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1
Introduction
1.1

Black holes

The theory of General Relativity (GR) was formulated in 1915 by Albert Einstein, in
response to the growing inadequacy of Newton’s law to describe gravitation, after the
introduction of Maxwell’s theory of electrodynamics and the Lorentz transformations
between inertial reference frames, under which Newton’s law was not invariant. This
new theory of gravitation postulates that objects with mass do not exert an attractive
force, but rather they modify the space-time around them, introducing concepts until
then foreign to classical physics, such as the influence of gravitational objects on the
passage of time and the direction of travel of light.
Perhaps one of the most striking consequences of GR is the existence of regions
of space-time from where not even light can escape. The idea of an object with a
mass so high to be able to trap light dates back to the 18th century, by Pierre-Simon
Laplace and John Mitchell. Only in 1916, this idea was developed mathematically,
when Karl Schwarzschild solved the Einstein equations of GR, finding a solution that
admits the existence of singularities in space-time. These singular regions have been
later conceptually shaped into what is now known as a Black Hole (BH): an object
where the curvature of space-time is so large that not even light can escape from it.
In contrast with their extreme nature, BHs are relatively simple objects, characterised
solely by their mass, angular momentum (or spin) and electrical charge. While theoretically possible, astrophysical BHs are not expected to be charged. Their size is referred to as the event horizon and is determined solely by their mass MBH and spin a .
A rotating BH is also called a Kerr BH. For a non-spinning (or Schwarzschild) BH, the
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event horizon is quantitatively defined by the Schwarzschild radius (RS = 2GMBH /c2 ,
where G is the gravitational constant, MBH is the mass of the BH and c is the speed
of light).

1.1.1

Supermassive black holes

Black holes are divided into three classes, depending on their mass: stellar-mass
black holes (MBH . 100 M¯ ), intermediate-mass black holes (100 M¯ . MBH . 105 M¯ )
and supermassive black holes (SMBHs, MBH & 106 M¯ ). The stellar mass BHs are
born from the collapse of massive stars when not even the degeneracy pressure of
subatomic particles can oppose the gravitational force and the star collapses into a
BH. The formation mechanism of BHs with masses above 100 M¯ is still debated
(Volonteri 2010).
It is now widely agreed that massive galaxies host an SMBH in their nucleus
(Kormendy & Richstone 1995). When the circumnuclear material is close enough
to the SMBH to be captured in the potential well, the material will start to fall into
the black hole, in a spiral trajectory, slowly losing angular momentum and emitting
electromagnetic (EM) radiation, at the expense of gravitational potential energy. If
gas falls towards the BH carrying significant angular momentum and interacts with
surrounding material, it will settle in a so-called accretion disk, where the angular
momentum is transported outwards.
An SMBH in this state is therefore considered active and the nuclear region of
the galaxy affected by this enormous release of energy is called an Active Galactic
Nucleus (AGN). In contrast, an SMBH that is not undergoing significant amounts of
accretion is inactive, or dormant, and is, by its own nature, invisible to the observer.
There is, however, a way to detect a dormant SMBH in a similar fashion as an
AGN: it may happen that an unlucky star finds itself close enough to the BH to be
ripped apart by the tidal field. Part of the stellar material will ultimately accrete onto
the BH, during this aptly-named Tidal Disruption Event (TDE, Rees 1988; Phinney
1989).

1.1.2

Accretion

Material that falls into a BH will convert gravitational potential energy into kinetic
energy, a large fraction of this will be radiated away. Which fraction that is exactly
depends on the detailed conditions of the accretion flow: gas in the accretion disk
will heat up, due to viscosity, and the accretion flow depends mainly on the radiative
efficiency of the accreting material. If this heat can be radiated away, i.e., if the disk
is radiatively efficient, the flow can be described by the standard geometrically thin,
optically thick disk model, introduced first by Shakura & Sunyaev (1973). If, instead,
the heat is trapped in the disk, the flow will be advection dominated and the energy

2

1.1 Black holes

will be “trapped” in the accretion flow and transported inwards, rather than radiated
away. The state of the accretion flow influences the luminosity produced which, for a
radiatively efficient accretion disk, depends on the accretion rate (Ṁ, i.e., how much
mass is accreted per unit time), the mass of the BH and a coefficient η that represents
the conversion efficiency from rest mass to energy. The luminosity produced in this
case is L = ηṀc2 .
When accretion takes place, the photons produced will exert an outward force
that acts as a radiation pressure onto the accreting material. The limit at which the
radiation pressure balances the gravitational attraction is called the Eddington limit
and the luminosity produced is:
LEdd ≈ 1.3 × 1038

µ

¶
MBH
erg s−1 ,
M¯

(1.1)

calculated in the case of spherical accretion of fully ionised hydrogen, accreting at
a rate ṀEdd . When the accretion rate is above ṀEdd , the increase in the luminosity
is no longer a linear function of the mass accretion rate Ṁ, instead, it is thought to
only increase as the natural logarithm of Ṁ (King 2019). Most of the excess material
will be blown away from the system. The assumptions made for the calculation of
the Eddington limit, especially the one of spherical symmetry, are often too simplistic
and in many situations (such as in an accretion disk) super-Eddington accretion is
possible. However, because of the slow increase in luminosity when Ṁ > ṀEdd , assuming that the accretion rate is actually ṀEdd (and hence L ∼ LEdd ) doesn’t introduce
a large error. Therefore, this can be used to estimate SMBHs mass to order of magnitude and the Eddington luminosity is often a good observational quantity to order
accreting objects.

1.1.3

Supermassive black holes growth

The formation of SMBHs is not fully understood (see Volonteri 2010, for a review).
Among several of the proposed mechanisms, relatively massive BHs born from the
collapse of metal-free population III stars (Madau & Rees 2001), the direct collapse
of a large quantity of gas in the early universe (Begelman et al. 2006) and galaxy
mergers, that eventually result in the merging of the two (SM)BHs in their nuclei
(Treister et al. 2010; Komossa et al. 2016), may contribute to SMBHs formation and
growth. Accretion significantly contributes to SMBHs growth (Soltan 1982), but the
discovery of SMBHs with masses above 109 M¯ at high redshift (z>5, e.g., Willott
et al. 2003; Mortlock et al. 2011; Onoue et al. 2019), complicates the picture, as
this would require constant accretion at the Eddington limit over the relatively short
lifetime of the BH. Super-Eddington accretion then becomes an important process to
consider, as BH growth in a super Eddington accretion phase can be more efficient
than during sub-Eddington accretion, also with a stellar BH seed mass (i.e., the
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initial mass of the BH, Tanaka & Haiman 2009; Madau et al. 2014; Volonteri et al.
2015). The picture gets further complicated by the strong dependency of the growth
efficiency on the strength and direction of BH spin, due to the different values that
η, the efficiency of the conversion from mass to radiation, has for spinning and nonspinning BHs (King 2019). If η is high, a larger fraction of the rest mass will be
transformed into radiation and therefore the BH growth will be less efficient.
Tidal disruption events assume a significant role: the accretion of stars over the
cosmic time can contribute to the BH growth (Freitag & Benz 2002), and can even
dominate the process for BH masses below ∼ 105 M¯ (Pfister et al. 2020). They
are also an invaluable laboratory to study accretion from super- to sub-Eddington
rates on short timescales, something that with AGNs would be difficult to do (see
Saxton et al. 2020, for a review). Finally, the rate of TDEs depends on the number
of galaxies hosting an SMBH (i.e., the SMBH occupation fraction, Stone & Metzger
2016) which in turn depends on the SMBH seed mass (Greene 2012). The number
of TDEs detected in a flux-limited survey (such as that of the currently operational
eROSITA satellite) is a strong function of the BH spin distribution (Jonker et al. 2020).
The distribution of BH spin is in turn an excellent probe of the dominant BH growth
mechanism (Berti & Volonteri 2008). The TDE phenomena, including their rates, can
therefore be used to comprehend the history of BH formation and growth.

1.2

Active galactic nuclei

An active galactic nucleus comprises a relatively small area of space at the centre of a galaxy, where a multitude of physical processes, such as accretion of gas
onto an SMBH, reprocessing of radiation and launching of relativistic jets, give birth
to strong, persistent emission that covers the whole electromagnetic spectrum and
may outshine the rest of the galaxy. Historically, AGNs have been “discovered” many
times, at different wavelengths, and therefore they are divided in a somewhat convoluted classification scheme, depending on their observed properties. Among the
various classes, there are Seyfert galaxies (Seyfert 1943), characterised by high ionisation emission lines in the optical; Blazars (Foschini 2017, for a review), with strong
and variable non-thermal emission, due to the launch of a relativistic jet; Quasars,
or quasi-stellar radio sources (Schmidt 1963), first discovered as distant objects with
high radio luminosity. See Beckmann & Shrader (2012), for a more comprehensive
review. It is now realised that these objects are all expressions of the same physical
system - an accreting SMBH - and that their differences are mainly due to the energy output of the central engine (i.e., the accreting SMBH, whose output depends
on Ṁ and the BH spin), the viewing angle to the system (Antonucci 1993) and the
presence of a relativistic jet (Urry & Padovani 1995). The various classes of AGNs
and their unification are shown in Fig. 1.1, where also a schematic overview of the
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AGN system is presented.

Figure 1.1: A schematic representation of an AGN is represented here, with the different
classes annotated, depending on the viewing angle, the accretion power (left-right) and the
presence/absence of a radio jet (top-bottom). Note that radio-loud (jetted) AGNs are thought
to emit jets from both poles, even though only one is pictured. The acronyms used for the AGN
classes are: FR, Faranoff-Riley; NLRG and BLRG, narrow– and broad line radio galaxies; BLLac, BL Lacertae; FSRQ, flat spectrum radio quasar; QSO, quasi-stellar object (quasar). The
Figure is taken from Beckmann & Shrader (2012), where a more in-depth description of the
specific classes of AGNs can be found.

Each element of the AGN contributes to the total spectral energy distribution
(SED) but dominates at different wavelengths. The elements that compose an AGN,
with their peak electromagnetic emission, are listed here, from the centre outwards
(see Fig. 1.1):
• the central SMBH, surrounded by accretion disk, where matter spirals inwards
into the BH, emitting EM radiation at increasing frequencies the closer it is to
the event horizon. The accretion disk emission peaks in the UV/optical and
represents the bulk of the continuum emission. This element is also referred to
as the central engine;
• close above (and below) the central engine, a corona of hot electrons (not
depicted in Fig. 1.1) upscatters the optical photons, through inverse Compton
scattering, and shines in the X-rays;
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• the broad line region (BLR): clouds of dense gas (number density n > 108 cm−3 )
that rotate around the BH with high velocity (v ∼ 103 –104 km s−1 ), at a distance of 0.01–0.1 pc from the SMBH. Permitted emission lines are formed here,
Doppler broadened by the orbital velocity;
• the pc-scale dusty torus, that obscures the view to the inner regions of the
AGN for equatorial lines of sight. Here, light from the AGN is reprocessed and
re-emitted in the infrared;
• the narrow line region (NLR): clouds of gas farther away from the SMBH (10–1
kpc) and with lower rotational velocity (v . 103 km s−1 ). The density of these
clouds is low enough (n ∼ 103 –106 cm−3 ) to permit forbidden transitions that
would be otherwise collisionally suppressed. Due to the lower orbital velocity,
the lines emitted here are narrow;
• a relativistic, collimated jet, launched from the poles1 , that can reach outside
the host galaxy, even out to Mpc distances. The jet is bright in the radio part
of the spectrum, due to synchrotron emission, and γ-rays, due to Compton
upscattering of photons inside the jet and relativistic beaming.

