study the location of the galaxies in diagnostic
diagrams, so far hampered by the challenges of the
BLR-NLR line profile decompositions in cases where
the FWHM of the broad component itself is rather
small. Finally, comparisons between the CL BLS1
and CL NLS1 galaxies will highlight differences in
their accretion disk properties and, especially, will
allow us to address the question, whether different
accretion disk instabilities and/or other disk variabil-
ity mechanisms are operating at different Eddington
ratios.

2.7. CL events in LINERs

Low-ionization nuclear emission regions (LINERs)
are defined by their location in emission-line diagnos-
tic diagrams of galaxies (Osterbrock 1989), and rep-
resent a mixed class of objects. Some are powered by
AGN, as evidenced by the presence of broad Balmer
lines in their optical spectra, others are excited by
stars, and LINER-like emission-line ratios can also
arise through shocks, or by other processes in the ISM
of elliptical galaxies, or even the intracluster gas.

During the first months of operation of the Zwicky
Transient factory (ZTF), five galaxies with LINER-
like spectra in quiescence that show only narrow emis-
sion lines in low-state, where detected as new tran-
sients. Follow-up optical spectroscopy revealed their
transformation into broad-line AGN (Frederick et al.
2019).* Among these changing-look LINERs, one
system transformed into an NLS1 optical spectrum
(see Section 2.6, and Table 2). This new class of

4A few other LINERs with transient continuum emission or
enhanced UV emission have been identified in the past. How-
ever, some of these events could have been TDEs. The most
reliable CL AGN events in LINERs would be long-lived switch-
ons (see also Section 3).
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changing-look LINERs provides us with important
new constraints on the accretion state in LINER
galaxies.

2.8. CL events in blazars

A small number of blazars show high-amplitude
variability in (some of) their broad emission lines. It
is well possible, that some of these still represent a
response to changes in the accretion-disk luminosity.
However, other recorded incidences of blazar broad-
line variability were peculiar, and affected only cer-
tain emission lines (see, e.g. the MgII variability
event of CTA 102; Chavushyan et al. 2020) and these
events are likely related to individual jet-cloud inter-
actions, and excited by the local non-thermal contin-
uum emission from the jet. These are therefore due
to a different and jet-related mechanism, and we do
not discuss the CL blazars any further here (see Fos-
chini et al. 2021, for defining CL blazars as AGN that
change between FSRQ and BL Lac classification).

3. MIMICRY

Not all broad-line variability in galaxies is caused
by the CL phenomenon in AGN. There is some
mimicry from unrelated processes, especially from (1)
the disruption and accretion of single stars in qui-
escent galaxies or in AGN (tidal disruption events;
TDEs), and from (2) the explosions of supernovae of
type IIn. Both types of events can come with tem-
porary broad and/or narrow optical emission lines
which look temporarily similar to the lines in AGN
and would thus mimic CL. AGN.

When TDEs were first discovered, it was impor-
tant to identify them in quiescent host galaxies, to be
sure we saw TDEs and not just accretion-disk pro-
cesses in long-lived AGN (Rees 1990, Komossa and
Bade 1999). Further, it was initially assumed that
TDEs were single events not repeating on timescales
of years given the TDE rate of ~ 10™* events per
galaxy per year (Stone and Metzger 2016), and de-
tection of repeat flaring on that timescale was there-
fore initially thought to falsify any TDE interpre-
tation. Meanwhile, it has been shown that TDEs
may appear as double outbursts if the affected stars
are in a binary system (Mandel and Levin 2015).
Further, partial tidal stripping events of orbiting
stars can cause repeat flaring (MacLeod et al. 2013),
and if tidal disruption occurs in binary SMBH sys-
tems, phases of interrupted and re-started accretion
episodes imply a highly variable light curve as well
(Liu et al. 2014). Therefore, light curves of such
TDEs may also appear similar to accretion-disk in-
stability powered light curves in AGN, making the
distinction of the processes in AGN more challeng-
ing, especially in cases of only short-time light curve
coverage. Meanwhile, cases of recurrent TDEs in qui-
escent host galaxies have been reported (e.g. Malyali
et al. 2023). On the other hand, supernovae of type

IIn, even though very similar to CL AGN in their
optical spectra, can be distinguished by their faint
or absent X-ray emission. Yet, there is a number of
transients, which so far elucidated a unique classifica-
tion (Wiseman et al. 2024). PS16dtm (SN 2016ezh) is
a good example. It shows properties of all three phe-
nomena, a TDE, superluminous SN, and CL NLSI,
and all three interpretations have been proposed and
discussed in the literature (Terreran et al. 2016, Dong
et al. 2016, Blanchard et al. 2017, Petrushevska et al.
2023).

In any case, TDEs are very rare events, therefore
in a statistical sense we can be certain that at most
a small fraction of CL. AGN could be mimicked by
TDESs, because the observed frequency of CL events
in nearby galaxies (Runco et al. 2016) is far too high.

We do not discuss TDEs and SNe any further here
(see Komossa and Bade 1999, Komossa et al. 2009,
for a detailed discussion of these events, and how to
further distinguish them from the AGN-related vari-
ability processses).

Finally, as opposed to changes in a long-lived ac-
cretion disk in an AGN, temporary events powered by
the accretion of an ISM clump can cause a short-lived
CL-AGN:-like phenomenon (Wiseman et al. 2023), if
the environment itself is gas rich, such that broad
lines may appear for a short time. These events differ
from the long-lived AGN in their absence or faintness
of the NLR emission.

4. THEORETICAL MECHANISMS
OF HIGH-AMPLITUDE AGN
VARIABILITY

Recent CL AGN results, especially the events
in high-luminosity AGN (quasars) and at highest
amplitudes and/or shortest timescales of variability
have motivated many new theoretical studies of disk-
variability mechanisms, adding to the decades-old
disk-instability models (e.g. Lightman and Eardley
1974).

High-amplitude variability can be explained by
two fundamentally different mechanisms. The first
one is intrinsic variability where the emission of the
accretion disk and BLR itself changes. The second
is apparent variability caused by the effects of gas
absorption and dust extinction, or by the effect of
gravitational lensing, acting on the intrinsically con-
stant emission regions. We briefly review the different
models and processes in turn, the intrinsic mecha-
nisms first.

4.1. Intrinsic variability

The fastest, highest-amplitude events in the lumi-
nous systems challenge our understanding of accre-
tion physics, as typical disk variability timescales are
long (see compilation by Stern et al. 2018, for order-
of-magnitude estimates of disk timescales):
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Here, Mgy is the SMBH mass, « is the disk viscosity
parameter, h is the disk height, and R the disk radius.

A large number of new theoretical studies in the
last few years have explored new mechanisms for ac-
cretion disk structural and emission changes. These
include modified lampposts, disk instabilities, disk
distortions due to local perturbers, disk precession,
influence of magnetic fields, effects on BLR or sur-
rounding gas stability, and the presence of binary
SMBHs. Some of these studies explored mechanisms
of a more rapid transfer of changes across the accre-
tion disk, for instance, involving magnetic fields, but
did not yet address the origin of the high-amplitude
outburst in the first place; others focussed directly
on the outburst mechanism itself; and yet others ex-
plored changes in the BLR structure and the feeding
mechanism.

First, different types of accretion disk instabilities
have been considered to explain the high-amplitude
luminosity changes, including the radiation-pressure
instability of the inner disk (Lightman and Eardley
1974, Grupe et al. 2015, Sniegowska et al. 2020), a hy-
drogen ionization instability (Noda and Done 2018),
or instabilities in warped disks at large radii (Raj
et al. 2021). An instability in the circumnuclear
gas supply has been discussed as well (Wang et al.
2024a). Some models were suggested where the BLR
clouds themselves are directly affected by an insta-
bility (Nicastro 2000); a model initially proposed to
explain the absence of a BLR in systems with low
accretion rate.

Other approaches involved disk perturbations due
to the presence of local perturbers, like a stellar mass
black hole. Once it reaches the innermost regions of
the accretion disk, its mass can become comparable
to, or even dominate, the co-rotating disk mass, and
can then have a strong influence on the inner disk
(Stern et al. 2018).

Other approaches invoked the presence of binary
SMBHs (see also Section 6), either in form of tidal
effects on the mini-disks surrounding both SMBHs
of a binary system (Wang and Bon 2020), or effects
on the accretion disk during the advanced stages of
gravitational wave driven inspirals of binary SMBHs
(Zrake et al. 2024).

torb ~ 10 days ( )3/2.

Alternatively, a modified lamppost model has
been suggested (Lawrence 2018), assuming that the
X-ray emission which arises from the lamppost is not
directly reprocessed by the accretion disk, but rather
by a system of dense gas clumps above the disk.

Further, the influence of magnetic fields, or a com-
bination of several effects, has been considered in dif-
ferent ways (Ross et al. 2018, Stern et al. 2018, Dexter
and Begelman 2019, Scepi et al. 2021, Pan et al. 2021,
Laha et al. 2022, Cao et al. 2023). Another approach
focused on highly tilted, precessing, warped accretion
disks and the effects of two types of shocks which de-
velop under these conditions (Kaaz et al. 2023).

Finally, there are events in AGN related to stars
or TDEs in particular, which could directly affect the
accretion disk luminosity and/or disk stability in a
long-lived AGN, and thus cause a ‘true’ CL AGN
event — as opposed to the TDEs themselves creating
their own short-lived broad lines in quiescent host
galaxies (discussed in Section 3). Star-disk interac-
tions of an orbiting star (Syer et al. 1991) or the de-
bris stream of a TDE (Trakhtenbrot et al. 2019) can
increase the disk luminosity at the impact point and
thus change the BLR flux, and the same holds for
a star that opens a gap in the disk or acts as local
perturber of the inner disk (Stern et al. 2018).

4.2.
4.2.1.

Extrinsic variability

Obscuration: dust extinction and gas
absorption

Obscuration by dust-free of dusty gas clouds lo-
cated between the continuum source (and/or BLR)
and the observer can significantly dim the intrin-
sic emission. The X-ray and optical continuum are
affected differently in this situation; the X-rays are
mostly affected by gas absorption, the optical mostly
by dust extinction.

The broad-band X-ray continuum emission is
modified by gaseous matter along the line of sight,
imprinting hydrogen and metal K-shell absorption.
For gas column densities exceeding ~1023724 cm™2,
the material becomes finally Compton-thick and no
direct X-rays are detected any longer below 10 keV
where the majority of X-ray satellites operates. The
optical continuum emission is significantly affected
if the absorber contains dust. Extinction causes a
characteristic reddening of the continuum shape and
a deviation of the BLR Balmer decrement from its
(case B) recombination value.

The presence of dust extinction and/or gas ab-
sorption can be relatively easily identified through
their characteristic effects on the optical and X-ray
spectra. Partial obscuration from outflowing dusty
clouds in the outer BLR can significantly affect the
line profile shapes (Gaskell and Harrington 2018),
and single CLL. AGN are known to show the effects
of significant extinction (Potts and Villforth 2021).
However, variable obscuration has not been favored
as the explanation for the majority of CL events, be-
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cause the expected BLR reddening was not observed
(Alloin et al. 1985), the optical-UV continuum shape
was inconsistent with extinction (MacLeod et al.
2016), the associated X-ray absorption was not ob-
served (Parker et al. 2019b), the hard X-ray (Swift
BAT) band is little affected by absorption (Temple
et al. 2023), the timescale of variability was too fast
(LaMassa et al. 2015), and/or the level of polariza-
tion was very low (Hutsemékers et al. 2019).

Dust destruction in response to an intrinsic out-
burst is another possible mechanism (Oknyansky
et al. 2018). It would increase the observed amplitude
of variability, but may only work once, depending on
the mechanisms of dust re-formation.

4.2.2.  Gravitational lensing

Gravitational lensing or microlensing can magnify,
or de-magnify, the accretion disk and/or the BLR
emission. Lensing itself is achromatic, but a mov-
ing lens which crosses different parts of an extended
emission region like the accretion disk and/or BLR
will produce chromatic changes and can cause com-
plex line profile shapes and changes. Microlensing
modeling has not yet been much applied to broad-line
profile variations of changing-look AGN, but has been
studied in lensed quasars (Fian et al. 2021, Savic¢ et al.
2024). The required lensing geometry is rare and the
phenomenon is therefore not expected to explain the
population of the nearby CLL AGN as a whole. A lens-
ing interpretation of the most recent transient event
in NGC 1566, involving a binary SMBH, was pro-
posed by Kollatschny and Chelouche (2024).

5. CASES OF EXTREME VARIABILITY
OF AGN

Here, we highlight individual AGN which showed
some of the most extreme variability known to date
(excluding TDEs), and their individual interpreta-
tion, focussing on systems which have well-covered
longterm light curves in the optical, UV, and X-rays.