Figure 1.2: Example of the optical spectrum of a type 1 (top, black) and type 2 (bottom, blue) AGN. The
main emission lines are noted. Comparing to Fig. 1.1, type 1 AGNs are seen at low inclination/more from
the poles (both the BLR and NLR are visible) and type 2 AGNs are seen at high inclination/more from the
equatorial plane (only the NLR is visible). Reproduced from data from Francis et al. (1991).
1 The jets are thought to be emitted along the spin axis of the BH, to which at least the inner part of the

accretion disk is perpendicular, while the disk as a whole may be tilted.
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Examples of an optical spectrum of a type 1 and type 2 AGN2 are plotted in Fig.
1.2. The difference observed in their optical spectra, with the detection of both broad
and narrow, or only narrow emission lines, was one of the main drivers behind the
orientation-based unification: the NLR is visible from all lines of sight, while the BLR
will be obscured when the system is viewed from close to the equatorial plane.
The vastly different distance of the two regions from the central engine means that
the BLR will react much sooner than the NLR to changes in the continuum emission.
By measuring the delay between changes in the continuum emission and changes
in the broad lines, through a so-called reverberation mapping analysis (Peterson &
Horne 2006), it is possible to infer the physical distance of the BLR from the central
BH and ultimately estimate the mass of the BH itself, by measuring the orbital velocity
of the gas clouds, assuming Keplerian motion at the derived distance (Ferrarese &
Ford 2005). This is only one of the ways in which emission variability plays a key role
in the study of AGNs, as explored in the next section.

1.2.1

Variability

Typical AGN variability is of order ∼20% in flux over timescales of months – years
(MacLeod et al. 2010), but variability over longer (de Vries et al. 2005) and shorter
(Wagner & Witzel 1995) timescales has been observed. Variability exhibited by
AGNs is believed to be stochastic in nature and the synergy between variations in
the optical continuum and in the BLR suggests that in most cases the variability is
intrinsic to the AGN and not caused by external factors (see Ulrich et al. 1997, for a
detailed review).
If the flux variability is due to changes in the accretion flow, it can be used to gain
insight into the physical processes governing the accretion disk. When modelling the
disk, the main uncertainty is the mechanism with which the angular momentum is
transported outwards. Shakura & Sunyaev (1973) introduced the numerical parameter α, with which the viscosity of the system is parametrised, without specifying the
underlying physical process.
Among various mechanism proposed for the viscosity, the magnetorotational instability (Balbus & Hawley 1991) is now widely recognised as the probable mediator
for the transport of angular momentum. Briefly, magnetic forces act like a spring and
gas closer to the central BH travels at a higher velocity than gas farther away. If
two parts of the gas are connected by a magnetic field, the inner part will be slowed
down, losing angular momentum, thus reaching closer to the BH, while the outer part
will accelerate, acquire angular momentum, and move farther away, transporting the
angular momentum outward.
Several timescales govern the accretion disk: for example, the dynamical (or2 Type 1 and 2 are umbrella terms that indicate all the subclasses of AGNs that are viewed at high (type

1) or low (type 2) inclination.
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bital) timescale, the thermal timescale (i.e., the timescale at which cooling and heating take place) and the viscous timescale (i.e., the timescale of mass flow, see Czerny (2006)). The viscous timescale depends on the radius, among other quantities
(Frank et al. 2002). Many of these timescales depend on the value of α and therefore
on the physics that govern the mass flow. Variability studies of AGNs therefore can
provide insight into the physical processes in the accretion disk, as different mechanisms will give rise to variability on different timescales.

1.2.2

Extreme variability

Thanks to the growing capabilities of telescopes and computational facilities, there
has been an increasing number of surveys that cover large areas of sky and run for
long period of times. This has allowed for multiple observations of single AGNs and
has led to the discovery of an increasing number of hypervariable AGNs, i.e., AGNs
that show high amplitude variability (>1 magnitude) over a timescale of a few years
(e.g., Graham et al. 2017; Lawrence et al. 2016; Rumbaugh et al. 2018; Chapter 4,
5). Some of these extremely variable AGNs show also strong spectroscopic variability, transitioning between AGN types over the course of the outburst (e.g., Matt
et al. 2003; LaMassa et al. 2015; Yang et al. 2018), earning the name of Changing
Look AGNs (CLAGNs). CLAGNs pose a serious problem for the orientation based
unification, as the time over which the whole AGN could tilt (and thus, change type)
is of cosmological scale. More generally, several mechanisms have been proposed
to explain the high amplitude variability observed: variable obscuration, microlensing
events, variations in the accretion flow3 , supernova explosions and finally tidal disruption events. It is plausible that all of these phenomena may play a role, but a full
understanding of the physical processes behind this extreme variable behaviour is
still lacking.

3 Often without stating the nature of the accretion disk variability.
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Figure 1.3: Still from a simulation of a TDE. Part of the debris are bound to the BH (top left)
and the stream self intersect, dissipating energy to ultimately settle in an accretion disk. The
unbound debris are instead launched away on parabolic and hyperbolic orbits, in a fan-like
shape. Credits: J. Guillochon4 .

A TDE happens when a star, passing nearby an SMBH, has the pericenter of its
orbit lying inside a radius called the tidal radius RT 5 , which is the distance at which
the tidal force of the BH overcomes the self-gravity of the star and is defined by:
µ
RT = R?

MB H
M?

¶1/3
,

(1.2)

where M? and R ? are the mass and radius of the star6 . When this happens, the star
gets destroyed and roughly half of the stellar material will be bound to the BH and
accrete onto it, while the other half will be fanned out in unbound orbits (Rees 1988;
Phinney 1989). For a Sun-like star, the tidal radius is inside the event horizon for BHs
of mass above 108 M¯ , but a TDE can happen around BHs above this mass if the star
is a more massive main sequence star, or if the BH is spinning rapidly (Kesden 2012).
The canonical picture for a TDE is that, after the star is disrupted, the bound material
4 www.youtube.com/watch?v=DMOMG2sEav8
5 The tidal radius is not a fixed property of the BH by itself, but it depends on the two-body system of

BH and orbiting star (see eq. 1.2).
6 Note that this equation is derived in the Newtonian limit and is therefore accurate to a factor of a few,
see Kesden (2012).
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will self intersect, dissipating energy and then settle into an accretion disk around the
BH. The development of a precise model for the behaviour of the disrupted material
is still ongoing (Cannizzo et al. 1990; Lodato et al. 2015). This is complicated by
the lack of knowledge of the relative importance of the physical processes at play in
the various phases of the disruption, and by the difficulty of resolving the wide range
of scales needed in numerical simulations. Given the relative proximity of TDEs to
the event horizon, it is necessary to include GR effects (see Stone et al. 2019, for a
review).
TDEs have been discovered first in X-rays (e.g., Bade et al. 1996; Greiner et al.
2000; Saxton et al. 2012), but, with the increasing numbers of ground-based optical
surveys, the optical band has become a main discovery channel for TDEs (e.g.,
Gezari et al. 2012; Holoien et al. 2014; Onori et al. 2019; van Velzen et al. 2020a).
TDEs have been observed to be luminous also in the IR (Mattila et al. 2018; Kool
et al. 2020), UV (Brown et al. 2018) and radio (see Alexander et al. 2020, for a
review). A handful of TDEs emitted a relativistic jet (see De Colle & Lu 2020, for a
review), accompanied by hard X-ray and γ-ray emission.
Compared with AGNs, variations in TDEs typically take place on a short timescale:
with a fast rise to peak and a decay that lasts some months, up to a year, but there
have been cases of very long-lasting events (Lin et al. 2017; Mattila et al. 2018;
Jonker et al. 2020).
Describing the multiwavelength emission of TDEs is beyond the scope of this
work, which focuses on the optical properties of these objects. In the next section, a
more detailed review of the optical properties of TDEs is presented.

1.3.1

Optical TDEs

Optical emission from TDEs is somewhat puzzling, as the emission from these systems was thought to peak in the X-rays, emitted from the accretion disk. Two main
competing models have been proposed to explain the optical/UV emission of TDEs:
either the emission is produced via shocks in the self-intersecting debris stream (Piran et al. 2015), or through reprocessing of the X-ray radiation emitted in the disk
by surrounding material (Roth et al. 2016). So far, developing a unique theoretical framework to explain the optical properties of TDEs has proven a difficult task,
complicated by the large degree of heterogeneity observed.
Optical spectroscopy
Optical spectra of TDEs, of which an example is shown in Fig. 1.4 (from van Velzen
et al. 2020b, a recent review on optical TDEs), are characterised by a blue continuum
and broad (full width half maximum - FWHM - of order 104 km s−1 ) emission lines
mainly of hydrogen and helium (Arcavi et al. 2014). Some objects show additional
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elements in emission, such as iron (Wevers et al. 2019a, Chapter 3), oxygen and
nitrogen (Blagorodnova et al. 2019; Onori et al. 2019). The emission lines of nitrogen
and oxygen detected in TDEs are thought to originate from the Bowen fluorescence
mechanism (Bowen 1934, 1935; Leloudas et al. 2019). This mechanism consists of
a cascade of resonant transitions, happening in a dense medium, initially triggered
by an extreme UV/X-ray ionising source and enhanced He II emission.

Figure 1.4: Examples of TDE spectra are shown in this plot. The spectra are differentiated by
colour, depending on which elements are observed in emission: blue spectra are dominated
by He II emission, red by H emission lines and purple by both elements and, in some cases,
N III emission lines, blended with Hδ and He II. The reference paper for each object is included
to the right (from van Velzen et al. 2020b).
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The presence of the He II λ4686 emission line is often considered a strong indicator of a TDE, due to its observed FWHM and equivalent width (EW), that set it
apart from what observed in other classes of transients. The broad lines are often
blueshifted (e.g., Nicholl et al. 2020) and show asymmetric profiles (Holoien et al.
2014, 2016a). They change over time, typically becoming more narrow, as the TDE
emission fades. This has been attributed to the presence of optically thick outflowing
gas, where the lines are formed. Roth & Kasen (2018) argue that the line profiles
(and their evolution) observed in TDEs are influenced by electron scattering in this
envelope and not only by its motion.
It is important to note that the optical spectra of TDEs are far from a homogeneous
group and that many single objects deviate from this canonical picture, with different
emission lines appearing at different times, disparate relative strength of the helium
and hydrogen lines and various degree of asymmetry in the line profiles.
Optical photometry

Figure 1.5: Examples of lightcurves of a sample of TDEs are plotted here. On the left-hand
side y-axis, the optical-UV luminosity is shown. It was calculated from a blackbody fit to the
SED. On the right-hand side y-axis, the mass accretion rate is shown and on the x-axis, the
time passed since the peak emission (or since discovery for the objects discovered after peak)
is given. The Figure is taken from van Velzen et al. (2020b), where the references for the single
objects are listed.