All data used for the Neil Gehrels Swift observa-
tory light curves (Swift hereafter; Gehrels et al. 2004)
and SEDs presented in this Section were (re)analyzed
by us, following the standard procedures in the anal-
ysis of Swift XRT (Burrows et al. 2005) and UVOT
(Roming et al. 2005) data. In addition to the Swift
data from our own projects, archival data were added
as well. The X-ray count rates were obtained using
tools provided by the UK Swift Science Data Centre
at the University of Leicester (Evans et al. 2007).

5.1. Changing-look AGN

5.1.1. NGC 1566

The nearby Seyfert galaxy NGC 1566 is remark-
able for going through multiple CL events. It was a
bright type 1 AGN in the 1960s (Shobbrook 1966)
but faded significantly years later. Optical spectra
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acquired between 1980 and 1982 revealed its transi-
tion to a type 2 state in 1980. After that, it gradually
changed back to a type 1. Another CL event was de-
tected in 1985 (Alloin et al. 1985, 1986). Most of the
changes happened rapidly within only four months.
The BLR Balmer decrement did not change signifi-
cantly during the CL event (Alloin et al. 1985).

NGC 1566 is a NLS1 galaxy (Xu et al. 2024) at
redshift z = 0.005. The NLS1 classification is based
on the widths of the broad Balmer lines [FWHM(H})
= 1950 km/s and FWHM(Ha) = 1970 km/s (da
Silva et al. 2017, Alloin et al. 1985)], a small ratio
of [OIII]A5007 /HBota1 < 3, and the detection of FeIl
emission complexes (Ochmann et al. 2024).

The most recent outburst of NGC 1566 in the
year 2018 was initially reported in the hard X-ray
band (Ducci et al. 2018). Multiwavelength follow-up
observations, triggered rapidly (Parker et al. 2019b,
Oknyansky et al. 2019, Ochmann et al. 2020), then re-
vealed a new CL event. During the outburst (Fig. 3),
the optical spectrum changed from type 1.8 to type
1 (Fig. 4) accompanied by strong variations in the
helium lines and in several high-ionization iron lines
(Oknyansky et al. 2019, Ochmann et al. 2024). The
FWHM of the Balmer lines remained relatively con-
stant across the CL event. The emission lines of
OIA8446 and CallAA8498,8542,8662 exhibit a double-
peak structure (Ochmann et al. 2024), interpreted as
sign of low turbulence and high column density in the
region where they form.

The X-ray spectrum of NGC 1566 at outburst was
measured in rapid follow-up observations with XMM-
Newton, NuSTAR and Swift (Parker et al. 2019b). It
is a typical type 1 X-ray spectrum at high-state, ex-
tending to high energies, and is modified by ionized
absorption and mild reflection. With the reflection
grating spectrometer (RGS) an outflow component
with a velocity of 500 km/s, possibly launched dur-
ing the outburst, was detected. The amount of X-
ray cold absorption did not change between the low-
state and high-state, rejecting variable (decreasing)
absorption as the cause of the 2018 outburst. Parker
et al. (2019b) concluded that a heating front propa-
gating through the disk caused by the hydrogen ion-
ization instability provides a consistent explanation
of the outburst.

The Swift XRT long-term light curve of NGC 1566
(Parker et al. 2019b, Xu et al. 2024, our Fig. 3 in-
cluding the latest 2024 observations) covers the de-
cline phase of the 2018 outburst densely, but missed
the rise phase.” The latter was observed in the op-
tical band with ASAS-SN (Dai et al. 2018) and was
modeled by Kollatschny and Chelouche (2024) who
preferred a lensing interpretation of the 2018 event.

5The long-term Swift BAT light curve does reveal another
hard X-ray flare (Oh et al. 2018) in the year 2010, but that
one was not followed up spectroscopically.
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Fig. 3: Longterm Swift XRT and UVOT light curve of NGC 1566 until 2024. The X-ray count rate CR is given in
counts/s, and the UV W2 and optical V magnitudes are reported in the VEGA system and are the directly observed
values (not corrected for Galactic extinction). The last bright outburst of NGC 1566, accompanied by a CL event,

happened in 2018.

The CL event of NGC 1566 is the nearest detected
so far in NLS1 galaxies (Table 2), and NGC 1566 is
among the nearest recurrent CL AGN known.

5.1.2. IC 3599

The Seyfert galaxy IC 3599 was among the most
highly variable AGN detected in the ROSAT all-sky
survey. Its X-ray brightness increased by more than
a factor of 100 (among the AGN, significantly ex-
ceeded only by WPVS007 at that time; see below).
The outburst, with an exceptionally soft X-ray spec-
trum, was accompanied by bright broad Balmer lines
and high-ionization iron coronal lines (Brandt et al.
1995) which then faded strongly in the following years
(Grupe et al. 1995b, Komossa and Bade 1999). The
low-state spectra still show faint coronal lines, as well
as a broad Ha component implying a Seyfert 1.9 clas-
sification (Komossa and Bade 1999). Photoionization
modeling of the optical outburst spectrum implied
that the high-ionization lines are well explained with
gas typical of a CLR, with a gas density of ~10°
em ™3 (Komossa and Bade 1999). The origin of the
CL event of IC 3599 was not discussed in more de-
tail at that time, but an extreme case of NLS1 vari-
ability, a TDE, or an accretion-disk instability were
briefly mentioned as possibilities (Brandt et al. 1995,
Grupe et al. 1995b); the latter favored by Komossa
and Bade (1999).
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tion from a near type 2 AGN with only very faint broad
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the strong continuum outburst in 2018. Adopted from
Ochmann et al. (2024).
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Fig. 5: Longterm Swift XRT and UVOT light curve of IC 3599 until 2024. The X-ray count rate CR is given in
counts/s, and the UV W2 and optical V magnitudes are reported in the VEGA system and are the directly observed

values (not corrected for Galactic extinction). The first of the two bright outbursts of IC 3599 was detected with
ROSAT in 1990 and is not included in this plot. The second bright outburst was detected with Swift in 2010.

Unexpectedly, a second X-ray outburst of simi-
lar amplitude was detected in 2010 with Swift, 19.5
yr after the first one (Komossa et al. 2014, Cam-
pana et al. 2015, Grupe et al. 2015); unfortunately
not accompanied by optical spectroscopy that time.
A Lightman-Eardley disk instability was favored to
explain the outburst behaviour. Using the observed
outburst repeat time of 19.5 yrs and a SMBH mass in
the range of 10°~7 M, as determined from observa-
tions, implies a truncation radius between inner and
outer disk of r¢une = 5-45 rg (Grupe et al. 2015). No
third outburst has so far been detected (Grupe et al.
2024), but significant lower-amplitude X-ray variabil-
ity is ongoing (Fig. 5). The cause for the exceptional
steepness of the X-ray outburst spectrum (I'y ~ 4)
remains unknown, but it seems to imply the absence
of an accretion disk corona. The X-ray spectrum re-
mains supersoft in low-state as well.

Several features of IC 3599 remain surprising: In
addition to the ultrasoft low-state X-ray spectrum,
polarimetry (Grupe et al. 1998) did not reveal a high
degree of optical polarization, and the supersoft X-
ray outburst spectrum is inconsistent with strong
cold absorption, implying that its Sy 1.9 nature in
low-state is not due to severe extinction. Likely, just
the BLR emission is intrinsically weak in the long-
lasting low-states. The relatively stronger NLR emis-
sion could then be due to asymmetric radiation from
the accretion disk and/or the AGN could have been
brighter in the past and the NLR still reflects that
previous state.
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Swift continues to monitor this extreme optical
CL AGN. Rapid multiwavelength follow-up studies
including optical spectroscopy at dense cadence will
provide us with a unique opportunity to measure the
BLR and CLR response following the next giant out-
burst.

5.1.3. NGC 3516

The Seyfert galaxy NGC 3516 has long been
known to be highly variable in its continuum and op-
tical broad emission lines. NGC 3516 was part of the
initial sample of Seyfert (1943). Strong broad-line
variability was first noticed by Andrillat and Souf-
frin (1968). NGC 3516 stands out as highly vari-
able in the X-ray band as well. It was one of the
most highly variable AGN in a dedicated search for
nearby such AGN in the ROSAT data base (Komossa
and Bade 1999), and continues to show rapid and
high-amplitude X-ray variability (Mehdipour et al.
2022). Tts 2017 X-ray low-state was explained by a
drop in intrinsic luminosity causing a decrease in the
ionization state of the X-ray warm absorber as well
(Mehdipour et al. 2022). Its long-term Swift XRT
light curve until 2024 based on data retrieved from
the Swift archive (Fig. 6) reveals epochs of correlated
and uncorrelated optical and X-ray variability with
very different SEDs (Fig. 7).

Optical spectroscopy of NGC 3516 at different
activity states was obtained at numerous occasions
over decades including dedicated BLR reverberation
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Fig. 6: Longterm Swift XRT and UVOT light curve of NGC 3516 until 2024. The X-ray count rate CR is given in
counts/s, and the UV W2 and optical V magnitudes are reported in the VEGA system and are the directly observed
values (not corrected for Galactic extinction). While the optical-UV is correlated with the X-rays at some epochs,
they are independent at others.
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Fig. 7: Optical-UV—X-ray SEDs of NGC 3516 at three representative epochs, highlighting different variability
behaviour: (1) the optical-UV high-state of May 2024 (open triangles; in green colour in the online version) is not
accompanied by any X-ray high-state but rather a low-state; (2) the optical-UV high-state of July 2023 (filled circles;
in blue colour in the online edition) is accompanied by an X-ray high-state, and (3) the optical low-state of October
2022 (filled triangles; in red colour in the online version) is accompanied by an X-ray low-state. The X-ray spectrum
was corrected for Galactic absorption, and the optical-UV spectrum for Galactic extinction. The SEDs reveal the
different optical-X-ray behaviour at different epochs.
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Fig. 8: Longterm Swift XRT and UVOT light curve of WPVS007 until 2024. The X-ray count rate CR is given
in counts/s, and the UV W2 and optical V magnitudes are reported in the VEGA system and are the directly
observed values (not corrected for Galactic extinction). Most of the time, WPVS007 is not detected in X-rays (upper

limits not shown). WPVS007 is remarkable for its exceptional amplitude of variability in X-rays by a factor of ~400

(first detected with ROSAT; not included in this plot), interpreted as absorption event independently shown by

the appearance of deep UV absorption lines. Since then, X-rays have only occasionally been detected in the Swift

monitoring observations.

mapping campaigns (e.g. Wanders et al. 1993, Onken
et al. 2003, Denney et al. 2010, Shapovalova et al.
2019, Mi¢ et al. 2020, Feng et al. 2021, Oknyan-
sky et al. 2021, Popovié¢ et al. 2023, and references
therein). These have confirmed that NGC 3516 is a
CL AGN which varies strongly between type 1 and
1.9. The overall structure of the BLR does not change
during low-states (Feng et al. 2021). Popovi¢ et al.
(2023) concluded that an intrinsic mechanism rather
than large-scale obscuration of the BLR is required
to explain the CL events in NGC 3516, even though
a contribution of dust within the BLR may still play
a role at low activity states.

5.2. Other cases

5.2.1. WPVS007

The NLS1 galaxy WPVS 007 almost vanished
from the X-ray sky ~35 years ago (Grupe et al.
1995a) after dropping by a factor of ~400 in flux.
Its optical spectrum remained unchanged. UV spec-
troscopy with FUSE (Leighly et al. 2009) then re-
vealed the cause of the X-ray faintness: the onset and
development of a strong broad-absorption line (BAL)
flow, remarkable for this low-mass galaxy, given that
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BALs are predominantly observed in quasars (Laor
and Brandt 2002). Occasionally, the X-rays flicker
into brighter states detected with Swift (Fig. 8), but
these episodes are rare and short-lived. The optical
and UV continuum emission, highly variable in itself
at small amplitude and interpreted as a mix of in-
trinsic variability and dust extinction at torus scales
(Leighly et al. 2009, Li et al. 2019), continues to de-
cline.

The variability of the highly ionized BAL outflow
of WPVS007 with a large mass-loss rate and kinetic
luminosity is well explained by a partial covering sce-
nario, where the BAL outflow partially obscures the
continuum source (Green et al. 2023). The recov-
ery of WPVS007 in its brighter state is yet to come,
and will provide us with an excellent opportunity of
studying BAL processes on short timescales.

5.2.2. Mrk 335

Mrk 335 is a nearby, bright Seyfert galaxy, which
has been observed with every major X-ray mission.
Once among the X-ray brightest AGN, with Swift
Mrk 335 was found in a historic minimum state
(Grupe et al. 2007) in which it has spent most of the
time since then, except for occasional flaring (Fig. 9).
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Fig. 9: Longterm Swift XRT and UVOT light curve of Mrk 335 until 2024. The X-ray count rate CR is given in
counts/s, and the UV W2 and optical V magnitudes are reported in the VEGA system and are the directly observed

values (not corrected for Galactic extinction). Once among the X-ray brightest AGN, Mrk 335 has remained in
low-states most of the time in the last 1.5 decades, interrupted only by short-lived episodes of rapid flaring. These
have become less frequent in recent years. For a duration of 2 years (2018-2020) the X-ray flaring ceased entirely.