12

1.3 Tidal disruption events

In Fig. 1.5, the lightcurves from a sample of TDEs are shown. Typically, TDEs reach
peak luminosities of ∼ 1044 erg s−1 , sometimes above the Eddington limit. The decay
of the lightcurve was initially thought to follow t −5/3 , mimicking the fallback of the
material onto the BH, but many objects have been observed decaying at different
rates. It is important to note that many TDE candidates are discovered after peak,
which introduces a high degree of uncertainty when fitting a power-law model to
the lightcurve. There may be a correlation between decay rate and BH mass, with
the fastest decaying TDEs happening around the lowest mass BHs (Lodato & Rossi
2011; Blagorodnova et al. 2017; Wevers et al. 2017). When their SEDs are fit with a
black body, TDEs typically show a constant temperature of a few 104 K and a radius
that becomes smaller with time.
Interestingly, only a few optically selected TDEs have also shown X-ray emission
(e.g., Holoien et al. 2016b, Wevers et al. 2019a, Chapter 3). An explanation for
the apparent dichotomy between optical and X-ray TDEs has been put forward in
Dai et al. (2018), where an orientation-based unification model for TDEs has been
proposed. In this model, the X-rays are blocked by obscuring material for a more
equatorial line of sight (with respect to the accretion disk) and they are free to reach
the observer from polar viewing angles. Another orientation-based unification is proposed in Nicholl et al. (2019a), who explain the presence/absence of specific lines
and their eventual blueshift in terms of viewing angle to the system. Finally, Jonker
et al. (2020) propose that besides orientation effects, a time difference between the
optical and X-ray peak luminosity is expected, where the X-ray emission is delayed
with respect to the optical one.

1.3.2

Open questions

TDEs have the potential to become important tools to study accretion at different
rates and the mechanism involved in the launching of a jet. They also represent an
invaluable probe to conduct a census of SMBHs, as most SMBHs are not actively
accreting. The precise knowledge of their rates can be used to understand the spin
distribution of SMBHs, for X-ray selected TDEs in a flux-limited sample (Jonker et al.
2020). There are, however, key open questions in the TDE field that need to be
answered before TDEs can be exploited at their full potential.
The emission mechanism behind the optical emission is still under debate and
there is a discrepancy between the observed and theoretical rates (van Velzen &
Farrar 2014; Stone & Metzger 2016). Moreover, an unbiased sample of TDEs is still
unavailable, as they are selected on their typical properties such as lack of temperature evolution and broadness of the lines.
Wide-field surveys have become key actors in enlarging the sample of known
TDEs. The recently started Zwicky Transient Facility made possible one of the first
sample studies of TDEs (van Velzen et al. 2020a) and many more TDEs are expected
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to be discovered by the Vera C. Rubin observatory (Ivezić et al. 2019) and by the Xray satellite eROSITA (Khabibullin et al. 2013; Jonker et al. 2020). Simultaneous
detection of TDEs in the optical and X-rays will help put constraints on the unification models proposed. Given the heterogeneity showed by this class of transients,
new observations can still lead to the discovery of new observational properties and
to understand better the observational biases that affect the selection of these transients.

1.4

Thesis outline

The next chapters of this thesis contain the description and interpretation of observational campaigns of four different objects, two of which are strong TDE candidates,
while the other two are AGNs that showed a high level of variability and where the
interpretation is debated. The aim is to shed light on open problems regarding TDEs
and variable AGNs. A TDE can be considered an enhanced accretion event and the
established knowledge of the accretion process gained from the study of AGNs and
their variability can be useful to understand TDEs, while the fast evolution of TDEs
allows for the study of accretion from start to end. For three of these four objects, we
perform subtraction of the host galaxy light on the data. This leads to a more precise
estimate of the “pure transient” properties and underlines the importance of following
the evolution of the flare from beginning to end. The next chapters are hereby briefly
summarised:

Chapter 2
In this chapter, we present the results and interpretation of a spectroscopic and photometric follow-up campaign of the tidal disruption event iPTF16fnl. At the time, it
was the nearest, faintest and most rapidly evolving optical TDE observed, with an
exponentially decaying lightcurve and a peak luminosity of LP ∼ 4 × 1042 erg s−1 . It
was also one of the first TDEs in which nitrogen lines were detected, resolved from
the neighbouring lines thanks to higher resolution X-shooter spectra. The evolution
of the luminosity and of the line properties confirms the TDE nature of this object
and strongly suggests that the lines are produced in a reprocessing envelope, dense
enough to give rise to the Bowen transitions. The evolution of the optical depth of
this envelope strongly influences the line profiles and their evolution.

Chapter 3
The topic of this chapter is AT2019dsg, a TDE that was luminous in the X-rays,
UV, optical and radio. We discuss the multiwavelength emission in the context of the
general understanding of TDE emission. We detect X-ray emission from the disk and
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we associate the rapid decay of the X-ray lightcurve with the measured disk cooling.
The radio and optical data suggest the presence of an outflow, whose kinematics is
traced by the emission lines. After performing the subtraction of the host galaxy light
from all the optical spectra, the nitrogen lines - reported in previous works as due
to the TDE - disappear. This underlines the importance of performing subtraction of
the host galaxy light on the TDE data. High resolution spectra reveal for the first time
the presence of absorption features on top of the TDE emission lines that may be
caused by part of the debris streams intercepting the line of sight.

Chapter 4
Gaia16aax, an active galaxy that showed an intense flare on a short timescale, is discussed in this Chapter. Alongside it, we analyse other two transient events, detected
by the same survey and showing very similar properties. The objects show enhanced
emission of more than 1 magnitude above their baseline luminosity, reached in less
than a year, to then decay back over the subsequent three years. We explore several mechanisms that could give rise to such a flare, with instabilities in the accretion
disk or the disruption of a massive star being the most probable cause. Given the
extremely rapid rise to peak, unusual even for extremely variable AGNs, we discuss
the current understanding of how such instabilities could propagate in the accretion
disk and we propose a new method to explain such high amplitude variability, based
on magnetic winds that cause loss of angular momentum.

Chapter 5
In this chapter, we discuss the nature of a transient event in the ultra-luminous infrared galaxy F0 1004−2237. The origin of the observed flare (accompanied by spectral
changes) is debated, with initial work attributing it to a TDE, while subsequent work
reported additional extremely variable AGNs with similar characteristics and favoured
a new class of AGN with rapid variability in the accretion rate (though without specifying the cause for this variability). The long term spectroscopic monitoring (performed
over the whole duration of the doctoral degree) presented here sheds light on the
controversy: the He II emission line, detected in the optical spectra only after the
flare, shows a decreasing FWHM with the decay of the flare, a behaviour that is
in line with what observed in TDEs and opposite of what typically seen in AGNs,
strengthening the former interpretation over the latter.
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Abstract
We present the results from Nordic Optical Telescope and X-shooter follow-up campaigns of the tidal disruption event (TDE) iPTF16fnl, covering the first ∼100 days
after the transient discovery. We followed the source photometrically until the TDE
emission was no longer detected above the host galaxy light. The bolometric luminosity evolution of the TDE is consistent with an exponential decay with e-folding
constant t0 =17.6±0.2 days. The early time spectra of the transient are dominated
by broad He II λ4686, Hβ, Hα and N III λ4100 emission lines. The latter is known
to be produced together with the N III λ4640 in the Bowen fluorescence mechanism.
Thanks to the medium–resolution X-shooter spectra we have been able to separate
the Bowen blend contribution from the broad He II emission line. The detection of the
Bowen fluorescence lines in iPTF16fnl place this transient among the N-rich TDE
subset. In the late-time X-shooter spectra, narrow emission lines of [O III] and [N II]
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originating from the host galaxy are detected, suggesting that the host galaxy harbours a weak AGN in its core. The properties of all broad emission lines evolve with
time. The equivalent widths follow an exponential decay compatible with the bolometric luminosity evolution. The full-width a half maximum of the broad lines decline
with time and the line profiles develop a narrow core at later epochs. Overall, the optical emission of iPTF16fnl can be explained by being produced in an optically thick
region in which high densities favour the Bowen fluorescence mechanism and where
multiple electron scatterings are responsible for the line broadening.