During the same time interval, the optical-UV emission continued to flare with similar amplitude as before.

The intermediate and low states are characterized
by strong spectral complexity and were observed in
several dedicated deep spectroscopic follow-ups, e.g.
with XMM-Newton, Suzaku and NuSTAR (Grupe
et al. 2012, Gallo et al. 2013, 2019, Parker et al.
2019a, Mondal and Stalin 2021, Ezhikode et al. 2021,
Kara et al. 2023). Two very different types of spec-
tral models provided equally successful X-ray spectral
fits: partial-covering absorption, or a reflection model
where the intrinsic photons are subject to blurred
reflection from the inner accretion disk. The solu-
tion came from combining the X-ray with optical—
UV data, revealing that the observed X-ray emission
is uncorrelated with the observed optical-UV emis-
sion most of the time and at most timescales (Gallo
et al. 2018, Komossa et al. 2020a, Kara et al. 2023)
and that the high-ionization, broad Hell emission
line does not follow the simultaneous high-amplitude
X-ray variability despite the fact that Hell’s ion-
ization potential lies in the soft X-ray regime (Ko-
mossa et al. 2020a). These results imply that the ob-
served X-ray variability is predominantly caused by a
(partial-covering, dust-free) absorber located mostly
along our line-of-sight. The presence of line-of-sight
absorption is independently detected in the form of
narrow UV and X-ray absorption lines revealed with

HST (Longinotti et al. 2019) and with the RGS of
XMM-Newton (Parker et al. 2019a, Liu et al. 2021).
These results do not exclude a reflection contribution
to the X-ray spectrum of Mrk 335, but show that a
strong absorption component is required which drives
at least a large fraction of the observed variability.

In summary, Mrk 335 is a good example for (dust-
free) absorption-driven X-ray continuum variability.
It is a frozen-look AGN as far as its broad Hell re-
sponse to the observed X-ray emission is concerned
(Komossa et al. 2020a). Its Hydrogen Balmer lines
still do show a response to the mild optical continuum
variability during the epoch when Mrk 335 was the
target of reverberation mapping (Grier et al. 2012).
Swift monitoring of Mrk 335 continues.

6. SEMI-PERIODIC VARIABILITY OF
BINARY AGN AND BINARY SMBHs
6.1. Introduction

Binary SMBHs are the loudest sources of gravi-
tational waves (GWs) in the Universe. They are in
the frequency regime accessible by future space-based
GW interferometers (in the millihertz regime) and by
ongoing pulsar timing arrays (PTAs; in the nanohertz
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regime). Binary SMBHs form and evolve in the
course of galaxy mergers (Begelman et al. 1980). As
the SMBHs undergo major episodes of accretion and
ejection of matter, they not only grow substantially
in mass and shape the galaxy core environment, but
they also represent important multimessenger sources
themselves. The field has received additional atten-
tion with the PTA discovery of a GW background
(Arzoumanian et al. 2020), consistent with the sig-
nal from a population of massive binary SMBHs or
alternatively implying physics beyond standard cos-
mology (see Verbiest et al. 2024, for a review). For
all these reasons, an intense search for wide and close
systems of binaries is ongoing. Systems in an early
evolutionary stage and with large separations can
still be spatially resolved [e.g. NGC 6240 in X-rays,
J0402+379 in the radio, and SDSS J150243.1+111557
in the optical-radio regime (Komossa et al. 2003, Ro-
driguez et al. 2006, Fu et al. 2011)] at separations of
pc to kpc scales. However, the most evolved, most
compact systems, well beyond the final parsec in their
evolution, can not yet be resolved even with powerful
VLBI techniques, and we rely on indirect methods
to search for them. Many such methods have been
developed and scrutinized, and new ones continue to
be proposed (see Komossa and Zensus 2016, De Rosa
et al. 2019, D’Orazio and Charisi 2023, for reviews)].
In line with the topic of this review, we highlight the
two most common ones. The first method is based
on semi-periodic broad-line variability or other effects
on the BLR structure. In particular, several models
suggested to explain (individual) changing-look AGN
have involved binary SMBHs. The second method
makes use of (semi)-periodic variability of the broad-
band continuum emission.

6.2. BLR signatures of binaries

If BLRs are separately bound to each of the two
SMBHs of the binary in a galaxy merger, we expect
to see a double-peaked or asymmetric broad-line pro-
file from the two separate BLR contributions. Conse-
quences of the presence of binaries on such BLR line
profiles have been explored for decades, with focus
on systematic variability of the red and blue wings
of the BLR Balmer emission-line profiles represent-
ing Doppler shifts due to the orbital motion of the
two SMBHs [(e.g. Gaskell 1983, Shen and Loeb 2010,
Popovié¢ et al. 2021); review by Popovi¢ (2012)]. Since
the variability timescales are of the order of decades,
long-term optical spectroscopic monitoring is needed
to identify such systems. Follow-ups of a few BLR
double-peakers in the 1980s and 1990s did not detect
any signs of orbital motion (Halpern and Eracleous
2000), and these AGN have been interpreted as sys-
tems with warped accretion disks or other processes
around single SMBHs instead.

More recently, the large spectroscopic data base
of SDSS has made it possible to identify large new
samples of AGN with peculiar and/or double-peaked
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Balmer-line profiles (e.g. Tsalmantza et al. 2011,
Shen et al. 2013, Ju et al. 2013). So far, no bi-
nary SMBH has been uniquely identified this way, be-
cause the majority of line-profile variations observed
in years of spectroscopic monitoring did not show
the expected orbital modulation (Runnoe et al. 2017,
Wang et al. 2017). A few candidate binaries remain
in these samples.

Other approaches have explored different effects of
a binary’s presence on the BLR emission: If a TDE
happens at the secondary SMBH in a binary SMBH
system, the non-central illumination of the circumbi-
nary disk implies strong asymmetries in the disk re-
sponse, evident in the velocity-delay maps (Brem
et al. 2014). If only the secondary (lower-mass)
SMBH in a binary system is highly accreting and has
a BLR, its orbital motion will be imprinted in the
(single-peaked) broad-line profile (Simi¢ et al. 2022).
In another approach, Savi¢ et al. (2019), Marin et al.
(2023) proposed the method of polarimetry and po-
larimetric reverberation mapping to distinguish be-
tween binary SMBHs and gas/dust physics as cause
of complex BLR line profiles. Shocks produced when
a secondary black hole is crossing the disk around a
primary could produce highly variable, kinematically
shifting extra components in the Balmer lines, as ob-
served in NGC 5548 (Shapovalova et al. 2004, Bon
et al. 2016).