2.1

Introduction

A tidal disruption event (TDE) takes place when a star passes close enough to a
supermassive black hole (SMBH) to be disrupted by the black hole’s tidal forces (Hills
1975; Rees 1988; Phinney 1989; Evans & Kochanek 1989). After the disruption,
approximately half of the stellar debris remains bound to the BH in highly elliptical
orbits, while the other half is expelled in unbound orbits (Strubbe & Quataert 2009;
Lodato & Rossi 2011). As debris from the disrupted star streams back to the BH,
a luminous, short-lived, flare is produced. The transient emission usually peaks in
the UV or soft X -rays and the evolution of the bolometric luminosity with time is
expected to follow the bound debris fallback rate, with a powerlaw decline ∝ t−5/3
on the timescale of months to years (e.g., Evans & Kochanek 1989; Cannizzo et al.
1990; Rees 1990; Lodato et al. 2009).
In the last decades, a significant number of TDEs has been discovered mostly
in X -ray and Ultraviolet (UV ) bands (see the reviews of Gezari et al. 2012 and Komossa 2015). Luminous, high-amplitude X -ray flares from quiescent galaxies, consistent with the predictions of the tidal disruption scenario, have first been discovered
during the ROSAT X -ray all-sky survey (Bade et al. 1996; Komossa & Bade 1999;
Komossa & Greiner 1999; Greiner et al. 2000). More recently, similar X -ray events
have been detected with Chandra and XMM-Newton based on dedicated searches
or serendipitous discoveries (Esquej et al. 2007, 2008; Saxton et al. 2012; Auchettl
et al. 2017). Interestingly, Mattila et al. (2018) reported the infrared discovery of a
TDE in the merging galaxy pair Arp299, in which the optical emission is strongly obscured by dust. In this case, an expanding relativistic jet produced by the accretion
of stellar debris on the SMBH has been clearly detected and resolved by radio VLBI
observations.
Thanks to the development of wide-field optical transient surveys, such as the
All-Sky Automated Survey for Supernovae (ASAS-SN, Shappee et al. 2014), the
Palomar Transient Factory (PTF, Law et al. 2009), the Panoramic Survey Telescope
and Rapid Response System (PanSTARRS, Kaiser et al. 2002), the Sloan Digital Sky
Survey (SDSS,stripe 82 York et al. 2000), OGLE-IV Transient Search (Wyrzykowski
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et al. 2014) and the Gaia Science Alerts (Hodgkin et al. 2013, but see KostrzewaRutkowska et al. 2018 for an independent and systematic search for nuclear transients with Gaia), an increasing number of TDE has been discovered as luminous
blue flares in the nuclei of otherwise quiescent galaxies. Such optically selected
TDEs are preferentially found in post-starburst galaxies with no (or weak) current
star formation (E+A galaxies, Arcavi et al. 2014; French et al. 2016).
Detailed photometric and spectroscopic follow up studies have been performed
for several of these (van Velzen et al. 2011; Gezari et al. 2012; Holoien et al. 2014;
Arcavi et al. 2014; Holoien et al. 2016b,a; Hung et al. 2017; Blagorodnova et al.
2019). In general, such transients are characterized by optical spectra with broad
(∼104 km s−1 ) He II λ4686, Hα and Hβ emission lines superimposed on a strong
blue continuum. However, optical observations of an increasing sample of TDEs
have revealed a number of candidates with observational properties that differ from
the classical picture. A continuous sequence of spectral types, from He-dominated
to H-dominated through intermediate types with both He and H broad emission lines,
covering a variety of values for the He-to-H line ratios has first been identified by Arcavi et al. (2014). Afterwards, prominent metal lines in UV spectra and broad O III and
N III emission lines in the optical, attributed to the Bowen fluorescence mechanism
by Blagorodnova et al. (2019), have been detected in some TDEs (Cenko et al. 2016;
Brown et al. 2018; Blagorodnova et al. 2019). Very recently, Leloudas et al. (2019)
have detected Bowen lines in the optical spectra of the TDE AT 2018dyb, showing
that these metal lines are quite common in TDEs and identifying a subclass of Nrich tidal disruption events among the TDE population. Interestingly, Fe II and O III
emission lines have been detected in the optical spectra of the TDEs AT 2018fyk and
ASASSN−15oi by Wevers et al. (2019a), suggesting the existence of the subclass of
Fe-rich TDEs. Thus, TDEs appear to be an in-homogeneous class of transients as
they show different properties in X -rays and in the optical spectra. Indeed, most of
the optically selected TDEs show no (or very weak) X -ray emission and the optical
properties, such as for instance the time scale of the evolution of the light curve and
the peak luminosity, vary considerably from one TDE to another.
The emission mechanism behind the observed optical light and spectroscopic
features as well as the geometry of the emitting region are still unclear. Different
scenarios have been proposed, including outflows (Strubbe & Quataert 2009; Miller
et al. 2015; Metzger & Stone 2016), emission by shocks from intersecting debris
streams (Piran et al. 2015; Shiokawa et al. 2015; Bonnerot et al. 2017), or an optically thick reprocessing envelope at large radii (Guillochon et al. 2014; Roth et al.
2016; Roth & Kasen 2018). The diversity of the TDEs observed so far, implies that
we are still in the taxonomy phase. Well sampled, multi-wavelength follow-up campaigns with a dense coverage of the spectral evolution over the whole flare phase
are needed to constrain these models.
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The nuclear transient iPTF16fnl was discovered on 2016 August 26 (Modified Julian Date [MJD] 57 626) by the intermediate Palomar Transient Factory (iPTF) survey.
The host galaxy is Mrk 0950, an E+A galaxy at z =0.016328 and with a luminosity distance D L =66.6 Mpc (calculated using H0 =69.6 km s−1 Mpc−1 , ΩM =0.29, ΩΛ =0.71, in
the reference frame of the 3K cosmic microwave background). The transient was
classified as a TDE through spectroscopic and photometric observation by Gezari
et al. (2016). In the discovery paper, Blagorodnova et al. (2017) presented photometric and optical spectroscopic data and their analysis cover the first ∼60 days
after the discovery of the transient, while the UV spectroscopic evolution over ∼100
days was presented by Brown et al. (2018). The light curve peak was observed on
2016 August 31 (MJD 57 632.1) at an absolute magnitude of Mg =−17.2 mag, with a
luminosity evolution consistent with an exponential decay. The peak bolometric luminosity, inferred from UV and optical photometry by Blagorodnova et al. (2017), is
L p ∼ 1043 erg s−1 , an order of magnitude fainter than typically observed in other TDEs
(van Velzen et al. 2011; Gezari et al. 2012; Arcavi et al. 2014; Chornock et al. 2014;
Holoien et al. 2014, 2016b; Hung et al. 2017). Only a marginal soft X -ray detection
39
of the event at L X =2.4+1.9
erg s−1 was reported by Blagorodnova et al. (2017).
−1.1 ×10
The spectra of iPTF16fnl resemble those of other He and H dominated TDEs
although the time evolution is faster, which could be explained by for instance a relatively low mass of the black hole responsible for the disruption (Blagorodnova et al.
2017). Indeed, this was measured to be MBH ∼3×105 M¯ , using late-time optical
spectra of the host bulge–velocity dispersion and the MBH -σ? relation (Wevers et al.
2017).
In this work, we present results from our optical photometric and spectroscopic
follow-up of iPTF16fnl, which started soon after the transient discovery as part of the
NOT Unbiased Transient Survey (NUTS1 ). The monitoring campaign covers ∼100
days of the TDE emission and includes medium–resolution spectra, obtained with
X-shooter under program 297.B-5062. Thanks to this unique dataset, we have been
able to obtain good quality photometric measurements and to perform an accurate
spectroscopic analysis, in particular on the broad features observed in the highresolution X-shooter optical spectra. We adopt the date of peak as determined in
the optical light curve in the g 0 band by Blagorodnova et al. (2017), MJD 57 632.1,
as the reference epoch in all of the following. We take the foreground (Milky Way)
extinction towards Mrk 950 to be AV =0.226 mag (Schlafly & Finkbeiner 2011, via the
NASA/IPAC Extragalactic Database (NED)).

1 http://csp2.lco.cl/not/
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2.2

Observations and data reduction

We have monitored the optical emission of iPTF16fnl with both photometric as well
as spectroscopic observations, starting from 2016 August 31 and running until 2017
December 16. We used the Andalucia Faint Object Spectrograph and Camera (ALFOSC), mounted on the Nordic Optical Telescope (NOT) on La Palma, Spain and the
Asiago Faint Object Spectrograph and Camera (AFOSC), mounted on the Copernico
1.82m telescope in Asiago, Italy. In order to have higher resolution and wide spectral
coverage, we have obtained seven spectra over the period from 2016 September
13 to 2016 November 25, using the X-shooter spectrograph (Vernet et al. 2011),
mounted at the Cassegrain focus of the UT2 at the Very Large Telescope (VLT). We
monitored the photometric evolution with the Watcher telescope (French et al. 2004)
using Johnson V and Sloan g 0 , r 0 and i 0 filters. Since the Watcher observations
were always very close in time to the NOT observations and the latter are of higher
quality, we decided against using the former. iPTF16fnl was also followed by the
Neil Gehrels Swift observatory over a period spanning 300 days, starting from the
transient discovery. All the spectroscopic observations have been done with the slit
oriented at the parallactic angle (Filippenko 1982). In the sections below we describe
the spectroscopic and photometric observational set-up and the data reduction for
each dataset. Throughout this manuscript, we report times with respect to 2016
August 31 (MJD 57 632.1), unless otherwise mentioned.

2.2.1

NOT/ALFOSC and Copernico/AFOSC observations

We obtained iPTF16fnl spectra and images using the ALFOSC instrument over a
period of 107 days after the transient discovery. Host–galaxy template images have
been obtained on 2017 January 18. A host galaxy spectrum has been taken on 2017
June 16. For our spectroscopic observations, we used the grism #4, which covers
the 3200-9600 Å wavelength range and provides a resolution of R=λ/∆λ=360, for a
1.000 slit under seeing conditions of 100 or larger.
In the framework of the NUTS monitoring campaign, we have obtained two spectra using Copernico/AFOSC instrument on 2016 Sept 09 and 2016 Dec 06, respectively. For the first observation, we used grism VPH6, which covers the 4500-10000
wavelength range and provide a seeing limited resolution of R=500, for a 1.000 slit.
The second spectrum has been taken using grism VPH7, which covers the 32007000 wavelength range and provide a seeing limited resolution of R=470.
The details of the NOT/ALFOSC and Copernico/AFOSC spectroscopic observations, such as the observations date, the exposure time, the slit width, the airmass,
and the seeing are shown in Table 2.1.
The spectra have been reduced using a modified version of the FOSCGUI 1.4
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pipeline2 , which is based on standard IRAF reduction tasks (Tody 1986) and includes
bias and flat field correction, cosmic ray cleaning, wavelength calibration using arcs,
extraction of the spectra from science frames and flux calibration using a standard
star. We measured an FWHM ∼ 14 Å for the sky line [O I] λ5577 Å in all ALFOSC
spectra. Given that in nearly all observations the seeing was of the same order or
larger than the slit width, this implies a resolution R≈400. In Figure 2.B.1 we show
the sequence of ALFOSC and AFOSC spectra.
Over the same time period, we also took images of the transient with ALFOSC,
using u 0 , B , V , g 0 , r 0 , i 0 , z 0 filters. The image reduction has been performed using
the FOSCGUI 1.4 pipeline in imaging mode, which is also based on standard IRAF
reduction tasks, and include cosmic rays removal, bias and flat fields correction.
It also provides the World Coordinate System calibration using SDSS stars. The
pipeline gives measurements of the seeing (full-width at half-maximum [FWHM]) and
the photometric zero point using SDSS stars in the field of view and the AAVSO
Photometric All-Sky Survey (APASS) stars for the Johnson filters.
For each observation, differential photometry against the host galaxy image has
been performed. We have used HOTPANTS V5.1.10 to subtract the host galaxy contribution from the transient images. The software uses the Alard & Lupton (1998)
algorithm to determine and apply a spatially varying convolution kernel that matches
the PSFs of the two images (the transient and the host images) prior to subtraction. In this process, all constant luminosity sources are subtracted and only the
(nuclear) transient remains in the subtracted image. Finally, aperture photometry on
the subtracted image has been applied using the IRAF task PHOT. The magnitude
uncertainties are calculated by adding in quadrature the standard deviation due to
the scatter of the zero point sources and the photometric error on the aperture photometry. No band-pass corrections were applied to the photometric measurements
as the uncertainties are dominated by systematic errors due to the template subtraction process. In Table 2.A.1 we report the measured apparent magnitudes for each
NOT/ALFOSC filter, not corrected for foreground extinction and in their common systems (AB for Sloan filters and Vega for Johnson filters). In Figure 2.1 the multi-filter
NOT/ALFOSC (filled squares in different colors) along with optical photometric data
reported in Blagorodnova et al. (2017) (open circles) are shown.

2.2.2

VLT/X-shooter spectra

We have obtained a total of 7 spectra using the VLT/X-shooter spectrograph. Xshooter spectra cover the spectral range from 3000 to 25000 Å. The observations
span the period from 2016 September 13 to 2016 November 25 and have been
2 FOSCGUI is a graphical user interface aimed at extracting spectroscopy and photometry obtained
with FOSC-like instruments. It was developed by E. Cappellaro. A package description can be found at
http://sngroup.oapd.inaf.it/foscgui.html.
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Table 2.1: Spectroscopic observations

NOT/ALFOSC observations: Grism #4; R = 400.
UT Date
phase exposure time
slit
airmass
[days]
[s]
[00 ]
[00 ]
(1)
(2)
(3)
(4)
(5)
(6)
57 631.97
2016 Aug 31 0
1800
1.0
1.35
57 634.10
2016 Sept 03 2
900
1.0
1.00
57 640.05a 2016 Sept 09 8
2700
1.7
1.03
57 644.14
2016 Sept 13 12
1800
1.0
1.01
57 652.04
2016 Sept 21 20
1800
1.0
1.05
57 664.14
2016 Oct 03 32
1800
1.0
1.16
57 672.12
2016 Oct 11 40
1800
1.0
1.28
57 692.05
2016 Oct 31 60
2400
1.0
1.21
57 720.91
2016 Nov 28 89
1800
1.0
1.01
57 728.90b 2016 Dec 06 97
2400
1.7
1.22
57 736.90
2016 Dec 14 105
2400
1.0
1.07
57 738.90
2016 Dec 16 107
2400
1.3
1.07
57 921.18
2017 June 17 289
2400
1.0
1.40
VLT/X-shooter observations: R (UVB/VIS/NIR)=6190/11150/8000
57 644.25
2016 Sept 13 12
590/590/300
0.8/0.7/0.6 1.87
57 665.13
2016 Oct 04 33
590/590/300
0.8/0.7/0.6 1.98
57 682.17
2016 Oct 21 50
590/590/300
0.8/0.7/0.6 1.94
57 690.05
2016 Oct 29 58
590/590/300
0.8/0.7/0.6 2.09
57 692.12
2016 Oct 31 60
590/590/300
0.8/0.7/0.6 1.87
57 693.07
2016 Nov 01 61
590/590/300
0.8/0.7/0.6 1.91
57 717.04
2016 Nov 25 85
714/714/240
0.8/0.7/0.6 1.86
MJD

seeing
[00 ]
(7)
1.19
1.05
1.2
0.95
1.01
0.95
0.76
0.90
0.87
1.50
0.80
3.62
1.07
0.55
0.75
0.80
0.38
0.61
0.64
0.49