Finally, the presence of binary SMBHs has also
been suggested to be among the mechanisms to pro-
duce CL AGN (Section 2). Wang and Bon (2020)
explored a scenario where close binaries on eccen-
tric orbits are able to trigger a CL transition through
tidal torques affecting the mini-disk(s) of the system.
Zrake et al. (2024) have shown that effects on the
accretion disk during advanced stages of GW driven
inspirals of binary SMBHs can produce CL AGN and
applied their model to the case of Mrk 1018 which
transitioned between type 1 and 1.9.

6.3.

This binary SMBH search method makes use of
(semi-)periodic signals in long-term multiwavelength
light curves. These signals can arise either as a con-
sequence of orbital motion of one or both SMBHs,
or precession of the accretion disk or jet. At least
several periods should be covered in any light curve
to represent a reliable detection; otherwise noise can
mimic the periodic signal (Vaughan et al. 2016).

Many recent searches for binary SMBH candi-
dates have been conducted on optical photometric
surveys such as the Catalina Real-time Transient
Survey (CRTS; Graham et al. 2015a), the Palomar
Transient Factory (PTF; Charisi et al. 2016), Pan-
STARRS (Liu et al. 2016), DES-SN/SDSS-S82 (Chen
et al. 2020), and the ZTF (Chen et al. 2024), among
these the well-studied system PG 1302-102 (e.g. Gra-
ham et al. 2015b, D’Orazio et al. 2015, Kovacevié¢
et al. 2019).

Semi-periodic light curve variability
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In addition to dedicated searches in large-area sky
surveys, numerous single AGN have been identified as
candidate binaries in recent years based on their light
curve characteristics [e.g. PKS 2131-021 (Ren et al.
2021) with sinusoidal flux variability in the radio
band, Tick-Tock (SDSSJ143016.05+230344.4) with
initial indications of a decreasing period in its opti-
cal light curve (Jiang et al. 2022, Dotti et al. 2023),
and evidence for periodic optical flux and line vari-
ability of NGC 5548 (Bon et al. 2016), and references
therein].

A different semi-periodic light curve pattern, not
sinusoidal, is shown by the candidate binary SMBH
OJ 287. Its long-term optical light curve exhibits
recurrent bright double-peaked outbursts repeating
every ~11£1 yrs (with a separation between the two
peaks of ~1 yr), most clearly present in the 1970
1990 light curve of this blazar (see Fig. 1 of Val-
taoja et al. 2000). The most recent double-peak has
been identified in 2016-2017 (Komossa et al. 2023b).
OJ 287 has the most densely covered multi-frequency
light curve of all binary SMBH candidates (Komossa
et al. 2021a, 2023b) and is discussed in more detail
in the next Section.

6.4. The case of OJ 287

Very different variants of binary SMBH models for
0OJ 287 have been explored in the literature. These
involved either jet or disk precession, orbital motion
of one or two jet-emitting SMBHs, impacts of the
orbiting secondary SMBH on the disk around the
primary SMBH or more indirect effects on the pri-
mary’s disk, or the presence of mini-disks around
two SMBHs fed by a circum-binary disk (Sillanpaa
et al. 1988, Lehto and Valtonen 1996, Katz 1997, Vil-
lata et al. 1998, Valtaoja et al. 2000, Liu and Wu
2002, Britzen et al. 2018, Tanaka 2013). Accord-
ing to other suggestions, a binary is not required,
or its absence is preferred (Villforth et al. 2010, Bu-
tuzova and Pushkarev 2020). Almost all of the bi-
nary scenarios have offered potential explanations for
the double-peaked nature of the outbursts and were
based on excellent theoretical frame works. However,
none of those which attempted a detailed prediction
at that time then matched the observed 2005-2007
outburst timings. One of the models, the one requir-
ing a large primary SMBH mass of > 10 M, was
refined and updated, and then high-accuracy predic-
tions of the next flare epochs for the years 2021-2022
were published (Valtonen et al. 2022). That model is
referred to as the precessing binary (PB) model here-
after. However, none of the outbursts predicted with
small uncertainties in the period 2021-2022 were ob-
served. That period was densely covered by a newly
initiated OJ 287 program, MOMO (Multiwavelength
Observations and Modeling of OJ 287) that started
in 2015 (e.g. Komossa et al. 2023c). MOMO is de-
signed to distinguish between different binary SMBH
scenarios, and it independently probes blazar disk-
jet physics. Dense monitoring of OJ 287 at a ca-

dence of a day to weeks at multiple frequencies in
the radio, optical, UV, X-ray and gamma-ray bands,
along with dedicated deeper multiwavelength follow-
up spectroscopy at selected epochs, provides timing,
spectra, and broadband SEDs at all activity states
of OJ 287 (e.g. Komossa et al. 2017, 2020b, 2021b,a,
2023b). This is the densest and longest multiwave-
length monitoring program so far carried of OJ 287
at > 12 frequencies, and among the densest of any
blazar (Fig. 10).

MOMO covered the latest epochs of outbursts,
predicted by the PB model, densely: first, a precur-
sor flare was predicted to occur in December 2021,
and second, the time of the big main outburst was
predicted to be ‘October 10, 2022, +£10 days’ (Val-
tonen et al. 2022, their Section 4). However, none
showed up. OJ 287 remained at low activity lev-
els at both epochs and before and after, up until
to date. Instead, the last big double-peaked out-
burst of OJ 287 was observed in 2016-2017 (Komossa
et al. 2017, 2023b, our Fig. 10).° Further, none of
the other key parameters of that binary model were
confirmed, including the large SMBH mass and the
corresponding high accretion rate implying a high
accretion luminosity: the model luminosity overpre-
dicts by a factor of > 10-100 the upper limit on
the actually measured disk luminosity in OJ 287’s
low-states. Further, the actually measured (primary)
SMBH mass, based on the BLR single-epoch rela-
tion, among the best-established methods to rou-
tinely measure the SMBH masses of AGN (Vester-
gaard and Peterson 2006), implies a (primary) SMBH
mass of OJ 287 a factor of ~100 lower than re-
quired by the PB model: Komossa et al. (2023a)
measured 10® My of the (primary) SMBH of OJ
287. Finally, the required Bremsstrahlung emission
was not observed either. The PB model required
the blazar spectrum to jump from blazar synchrotron
emission to a Bremsstrahlung spectrum at outburst
epochs with a very different spectral shape. That
was not observed, neither in recent years Komossa
et al. (2023¢,b), nor during previous outburst epochs
(Gopal-Krishna 2024). These multiple independent
arguments and direct measurements have ruled out
the PB model.” OJ 287 may still be a binary SMBH,
but then in an entirely different parameter regime.