Notes: (1) Modified Julian dates of observations; (2) UT date, (3) Phase with respect
to the estimated date of light curve peak MJD 57 632.1 according to Blagorodnova
et al. (2017) (4) Exposure time, (5) Slit width (6) Airmass, (7) Seeing. The reported
instrumental resolution (R=λ/∆λ) has been derived from the measured FWHM of
skylines in the spectra. The X-shooter exposure times and slit widths are reported
for UVB, VIS and NIR arms, respectively.
(a) Copernico/AFOSC observation, Grism VPH6, R = 500.
(b) Copernico/AFOSC observation, Grism VPH7, R = 470.

carried out using slit widths of 0.8", 0.7" and 0.6" for the UVB, VIS and NIR arms,
respectively. The length of the slit is always 1100 . This set-up yields a seeing limited
resolution of R = 6190, 10640, and 8040 for the UVB, VIS, and NIR arm, respectively.
All X-shooter spectra have been taken with the slit oriented along the parallactic angle. The details of the observations, including the instrumental configuration, the
exposure times, and the observing conditions are reported in Table 2.1. The data
reduction has been performed using the REFLEX X-shooter pipeline 2.8.0 (Freudling
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et al. 2013), while the correction for atmospheric absorption features has been done
using the software MOLECFIT, which fits synthetic transmission spectra to the astronomical data (Smette et al. 2015; Kausch et al. 2015). We measured an FWHM∼0.5
Å for the unsaturated sky line [O I] λ5577 in all the VLT/X-shooter VIS spectra and
an FWHM∼2 Å for sky lines around λ16000 Å in all the NIR spectra, in order to
derive the instrumental resolution in these wavelength regions. In Figure 2.B.1 the
VLT/X-shooter UVB and VIS spectra sequence is shown, while the VLT/X-shooter
NIR spectra are shown in Figure 2.B.2. No significant spectroscopic features have
been found in the NIR part of the spectrum.

2.2.3

Swift satellite UV data

The Ultraviolet and Optical Telescope (UVOT) UVW2, UVM2 and UVW1 images
have been reduced using the standard pipeline with the updated calibrations from the
HEASOFT -6.24 FTOOLS package, while we used the HEASOFT routine UVOTSOURCE
to derive the apparent magnitude of the transient. The aperture photometry has
been measured using a 500 aperture centered on the position of the transient and a
background region of 6000 radius placed in an area free of sources. In Table 2.A.2 we
provide the measured UVOT/Swift UVW2, UVM2 and UVW1 apparent magnitudes
in the AB system (zero points from Poole et al. 2008) and the corresponding flux densities. The magnitude values reported in Table 2.A.2 are not corrected for foreground
extinction. Swift/UVOT suffers from a well-known “red leak” of optical photons to the
UV bands. However, we do not expect this to significantly affect our results, based
on Brown et al. (2016), who found at most a 20% or 5% effect on photometry in the
UVW2 and UVW1 bands respectively.
Even in the late-time images (MJD 57 932.05 ∼300 days from the transient discovery), there is still emission. We ascribe this detection to host–galaxy light as there
is no TDE emission detection in our latest NOT/ALFOSC optical images, which were
taken at MJD 57 771. Moreover, spectroscopic signatures of the TDE are absent in
the NOT/ALFOSC spectrum taken at MJD 57 921.
In order to derive the TDE UVW2, UVM2 and UVW1 magnitudes, we subtracted
the host contribution as determined from the late time images (MJD 57 932.05)
from the photometric measurements. In Figure 2.1 the host subtracted UVOT/ Swift
UVW2, UVM2 and UVW1 apparent magnitudes (filled diamonds in different colors),
together with the ALFOSC data are shown.
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Figure 2.1: light curve for iPTF16fnl. Open circles indicate the optical photometry data from
Blagorodnova et al. (2017), filled squares indicate the NOT/ALFOSC and UVOT/Swift data
from this work, arrows indicate the 3σ upper limits. The apparent magnitudes are not corrected
for foreground Galactic extinction. Magnitudes in Sloan and UVOT/Swift filters are in the AB
system, while magnitudes in Johnson filters are in the Vega system. All magnitudes are hostsubtracted. Time zero on the X-axis corresponds to the light curve maximum as defined in
Blagorodnova et al. (2017). Vertical black dashes indicate the times of the spectroscopic
observations.

2.3

Photometric evolution

From the UVOT/Swift and NOT/ALFOSC host subtracted apparent magnitudes
(UV W 2, UV M 2, UV W 1, u 0 , B , V , g 0 , r 0 , i 0 , z 0 ) we compute the pseudo bolometric
luminosity for iPTF16fnl using the PYTHON routine SUPERBOL (Nicholl 2018). In order to cover the optical pre-peak phase, we also include the g 0 and r 0 measurements
from Blagorodnova et al. (2017). All the input magnitudes have been corrected for
the Galactic extinction from Schlafly & Finkbeiner (2011), which assume a reddening
law with Rv = 3.1, and K-correction has been applied.
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Figure 2.2: iPTF16fnl bolometric light curve obtained from integration of observed fluxes
(black filled squares). The blue filled circles, connected by a solid blue line show the bolometric light curve obtained using no host subtracted UV fluxes. For comparison we report the
bolometric light curves for some TDEs: ASASSN-14li (Holoien et al. (2016b), cyan dashed
line), ASASSN-14ae (Holoien et al. (2014); green dashed line), AT 2016ezh (Blanchard et al.
(2017); magenta dashed line) and ASASSN-15lh (Leloudas et al. (2016), but see also Dong
et al. (2016) and Godoy-Rivera et al. (2017) for the SLSN-I interpretations for this transient;
yellow dashed lines). Black dashed and dotted line indicate the exponential and the t−5/3
decline for iPTF16fnl, respectively. Our best fit is obtained with L∝ e t /t0 with t0 =17.6±0.2.

In Figure 2.2 the iPTF16fnl bolometric light curve, obtained by integrating flux
over observed filters is shown. For comparison, we show the pseudo bolometric
luminosity evolution for some TDEs, obtained using UV and optical bands: ASASSN14li (Holoien et al. (2016b), cyan dashed line), ASASSN-14ae (Holoien et al. (2014);
green dashed line), AT 2016ezh (Blanchard et al. (2017); magenta dashed line) and
ASASSN-15lh (Leloudas et al. (2016), but see Dong et al. (2016) and Godoy-Rivera
et al. (2017) for the SLSN-I interpretation on this transient; yellow dashed lines). The
luminosity evolution of iPTF16fnl is remarkably fast with a faint bolometric luminosity,
which at peak is L p ∼ (4±1)×1042 erg s−1 . The luminosity decline is well fitted by
the exponential model L bol ∝e−t /t0 , with an e-folding constant t 0 =17.6±0.2, while the
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usual powerlaw function cannot represent the data (see Figure 2.2 for a comparison
between the two models).
The total energy radiated (E rad ) is derived by integrating the bolometric luminosity
over time and it results E rad = (8.07±0.78)×1048 erg.
Recently, van Velzen et al. (2019) reported the detection of long-lived UV emission ascribed to the TDE accretion disk. In order to estimate the contamination to the
iPTF16fnl light curve if the late-time UV measurements are due to the TDE accretion disk and not to the host galaxy, we derived the bolometric luminosity evolution
also using the UV filters fluxes without applying the host subtraction procedure. In
Figure 2.2 the comparison between the bolometric luminosity derived with the two
methods is shown. At early times the two bolometric luminosities are consistent with
being the same. Instead, the difference between the bolometric luminosities as determined using the two methods becomes larger at late times. In the last epoch, the
value for the L bol obtained using the UV fluxes without the host subtraction is a factor
of three higher than the value obtained in the case of host subtracted UV fluxes. It
also results in a higher total energy radiated, which is E rad = (9.56±0.68)×1048 erg.
In Figure 2.3 the evolution of the black body (BB) radius, R BB and BB temperature,
TBB , obtained from two different fitting methods are shown. In particular, the black–
filled squares show the evolution of R BB and TBB obtained by fitting all wavelengths
with a single black body. The red–filled squares show the results from the black body
fit to only the optical data. As an example, we show in Figure 2.4 the fit of the BB
models to the luminosity density for two epochs of observations.
While the evolution of R BB does not change significantly between the two methods, showing a similar decline with time, when we take into account also the UV luminosity, the black body temperature TBB increases from ∼40 days after the peak and it
reaches the maximum value of (22.1±4.7)×103 K. However, we note that the optical
fit gives more reliable results for the temperature, as it excludes the line-blanketed
region in UV band (see Nicholl et al. 2017; Yan et al. 2018). In particular, the BB temperature obtained by using the optical BB fit is consistent with being at a constant
value of TBB ∼1.5×104 K at all phases. Instead, the evolution of R BB is characterized
by an initial expansion during the epochs prior to the TDE peak, when it reaches its
maximum value of R BB =(3.6±0.3)×1014 cm, followed by a declining trend. After ∼60
days it reaches a minimum value of R BB =(0.8±0.4)×1014 cm. We note that this value
is ∼three orders of magnitude larger than what is expected for a Schwarzschild radius derived for a black hole mass of MBH ∼ 3×105 M¯ , as measured by Wevers et al.
(2017), and ∼one order of magnitude larger than the expected tidal radius for the
disruption of a solar-like star. This suggests that the optical emission of iPTF16fnl
could be produced in a region at a distance larger than the tidal radius.
Interestingly, the origin of the optical emission for a sample of optically selected
TDEs has been investigated by Wevers et al. (2017). In their work, the authors found
similar results for the black body radii of the TDEs in their sample and conclude that
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Figure 2.3: Evolution of temperature (TBB ) and radius (R BB ) obtained from black body fits to
the observed spectral energy distributions (SED). Black filled squares: values obtained fitting
a single black body to the SED using the fluxes at all wavelengths. Red filled squares: values
obtained by fitting a black body to the optical SED data only.

Figure 2.4: Fit of the black body models to the iPTF16fnl luminosity density for the two epochs
of observations (phase=-5.7 days and phase=0, blue and purple, respectively). The colored
points correspond to the luminosity values for each filter, while the lines are the BB models.
In particular, the black solid line is the BB model applied to all wavelengths, while the colored
dotted and dashed lines are the BB model applied only to UV filters and the BB model applied
only to optical data, respectively.
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stream self-intersection or accretion–powered re–processing models can explain the
observed UV /optical TDE emission.
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Figure 2.5: UV and optical color evolution for iPTF16fnl (filled squares for optical colors and
filled circles for UV colors) compared with three TDEs: ASASSN-14li (Holoien et al. (2016b),
dotted lines), ASASSN-14ae (Holoien et al. (2014), dashed lines) and AT 2016ezh (Blanchard
et al. (2017); dotted-dashed lines). K-correction has been applied in all data used. The
iPTF16fnl data are corrected for Galactic extinction and host-subtracted.

In Figure 2.5 we show the iPTF16fnl UV and optical color evolution for the following filters: UVM2-UVW1, UVM2-B, UVW2-UVM2, UVW2-UVW1, B-V and g0 -r0 .
All the data used are host-subtracted and extinction correction, as well as Kcorrection, have been applied. For comparison we also show the colors evolution for
the TDEs ASASSN-14li (Holoien et al. 2016b), ASASSN-14ae (Holoien et al. 2014)
and AT 2016ezh (Blanchard et al. 2017). While g0 -r0 does not show any significant
change over the time and shows a behaviour similar to what observed in the other
TDEs reported here, some evolution is visible in all the other colors. In particular,
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while B-V, UVM2-UVW1 and UVM2-B show a decrease with time and become redder, both UVW2-UVW1 and UVM2-UVW1 colors increase with time, becoming bluer.
While the B-V evolution is similar to the behavior observed for ASASSN-14li (yellow
dotted line), the other colors trends are quite different with respect to the color evolution observed in the other TDEs reported here for comparison.

2.4

Spectral analysis

The iPTF16fnl optical spectra show typical features observed in the H+He rich TDEs.
In particular, the early spectra (in Figure 2.B.1) are dominated by a strong blue continuum with broad He II λ4686 and Hα emission lines clearly visible. The strong
host galaxy contribution is also visible through the sequence of Balmer absorption
lines around 4000 Å, which are typical spectral features of E+A galaxies. In order
to accurately identify and analyze the TDE emission lines, it is necessary to subtract
the host galaxy contribution from all the spectra. For this purpose, we have taken a
late–time spectrum with NOT/ALFOSC on 2017 June 17, 289 days after the discovery, when the TDE emission does not contribute to the optical host light significantly.
Indeed, already after 60 days from the light curve peak, the TDE emission was no
longer detected in the optical images (at this phase only upper limits are available,
see Table 2.A.1). Moreover, no spectroscopic features of the transient emission are
present in the last NOT/ALFOSC spectra shown in Figure 2.B.1.
As spectral signatures of the TDE are still present in our latest X-shooter spectrum, we have used high-resolution stellar templates to obtain a synthetic spectrum
of the host galaxy in the X-shooter UVB and VIS arms. Before the host subtraction, the reduced spectra have been corrected for the foreground extinction using the
Cardelli function (Cardelli et al. 1989) with AV =0.226 mag and R(V)=3.1.

2.4.1

Host–galaxy subtraction

In order to take the different observing conditions of each spectrum into account, we
have used the penalized pixel fitting (PPXF) method (Cappellari & Emsellem 2004;
Cappellari 2017) to convolve the host galaxy spectrum to the host+TDE spectra.
The method approximates the observed galaxy spectrum by convolving a template spectrum T (x) (or a series of n templates) by the line of sight velocity dispersion
function f (v) (LOSVD). The galaxy model is obtained following the general approximation:

G mod (x) =
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where the w n are the spectral weights, the P k and P l are are multiplicative and
additive orthogonal polynomials (of Legendre type or a truncated Fourier series),
respectively, and S j are the spectra of the sky. Both polynomials and the sky spectra are optional components in the PPXF fit. The LOSVD function (f(c x)= f (v)) is
parametrized by a series of Gauss-Hermite polynomials:
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where V is the mean velocity along the line of sight, σ is the stellar velocity dispersion,
Hm and h m are the Hermite polynomials and their coefficients, respectively. The best
fitting template is then found by χ2 minimization.
In the case of NOT/ALFOSC and Copernico/AFOSC dataset, we used as a template the NOT/ALFOSC host galaxy spectrum, taken on 2017 June 17 with the same
observational set-up as all the previous observations (see Table 2.1). The host
galaxy spectrum is shown in orange in Figure 2.B.1. There is no sign of TDE emission lines anymore, moreover, the photometry measurements on the latest image
we have, taken on 2017 January 18, indicate that the transient has already faded
beyond detection in the optical bands at this time. Indeed, from the apparent optical
magnitudes derived from aperture photometry, listed in Table 2.A.1, only upper limits
are measured in the last epoch.
In the fitting procedure, in order to model both the host galaxy and the TDE blue
continuum contributions, we used a 4th degree additive Legendre polynomial. We
excluded from the fit all the spectral regions where the broad TDE emission components were present and the regions affected by telluric absorption.
In Figure 2.6, the subtraction of the host galaxy and the TDE continuum contributions for the NOT/ALFOSC spectrum taken on 2016 Aug 31 is shown. For comparison, the best fit (host galaxy and TDE continuum, in red) is plotted over the
normalized host+TDE spectrum (in black). The spectral region excluded from the fit
(i.e. the He II and Hα) is indicated with dotted green vertical lines. The resulting hostsubtracted and continuum-subtracted spectrum (in blue) along with the identification
of the broad emission lines is also shown.
In the case of the VLT/X-shooter data-set, we first have produced a synthetic
host galaxy template by applying the PPXF method on the latest X-shooter spectra we
have (taken the 2016 November 25) using the PHOENIX v16 high-resolution synthetic
spectra (Husser et al. 2013)3 .
We choose this particular synthetic spectral library for the wide wavelength coverage (from 500 Å to 5.5 µm) and the high resolution (R∼50000 in the range 3000−
25000 Å), which are well suited for the X-shooter spectral properties. The whole
PHOENIX library contains ∼ 30000 synthetic spectra and covers the properties of
3 http://phoenix.astro.physik.uni-goettingen.de/
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Figure 2.6: Host and TDE continuum subtraction on the NOT/ALFOSC spectrum, taken on
2016 August 31. In the upper panel, the best-fit host galaxy+TDE continuum (in red) is plotted
over the TDE+host spectrum (in black). The green dotted lines and the areas in grey indicate
the spectral regions excluded during the fit. In the lower panel, the resulting host-subtracted
and continuum-subtracted spectrum (in blue) is shown.

most stellar populations: the effective temperature varies between 2300 K ≤Te f f ≤
12000 K, the metallicity range is −4.0≤[Fe/H]≤1.0 and the alpha element abundances range between −0.2≤[α/Fe]≤1.2. We selected a subsample of stellar spectra containing ∼5800 spectra with 2300 K ≤Te f f ≤ 12000 K, −4.0≤[Fe/H]≤1.0 and
[α/Fe]=0.
In order to avoid the TDE contamination in the fit of the synthetic host galaxy,
the spectral wavelength range of the TDE emission features has been excluded from
the fit. The resulting best-fitting host galaxy synthetic spectrum has been used as a
single template when applying PPXF on the remaining X-shooter spectra.
The host galaxy fit has been applied on both the VLT/X-shooter UVB and VIS
spectra in the wavelength region between 3300 Å −9000 Å , to avoid the noisy regions at the edges of the spectra. Similarly for the NOT/ALFOSC dataset, we have
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excluded all the regions of the TDE broad emission features from the fit (i.e. the He II
and Hα). In Figure 2.7 the host galaxy subtraction for the VLT/X-shooter spectrum
taken on 2016 November 25 is shown. The best–fit host galaxy spectrum is shown
in red and it is plotted over the UVB+VIS TDE+galaxy spectrum, in black. The resulting host-subtracted spectrum (in blue) and the identification of the main emission
lines is shown in the lower panel. The vertical grey areas show the spectral regions
excluded from the fit.
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Figure 2.7: Host subtraction on the VLT/X-shooter spectrum, taken on 2016 November 25.
In the upper panel, the best-fit host galaxy (in red) is plotted over the TDE+host UVB+VIS
spectrum (in black). The green dotted lines and the areas in grey indicate the spectral regions
excluded during the fit and the noisy regions due to the overlapping of the UVB and VIS arms,
which we also excluded from the fit. In the lower panel, the resulting host-subtracted spectrum
(in blue) is shown. We indicate the position of the main emission lines.

2.5

The TDE emission lines

The sequence of the NOT/ALFOSC + Copernico/AFOSC and VLT/X-shooter hostsubtracted spectra is shown in Figures 2.8 and 2.9, respectively. In the spectra
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taken shortly after the light curve peak, very broad (FWHM∼104 km s−1 ) emission
lines from the Hβ, He II λ4686 and Hα transitions, are clearly visible. Moreover,
both in the early NOT/ALFOSC + Copernico/AFOSC and VLT/X-shooter spectra, we
detected a strong broad emission line at the position of Hδ. Furthermore, narrow
[O III] and [N II] emission lines are detected only in the medium–resolution X-shooter
spectra. While the broad components became narrower and gradually disappear
with time, the [O III] and [N II] narrow emission lines are clearly visible also in the last
VLT/X-shooter spectrum, suggesting that they are unrelated to the TDE emission,
but instead they belong to the host galaxy spectrum.
Interestingly, in the X-shooter spectra, the He II λ4686 emission line is double
peaked and the separation between the two peaks becomes more prominent at later
times. In previous work on iPTF16fnl, Brown et al. (2018) suggested the presence of
a blue–shifted C III/N III blend in the blue wing of the He II. Thanks to our medium–
resolution X-shooter spectra we have been able to separate these two components.
In particular, while the first feature is well centered on the He II rest frame wavelength, the second has a blue–shifted best–fitting wavelength, compatible with the
N III λ4640. Furthermore, similarly to what found in the case of the TDE AT 2018dyb
by Leloudas et al. (2019), the presence of an apparent Hδ emission line in our optical
spectra is hard to explain as we do not detect the Hγ emission line and both Hβ and
Hα are much fainter as well. Instead, this strong emission line can be associated
with the N III λ4100 transition (Leloudas et al. 2019), which is produced together with
the N III λ4640 in the Bowen fluorescence mechanism (Bowen 1934, 1935).
The detection of Bowen emission lines has been already suggested in the interpretation of optical spectra of some TDEs. The presence of the N III/C III blend,
usually detected in Wolf-Rayet stars and always seen in X-ray Binaries (McClintock
et al. 1975) was discussed by Gezari et al. (2015) as a possible explanation of the
blue wing observed in the He II λ4686 in the optical spectra of the TDE PS1−10jh.
More recently, Blagorodnova et al. (2019) detected the O III and N III emission lines
in the UV and optical spectra of the TDE iPTF15af and explained such transitions
with the Bowen fluorescence mechanism. Leloudas et al. (2019) clearly detected
Bowen fluorescence lines in the optical spectra of the TDE AT 2018dyb. In particular,
Leloudas et al. (2019), when analyzing the optical spectra of past events available in
the literature, found that such lines are quite commons in TDEs. Thus the authors
identify an N-rich subset among the tidal disruption events population. In recent
works, Trakhtenbrot et al. (2019) and Gromadzki et al. (2019) proposed a new class
of nuclear transients associated with re-ignition of enhanced accretion on the SMBH
for AT 2017bgt and OGLE17aaj. They also found that F01004-2237, previously classified as a TDE candidate by Tadhunter et al. 2017, belongs to this group. The optical
spectra of these objects also show Bowen fluorescence lines.
Our medium–resolution observations of iPTF16fnl strongly indicate the presence
of such features also in the optical spectra of this source and place this transient
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Figure 2.8: Sequence of NOT/ALFOSC and Copernico/AFOSC host-subtracted spectra. The
Copernico/AFOSC set of data is made by two spectra taken at phases +8 and +97, respectively. The main emission lines and their identifications are indicated (vertical dashed red
lines). Broad components in the N III λ4100, He II λ4686, Hβ, He I and Hα are clearly visible
The grey area indicate the position of telluric lines. All spectra have been normalized to 1, but
are shown with offsets for clarity.

2.5.1

Fits to the emission lines

In order to investigate the properties and evolution of the main spectral features, we
fitted the emission lines present in the host-subtracted spectra of iPTF16fnl shown in
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Figure 2.9: Sequence of VLT/X-shooter host-subtracted spectra. In the left panel the He II
region in the UVB spectra is shown, while the Hα area in the VIS spectra is shown in the right
panel. The identification of the main emission lines is indicated (vertical dashed red lines). The
N III λ4640 Bowen blend is evident in the He II broad feature, which show a double–peaked
profile at all epochs. Besides the broad He II λ4686 and Hα features, narrow O III λ5007 and
N II λ6583 emission lines are also detected.