SThat outburst (possibly already starting in December
2015) was the last big observed outburst (a factor of ~10 in
flux) since 2007; the ‘Spitzer flare’ of 2019 (Laine et al. 2020)
was of low amplitude (30% in flux), similar to other low-level
flaring detected every year and, therefore, due to similar pro-
cesses related to the variable blazar jet emission of OJ 287.

"These results from recent years also rule out speculations
from 2024 about a dark matter spike near OJ 287 (Chan and
Lee 2024), because these speculations were still based on the
old PB model. Any claim of a dark matter halo of OJ 287
has to be re-evaluated based on up-to-date binary parameters
including the measured primary SMBH mass.

17



S. KOMOSSA and D. GRUPE

Ezoé‘ T
@Wwww%www: im
h jm. WWJ#-“J»-».
f%ﬁ%%%mmwm
L T UN
: AT LYY

57500 58000 58500 59000 59500 60000

60500
MJD

Fig. 10: Swift MOMO and Fermi light curve of OJ 287 between late 2015 and 2024 [from top to bottom: gamma-ray
flux measured by Fermi (the highest data point from 2015 is off the plot, and only detections are shown, no upper
limits), absorption-corrected Swift (0.3-10 keV) X-ray flux, X-ray photon spectral index, Swift UVOT UV W2 flux
at 1928A, and Swift V flux at 5468A. Fluxes are reported in units of 10~ erg/cm? /s and were corrected for Galactic
extinction. The epochs of two optical (thermal Bremsstrahlung) outbursts predicted by one of the binary SMBH

models (a precursor flare in 2021 and a main outburst in 2022) are marked with grey vertical lines (green in the online

version).

The predicted optical outbursts did not show up; rather the emission was at low levels at these epochs,

ruling out the model which made these predictions. Instead, the last optical double-peaked outburst was observed in

2016-2017 (marked in grey, or red in the online version).

The long-term light curve of OJ 287 at selected
MOMO frequencies since the start of the project is
shown in Fig. 10. Previously unpublished Swift X-
ray, optical, and UV measurements of 2024 from the
MOMO project are included, as well as gamma-ray
measurements from the Fermi satellite (Abdollahi
et al. 2023). The absence of any outburst activity
at the epochs predicted by the PB model in 2021
and 2022 (green vertical lines) is immediately evi-
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dent. OJ 287 continues to be at low emission levels
at all frequencies throughout 2024. The last bright
double-peaked optical outburst (marked in red) was
detected in 2016-2017.

The next double-peak is expected in the time
frame 2026-2028 (Komossa et al. 2023b), and dense
monitoring in the course of the MOMO project is
planned.
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In summary, successful future binary SMBH mod-
els of OJ 287 should reproduce a regular double peak
every ~ 11 yr allowing for +1 yr variations, should be
based on a moderate primary SMBH mass of ~108
Mg, and should reproduce synchrotron outbursts.
One promising future approach will be the applica-
tion of recent binary merger simulations which pre-
dict SMBH binaries with mini-disks fed by a larger
circum-binary disk (D’Orazio et al. 2013). Tanaka
(2013) loosely suggested that such a scenario could
hold for OJ 287, but detailed modeling of OJ 287
within that framework has not yet been carried out.

The low measured SMBH mass implies that any
GWs from OJ 287 are no longer in the sensitiv-
ity regime of near-future PTAs (at higher primary
SMBH mass, OJ 287 might have been detectable with
SKA-IT; Yardley et al. 2010). Rather, OJ 287 would
be a precursor of systems detectable upon their final
coalescence with LISA-type space-based GW inter-
ferometers (Colpi et al. 2019).

7. OPEN QUESTIONS AND FUTURE
PROSPECTS

The phenomenon of CL AGN is not new, but the
identification of large numbers of these events and in
luminous quasars as well has motivated many impor-
tant new theoretical studies of rapid accretion-disk
structural and flux changes. On the modeling side,
more predictions are still needed for the actual vari-
ability timescales, and the resulting spectral shape of
the emission and its evolution in order to facilitate a
rigorous comparison with observations. Often, this is
still challenging due to the large number of free pa-
rameters and/or the non-analytic approach in form
of simulations.

Another important question, little explored so far,
should address if and how jets are formed during the
CL events in AGN (Yang et al. 2021), and/or how the
existing jets are affected. Much denser radio moni-
toring observations of the nearby Seyfert galaxies are
required to search for variability and morphological
changes in compact jets in order to assess if such fea-
tures are persistently compact or have been newly
launched in the course of the CL event, for instance.

A more homogeneous search and classification
scheme of CLL AGN would be useful, especially in-
volving a well-defined minimum factor of variabil-
ity to call an event a CL AGN. Hundredths of CL
AGN have been identified by now, and the tran-
sition between lower-amplitude variability as fre-
quently traced by classical reverberation mapping
(often a factor of 2 or less) and the larger-amplitude
outbursts is rather smooth, so the classification of CL
AGN is not yet unique in the literature; a factor-of-2
BLR variability is considered ‘normal AGN variabil-
ity’ by some, but a CL AGN by others.

Upcoming time domain surveys in the optical and
X-ray bands will not only detect large numbers of

new extremely variable AGN and CL AGN, but will
also facilitate a search for the characteristic periodic
signals of binary SMBHs based on high-cadence light
curves coverage. In the optical bands, the Vera C.
Rubin Observatory Legacy Survey of Space and Time
(LSST; Ivezi¢ et al. 2019) is scheduled to start oper-
ation in the year 2025. While photometric surveys
will detect outstanding numbers of new transients,
spectroscopic follow-ups will be crucial to identify CL
AGN. This includes a rapid response in cases of the
low-mass SMBHs. For example, in case of a 10° Mg
SMBH, the BLR will be crossed in days and a re-
sponse time of hours to days and high cadence every
few hours is required to follow the line response across
the whole BLR.

A major challenge will be to distinguish true CLs
from impostors (Section 4) in the absence of dense
spectroscopic follow-ups. More look-alikes like ex-
treme SNe will be found, therefore we need more ways
to distinguish quickly, ideally already from photome-
try, or involving X-rays.

Longer-term spectroscopic monitoring at high
sensitivity is of interest to detect and map the in-
ner CLR as well. Only a few systems with highly
variable coronal lines have so far been detected (Sec-
tion 5), and reverberation mapping of the CLR has
not yet been carried out.