Figures 2.8 and 2.9. We modelled the more prominent emission lines with Gaussian
functions (but see also Roth & Kasen 2018) using the PYTHON packages CURVEFIT
and LEASTSQ. In the case of broad emission lines, multi-component Gaussian fits
have been applied, when needed. The emission features have been analyzed by
selecting a ∼ 1500 Å wide fitting window which includes both the broad features of
interest and the local continuum. In the fitting procedure, both the central wavelength
and FWHM of the lines have been left free to vary in the selected wavelength range.
In the case of late-time spectra, where the width of broad emission lines became
smaller and the narrow emission lines emerge, a narrower fitting window has been
selected.
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In Figure 2.10, the multi-component line fit together with the model residuals,
performed in the He II and Hα regions of the spectra taken at epochs 0 and 61 is
shown. In the late-time epoch (lower panels of Figure 2.10), narrow components
emerge from the broad emission features. Such contribution has been accurately
isolated through the multi-component fit. Although the development of a narrow core
in the broad features at late times is clearly visible, the Gaussian functions are well
suited in modelling the emission line shapes, especially in the early times. In the
late-time medium–resolution spectra, the Gaussian multi-component fit is still a good
approximation of the line profiles and it allows us to accurately separate the narrow
line contribution from the whole emission line feature, in order to derive the main
parameters of the broad line component (Figure 2.10, lower panels).
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Figure 2.10: Multi-gaussian emission lines fit of the components found in the He II and Hα
regions in the host-subtracted spectra, taken at 0 and 61 days after the TDE light curve peak
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Residuals are shown at the bottom of each panel.
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The NOT/ALFOSC and Copernico/AFOSC spectra
In the NOT/ALFOSC and Copernico/AFOSC host subtracted spectra (Figure 2.8),
strong broad emission lines and their evolution are clearly visible. In particular, the
spectra taken soon after the light curve peak show strong and broad He II λ4686, N III
λ4100 and Hβ. The latter quickly became narrower and could no longer be detected
in the late-time spectra. The N III λ4100 is well separated from the broad He II λ4686,
thus it has been possible to model it with a single Gaussian component. Instead, the
broad feature in the He II wavelength region is more complex and, depending on the
status of its evolution, it has been necessary to use more Gaussian components to
accurately model it. For instance, in the first spectrum, we used two Gaussians in
order to take into account also the contribution of the broad Hβ emission, which
blends at that epoch with the helium emission line (see Figure 2.10, upper-right
panel). In the spectrum taken two days after the light curve peak, the He II λ4686
develops a strong blue wing which we ascribe to the N III λ4640 emission line. Thus,
we modelled this region using a total of three Gaussians, in order to take into account
for the He II, N III and Hβ contributions.
The broad Hα is clearly detected already in the first spectrum and it becomes
narrower with time. The evolution is similar to that observed in the broad He II λ4686.
The emission line is well described by a single Gaussian function.
Finally, we detected a broad emission line which we identify as He I λ5875. This
component become rapidly faint and is not detectable anymore already in the spectra
taken ∼one month after the TDE peak (see Figures 2.8 and 2.9). When detected, the
He I λ5875 emission line can be described well with a single Gaussian (see Figure
2.10, upper-left panel).
The VLT/X-shooter optical spectra
The VLT/X-shooter host-subtracted optical spectra (Figure 2.9) are dominated by
broad He II λ4686, N III λ4100, Hβ and Hα emission lines. The broad line profiles
are quite symmetric, they do not show signs of outflows and become more narrow
and faint at later times. Moreover, narrow emission lines of [O III]λλ5007, 4959 and
[N II] λλ6548,6584 are always detected, while narrow [S II] emission lines are detected in late-time spectra. Only in two late-time spectra, we identify a faint narrow
Hβ emission line. In Table 2.B.1, the main results of the narrow emission lines analysis are shown. While the more intense lines, [O III]λ5007, [N II]λ6584 and Hα, are
always well detected, in some spectra it was not possible to fit the other narrow lines
([O III]λ4959 and [N II] λ6548) as they are too faint or in blend with broad components.
The equivalent width and the FWHM of these narrow emission lines are consistent with being constant with time, regardless of the different seeing conditions.
We thus ascribe this emission as coming from the host galaxy, and use this to in-
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vestigate the properties of the host. The line ratios log([N II]/Hα)=(−0.50±0.15),
log([O III]/Hβ)=(0.67±0.36) and log([S II]/Hα)=(−0.80±0.10), derived from the latest
X-shooter spectrum, suggest that the galaxy hosts a weak AGN in the core. In Figure
2.11 we show the location of iPTF16fnl line ratios in a Baldwin, Phillips & Terlevich
(BPT) diagram (Baldwin et al. 1981), together with the line ratios values for some
TDE hosts found in galaxies with weak nuclear activity (OGLE16aaa, Wyrzykowski
et al. 2017; PS16dtm, Blanchard et al. 2017, SDSS J0159+0033, Merloni et al. 2015
and SDSS J0748, ASASSN-14ae, ASASSN-15li, PTF09djl, PTF09ge from French
et al. 2017. Even if located at the boundary with the star–forming region, iPTF16fnl
is among the TDEs with higher AGN activity signatures.
The high-resolution He II region is particularly interesting. Along with faint broad
components of N III λ4100 and Hγ, which are detected only in the first X-shooter
spectrum, we clearly detect a double component in the broad He II feature. The line
is double-peaked and the presence of these two components become more evident
with time. We ascribe the component blue-shifted with respect to the rest frame
wavelength of He II to the N III λ4640 Bowen blend. Thus, we used two Gaussians in
order to describe the broad feature; these Gaussians represent both the contribution
of the He II and the N III emission lines (see Figure 2.10, lower-left panel).
Along with the more prominent [O III]λ5007 and λ4959, we identify a narrow He II
λ4686 emission line to be present alongside the broad features. Interestingly, this
narrow feature appears only in late-time spectra, when the broad emission is less
intense. This kind of line profile evolution, in which a narrow core is developed at
later times along with the narrowing of the broad component, has been predicted to
happen in the case of electron scattering broadening of the emission lines by Roth
& Kasen (2018). This suggests that the broad emission components observed in
iPTF16fnl are emitted in an optically thick region in which the electron scattering
plays an important role in the broadening of the lines. As time pass by, the optical
depth of this region decrease and the broad emission components develop a narrow
core which becomes more prominent at later times.

2.5.2

Evolution of the emission lines

We studied the evolution with time of the main properties of the broad emission lines,
inferred from the fits to the NOT/ALFOSC, Copernico/AFOSC and VLT/X-shooter
host-subtracted spectra. In Figures 2.12 we show the behaviour of the FWHM and
the absolute values of the EW for He II, Hα, N III lines (upper and central panels, respectively), along with the time evolution of the line ratios He II/Hα, Hα/Hβ,
He II/N III and N III/N IIIλ4100 (lower panels). All the reported FWHMs have been
corrected for the instrumental broadening. In general, we observe a reduction in
the FWHM of all lines. The He II and Hα show similar behaviour, starting from an
FWHM∼14×103 km s−1 and reaching a value of FWHM∼2×103 km s−1 for the Hα and
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Figure 2.11: Using the equivalent widths of the detected narrow emission lines we created
BPT diagrams for the host galaxy of iPTF16fnl (black filled point). The lines separating the
different activity regions are the following: red dashed line from (Kewley et al. 2001), blue
dotted line from (Kauffmann et al. 2003) in the left panel and blue dotted line from (Kewley
et al. 2006) in the right panel. For comparison we show the results for some TDEs for which
line ratios are available in literature: OGLE16aaa (magenta filled diamond, Wyrzykowski et al.
2017), PS16dtm (green filled square, Blanchard et al. 2017), SDSS J0159+0033 (cyan filled
star, Merloni et al. 2015), SDSS J0748 (filled blue left-triangle, French et al. 2017), ASASSN14ae (filled yellow cross, French et al. 2017), ASASSN-15li (orange plus, French et al. 2017),
PTF09djl (pink plus, French et al. 2017) and PTF09ge (filled violet up-triangle, French et al.
2017).

FWHM∼4×103 kms−1 for He II 60 days after the light curve peak. In addition, both
lines show a narrow component in the last medium–resolution X-shooter spectrum,
with FWHM∼500 km s−1 and FWHM∼300 km s−1 for Hα and He II, respectively.
As already discussed in section 2.5.1, we ascribe the narrow Hα to the host
galaxy contribution. Instead, no narrow He II component is detected along with the
broad feature in the early-times optical spectra. A narrower component starts to
emerge in the spectra ∼50 days after the TDE peak and the FWHM and EW decline
over time. Thus, we ascribe the narrow He II line observed in the last X-shooter
spectrum to the TDE reprocessing nebula emission, in which the drop in density
over time produces the narrowing of the broad TDE features toward late phases. A
similar behaviour is observed also in the FWHM of both the N III emission lines, which
declines with time, but only at later times, with the N III λ4100 evolving more rapidly
and already disappearing one month later. During the first 20 days from the TDE
peak, the FWHM of these lines shows an increase with time, which is particularly
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Figure 2.12: Upper-left: time evolution of the FWHM of He II and Hα, green filled circles
and red filled squares, respectively. Upper-right: time evolution of the FWHM of N III and
N IIIλ4100, magenta filled circles and blue filled squares, respectively. Center-left: time evolution of the EW for He II and Hα green filled circles and red filled squares, respectively.
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evident in the N III λ4640 behaviour. Indeed, this component is characterized by an
FWHM=7±1 ×103 km s−1 in the spectrum taken during the TDE light curve peak
and it rises until it reaches the value of FWHM=19±3 ×103 km s−1 20 days after.
Afterwards, the width of this line follows the declining trend and it shows a broad
component with FWHM∼3×103 km s−1 in the last X-shooter spectrum.
There is a clear evolution with time also in the EWs. While the EWs of He II
and Hα decline following a very similar behaviour, the trend for N III lines is more
scattered in the early-time observations and become more clear after 20 days from
the light curve peak. Interestingly, the EW time evolution observed in both He II and
Hα follow the exponential decline we found for the bolometric luminosity of iPTF16fnl.
Also the EW of N III follows a similar behaviour, but only at late times. This suggests
that these lines are powered by the ionizing luminosity.
The ratio of the equivalent widths of the He II/Hα and N III/N IIIλ4100 lines are
consistent with being constant with time. In particular, the equivalent width ratio
He II/Hα is always above the value expected for a nebular environment (blue-dotted
lines, Hung et al. 2017). Only in the observation taken 85 days after the TDE peak,
it approaches such value. In contrast, we observe a clear trend in the Hα/Hβ and
He II/N III equivalent width ratios. The Hα/Hβ ratio passes from an initial value of
2.5±0.2 to a final value of 1.3±0.1 at day 60. Instead, the evolution of the ratio of the
equivalent width of He II to N III is more dramatic and rapid, starting from an initial
value of 10.5±2.0 to a final value of 0.7±0.1 at day 60, with an exponential decline.
In Figure 2.13 the comparison between the X-shooter He II and Hα emission line
profile as a function of time is shown. The line profile evolution is consistent with
being the same for both lines. The narrowing of the broad components, as well as
the developing of the narrow core, is clearly visible. The FWHM evolution of Hα
and He II is faster than what observed for the FWHM of N III line. Indeed, already
after 33 days from the light curve peak, the N III component is well detected. As the
He II broad component becomes more narrow, following a trend similar to the broad
Hα, the N III component becomes more prominent. Finally, in the last epoch, while
a broad N III component (FWHM =3046±166 km s−1 ) is still detected, only narrow
emission lines for He II and Hα are visible.
Also the shape of the He II and Hα line profiles appears to be very similar. They
both become narrower with time and in the last epoch spectrum only narrow components (FWHM =340±43 km s−1 and FWHM = 487±9 km s−1 for He II and Hα,
respectively) are detected. Moreover, starting from the spectra taken 33 days after
the light curve peak, when the more prominent broad components become fainter, a
broad absorption on the red wing of both He II and Hα line profiles is visible.
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Figure 2.13: Comparison between the He II λ4686 (in black) and H α (in cyan) emission lines observed in the X-shooter spectra. Orange
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2.6