Finally, regarding binary SMBHs, the case of OJ
287 has particularly demonstrated, how challenging
it is to identify even good candidate systems, and
much more so to pin down their binary nature. LSST
(e.g. Ivezi¢ et al. 2019, Kovacevi¢ et al. 2021, Xin and
Haiman 2021, Bianco et al. 2022, Kovacevié¢ et al.
2022) will play an important role in identifying more
candidate binary AGN with well-covered light curves
of high cadence, especially in the regime of orbital pe-
riods less than few years. While the high cadence of
LSST implies that it can find shorter periods, its high
sensitivity implies that it will cover AGN with lower-
mass binaries, of which there are many more. There-
fore, the LSST catalog will contain large numbers
of fainter short-period binaries. The most evolved,
ultra-compact, SMBH binaries with periods of only
days which then coalesce years later in the LISA time
window, can be detected in the optical band with
LSST through the periodic light-curve modulation
from the circum-binary disk feeding the two SMBH’s
mini-disks (Xin and Haiman 2024). The orbital mod-
ulation from the two mini-disks themselves is best
searched for in the X-ray regime, for instance with
the newly launched mission SVOM (Wei et al. 2016),
given the compactness of the mini-disks at very ad-
vanced stages of binary merger evolution.

Finally, with the PTA searches becoming increas-
ingly sensitive (Verbiest et al. 2024), the detection of
GWs from single binary SMBHs is on the horizon,
either through the discovery of previously unknown
binaries, or through targeted PTA searches of known
binary candidates.
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8. SUMMARY AND CONCLUSIONS

The extremes of AGN variability represent a
transformative frontier in astrophysics. So far, only
a small number of well-studied, well-monitored CL
events have been modeled in detail, but the favored
scenarios differ from source to source. Larger sam-
ples and rigorous modeling will be crucial to fully
understand accretion physics and the central engine
of AGN. The study of CL events in different subtypes
of AGN beyond BLSIs is still largely unexplored.
Understanding the CL events across the whole AGN
population, from NLS1 galaxies at low SMBH masses
and in the high-accretion regime, to LINERs at high
SMBH masses and in the low accretion regime, still
in its infancy, will provide a unique new probe of the
extremes of the accretion regimes in AGN.

The search for binary SMBHs (especially via BLR
profiles and semi-periodic continuum variability), as
important as it is for multimessenger astrophysics,
has turned out to be challenging, and no spatially un-
resolved binary SMBH has been uniquely identified
so far, even though many candidates have been found
during the last decade. GW detection of single sys-
tems with PTAs or space-based GW interferometers
will be an important step, and may be the only way
to uniquely identify binaries in the near future. The
leading model for the best-known binary candidate,
0OJ 287, has been ruled out in recent years based on
multiple independent arguments and measurements
from the MOMO project, and new binary modeling
is required which has to account for the measured
low (primary) SMBH mass of 10® Mg, and the pres-
ence or absence of outbursts in recent years, with the
last big outburst observed in 2016-2017. The low pri-
mary SMBH mass of OJ 287 also has implications for
future attempts to resolve the system spatially (e.g.
with ngEHT), for the spatial scales in the jet that
EHT will be able to resolve, and for its possible GW
detection (if a binary interpretation holds): OJ 287
will no longer be in the regime of near-future PTAs
but is rather a precursor to systems detectable with
the future space-based GW interferometer LISA. Up-
coming time domain surveys will greatly increase the
number of binary SMBH candidates at periods of
weeks to years. Ultimate confirmations of candidate
systems may have to await the detection of GW emis-
sion with PTAs and/or with the first generation of
space-based GW interferometers, and will then initi-
ate a new era of multimessenger astrophysics.
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ExctpeMuy BapujadbuIHOCTU €MUCUOHUX JIMHU-
ja ¥ KOHTUHYYMa KOJ AKTUBHUX I'AJaKTUYKUX j€3-
rapa (AI'J) opyskajy jemuncrseny moryhuoct 3a
TecTUpame (QU3UKE U IeOMeTpHje HUXOBUX IeH-
TpaJsHuX m3Bopa enepruje. OBaj mperjenHu pan
naje yBUI Y HajeKCTPEMHUjE CIydajeBe MPOMEH-
JbUBOCTUA KOHTUHYYMa Y ONTUYKAX €MUCUOHUX JIU-
vuja kox Al'J-a, kao u objammema oBux ede-
rara. Takobe ykasyjemo Ha mM3a30Be y WOAEHTU-
¢uramuju Al'J-a ca mpoMeHBMBOM aKTUBHOMmNY
(" npomenmuBor usriena”, enr. ”changing-look” —
CL) u muckyryjemo Gynyhe mpasue ucTpaKuBa-
Wma y 0BOj objactu. YkKa3yjeMo Ha mOTpedy 3a
nponasaskemeM Behier 6poja CL Al'Ja ca yckum
auanjama tuna Cejpepr 1, kao u CL LINER-
a, KOjU ce Haja3e Ha CYIPOTHUM KpajeBUMa pe-
JKMMa akpenuje. Y OPYyrOM Hey ce pa3MaTpa-
jy OKa3M O CeMU-IIePUOIUYHO] IPOMEHJLUBOCTH

24

eMUucHuje IMUPOKUX JUHUja U KOHTUHYyyMa, Kao U
BUXOBO MOrylie TyMademe IPUCYCTBOM ABOjHUX
cymepMacUBHUX UPHUX pyma (eHr. Supermassive
Black Holes — SMBH). Ilpencrasienu cy HajHO-
Buju pesynararu npojekra MOMO, koju naTEeH3UB-
HO IPATU HAJIO3HATUjer KAaHANAATA 38 ABOjHY CYy-
nepMacuBHy npHy pymy, objekar OJ 287. Tokom
MOCJIEIIbUX HEKOJMKO TOOUHA, PEe3yJTATH OBOT
npojekra cy ombamuaum nocrojehu momen mBOj-
HOI' CHCTeMa U jaCHO yKa3aJu Ha noTpeby 3a Ho-
BUM MOJEJIOBAIKHEM OBOT ABOJHOI CHCTEMA Y IOT-
IyHO APYTradvujeM HapaMEeTAPCKOM DEXRUMY, 3aC-
HOBAHOM HA CTBApHO M3MepPeHO] Macu (mpuMmap-
me) SMBH ox 10°M. Texyhu u 6yayhu mper-
Jenu HeOA KOjU KOPUCTE ACTPOHOMMU)Y Y BpEMeEH-
CKOM MIOMEHY, KA0 M NPBa IETEKIHja I'DaBUTAI-
OHUX Tajaca U3 HojequHAYHUX cucreMa, nrpahe
KJbYYHY YJIOTY V Pa3BOjy aCTPO(PU3UKE.
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