Discussion and Conclusions

Our follow-up campaign of the tidal disruption event iPTF16fnl covers ∼100 days of
the source emission and includes high–quality optical photometry as well as regular
spectroscopic observations. The latter includes medium–resolution X-shooter spectroscopy. We have included data from UVOT/Swift, which monitored the source for ∼
300 days in our analysis.
Our bolometric light curve confirms that iPTF16fnl is a fast and faint TDE, as
found by Blagorodnova et al. (2017). Indeed, we have found a peak value of the
bolometric luminosity of L p ∼4×1042 erg s−1 , an order of magnitude fainter than what
is usually found in TDEs. Its time evolution follows an exponential decline rather than
the standard t−5/3 power law and it is characterized by an e-folding time of ∼17 days,
which is remarkably fast.
From the black body fit, we have derived the BB temperature and radius as well
as their evolution with time. While TBB is consistent with being ∼1.5×104 K at all
phases, there is a clear evolution in R BB . In particular, the BB radius expands during the epochs prior to the luminosity peak, when it reaches its maximum values of
R BB =(3.6±0.3)×1014 cm. Afterwards, it follows a declining trend until it reaches its
minimum value of R BB =(0.8±0.4)×1014 cm. We note that this value is ∼three order of
magnitudes larger than the Schwarzschild radius expected for a black hole with mass
M BH ∼3×105 M¯ , measured for iPTF16fnl by Wevers et al. (2017). When compared
with the tidal radius expected for the disruption of a solar-like star, such value is still
∼one order of magnitude larger. In recent works, similar results have been found on
a sample of known TDEs (Hung et al. 2017; Wevers et al. 2017, 2019b), suggesting
that, in these cases, the optical emission can be explained either with stream selfintersection models or as produced in a reprocessing envelope at large radii from the
SMBH, which shrinks over time. Our results from the photometric and the spectroscopic analysis suggest that the reprocessing envelope model can be applied to the
optical emission of iPTF16fnl.
Indeed, further indications of the presence of a reprocessing envelope are obtained through the spectroscopic analysis, both from emission lines identifications
and broad components time evolution.
We clearly detect strong N III λ4100 and N III λ4640 emission lines in the hostsubtracted optical spectra. The N III λ4100 transition is particularly intense in the
early-time NOT/ALFOSC spectra and rapidly become fainter with time. The associated N III λ4640 blends with the broad He II line in the NOT/ALFOSC spectra but it
is evident in the higher resolution X-shooter spectra, as a second peak close to the
wavelength of the He II.
The detection of such transitions places iPTF16fnl among the newly discovered
N-rich TDE subset, identified by (Leloudas et al. 2019).
These N III transitions are known to be produced in the Bowen fluorescence

44

2.6 Discussion and Conclusions

mechanism together with a series of optical lines such as O III at λλ3047, 3133,
3312, 3341, 3444, 3760 and N III at λλ 4097, 4379, 4634 (Osterbrock 1974) and
are primarly triggered by the He II ionization. While we clearly detect the N III Bowen
lines in iPTF16fnl spectra, there is no sign of the O III lines.
The early-phases observations of iPTF16fnl are performed mainly with NOT/
ALFOSC instrument and the wavelength region where the Bowen O III lines are expected is out of the instrumental spectral range. Instead, the X-shooter UVB arm
include the wavelength range of interest, However, these observations started at
later phases and a fast evolution in the O III lines could explain their non–detection
in the X-shooter spectra. Indeed, a similar trend has been observed in the TDE
AT 2018dyb, where a faint O III λ3760 has been detected in the early-phases spectra and it disappeared after ∼30 days, while the N III components are still clearly
detected after ∼90 days (Leloudas et al. 2019).
The Bowen fluorescence mechanism requires the emission of a large flux of extreme UV (EUV) photons to excite the involved ions and high optical depths in order
to work efficiently (τ ∼ 103 for an electron density of Ne ∼ 106−9 cm−3 in the case of
symbiotic stars (Selvelli et al. 2007; Hyung et al. 2018) and τ ∼ 103−6 for an hydrogen
density of NH ∼ 109.5 cm−3 in the case of AGNs (Netzer et al. 1985)). Similarly in what
found for AT 2018dyb (Leloudas et al. 2019), the detection of such transitions in the
spectra of iPTF16fnl strongly suggests that the broad emission lines are emitted in
an optically thick nebula, where the high densities favour the occurrence of multiple
scatterings, needed for an efficient Bowen fluorescence mechanism.
We observe that the FWHM of the He II, Hα and N III broad components decline
with time. The trend is nearly the same for the He II and Hα lines. We also found
that a narrow emission line close to the rest–wavelength appears on top of the broad
components at later times. These narrow lines become more prominent at later
times.
The shape of the line profiles together with the narrowing with time of the broad
features are in agreement with the prediction of Roth & Kasen (2018) for the electron
scattering line broadening in the case of high optical depths emitting regions. In this
scenario, the observed decrease of the broad emission line width in iPTF16fnl can
be explained in terms of a decrease in the optical depth of the line emitting region
with time.
Interestingly, although the presence of high ionization emission lines is indicative
of the production of strong EUV or X-ray photons from the ionizing source, no X-ray
emission has been detected for iPTF16fnl. Recently, Leloudas et al. (2019) found
that in most of the optically selected TDE in which Bowens lines have been detected,
no X-ray emission has been observed. Obscuration effects due to the presence of
an optically thick envelope could be responsible for the lack of X-ray emission in
such systems. Furthermore, Dai et al. (2018) proposed a unified model for TDEs in
which an electron scattering photosphere is present along the accretion disk but it is
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truncated near the poles of the system. In this scenario, the detection of the X-ray
emission depends on the viewing angle. The lack of X-ray emission for iPTF16fnl
can be explained within this model implying a relatively high inclination angle (& 68◦
in the case of high inclination escaping spectrum, shown in Dai et al. (2018), Figure
5).
The EW evolution of He II, Hα and N III λ4640 (but only after ∼20 days from
the light curve peak) follows the same exponential decline found for the bolometric
luminosity, suggesting that these lines are powered by the ionizing luminosity.
We observe a clear evolution with time in the ratios of the equivalent width for
Hα/Hβ and He II/N III, which follows, in both cases, a declining trend. The value for
the Balmer lines ratio is close to three for observations near the TDE peak. This is
the value expected for the ratio Hα/Hβ in case B recombination for zero extinction.
However, it continuously changes over time until it reaches values close to one ∼60
days after the light curve peak.
Instead, the He II/N III ratio shows a more dramatic decline, starting from a value
close to ten at the TDE light curve peak and reaching a value close to one 60 days
after.
The evolution in the line ratio reflects a variation over time in the physical condition
in the TDE emitting region (i.e. the ionizing flux, density, optical depth). However, the
development of models for radiative transfer and of diagnostic tools involving these
transitions is needed in order to investigate the TDE emitting region properties and
its time evolution. (Netzer et al. 1985; Leloudas et al. 2019).
Finally, we used the host narrow emission lines detected in the last X-shooter
spectrum to study the properties of the iPTF16fnl host galaxy and we have found
indications that the galaxy hosts a weak AGN in the nucleus.
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Phase
(2)
0
2
12
20
32
40
47
60

48

17.99±0.07
18.52±0.07
19.30±0.40
20.11±0.06
19.90±0.30
20.70‡

···

u0
(3)
17.29±0.07
B
(4)
17.22±0.08
17.17±0.07
17.84±0.06
18.43±0.07
19.14±0.09
19.83±0.30
20.70±0.20
20.3‡

V
(5)
17.21±0.07
17.26±0.08
17.84±0.20
18.60±0.10
19.50±0.10
20.70±0.40
20.2‡
21.2‡
···

18.06±0.04
18.35±0.03
19.35±0.05
19.98±0.03
20.1‡
20.3‡

···

17.80±0.10
18.33±0.09
19.00±0.10
19.50±0.20
20.00±0.20
20.60±0.20

r0
(7)
17.37±0.05

g0
(6)
17.08±0.07
18.23±0.04
18.94±0.05
19.62±0.06
19.91±0.05
21.3‡
21.4‡

···

i0
(8)
17.66±0.04

18.40±0.03
18.94±0.08
19.60±0.20
20.40±0.20
20.7‡
20.8‡

···

z0
(9)
17.80±0.04

2.A

Notes: (1) MJD date of observations; (2) Phase (days) with respect to the estimated date of TDE peak MJD 57 632.1
according to Blagorodnova et al. (2017), (3), (6), (7), (8) and (9) host-subtracted apparent magnitudes and uncertainties
in the Sloan filters u0 , g0 , r0 , i0 and z0 , respectively, in the AB system; (4) and (5) host-subtracted apparent magnitudes and
uncertainties in the Johnson filters B and V, respectively, in Vega system. The values indicated with ‡ are the 3σ upper
limits. All the magnitudes reported are uncorrected for foreground extinction. With · · · we indicate epochs with no data
available (no observations).

MJD
(1)
57 631.97
57 634.10
57 644.14
57 652.04
57 664.12
57 672.12
57 679.11
57 692.05

Table 2.A.1: NOT/ALFOSC photometric measurements
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Photometry data

2.A Photometry data

Table 2.A.2: UVOT/ Swift photometric measurements (AB system)

MJD
(1)
57 630.82
57 635.25
57 636.59
57 638.31
57 639.45
57 640.12
57 642.57
57 643.57
57 645.82
57 648.69
57 651.40
57 655.39
57 655.45
57 657.51
57 660.37
57 663.63
57 667.55
57 671.60
57 676.13
57 679.57
57 683.09
57 687.82
57 691.86
57 712.74
57 716.72
57 720.04
57 724.71
57 728.09
57 732.40
57 740.63
57 743.26
57 744.50
57 748.55
57 932.05

phase
days
(2)
−1.28
3.15
4.49
6.21
7.35
8.02
10.47
11.47
13.72
16.59
19.30
23.29
23.35
25.41
28.27
31.53
35.45
39.50
44.03
47.47
50.99
55.72
59.76
80.64
84.62
87.94
92.61
95.99
100.30
108.53
111.16
112.40
116.45
299.95

UVW2
mag
Fλ
(3)
(4)
16.49±0.04 66.8±2.30
16.73±0.04 53.3±2.00
16.81±0.03 49.6±1.60
16.93±0.05 44.7±1.10
17.01±0.04 41.5±1.50
16.99±0.04 42.0±1.50
17.18±0.05 35.3±1.60
17.19±0.04 35.2±1.20
17.41±0.04 28.7±1.10
17.64±0.05 23.2±0.90
17.80±0.05 19.9±1.60
18.00±0.05 16.6±0.80
17.96±0.08 17.3±1.10
18.25±0.06 13.2±0.70
18.31±0.05 12.5±0.60
18.45±0.03 11.0±0.60
18.61±0.06 9.51±0.50
18.75±0.08 8.33±0.59
18.72±0.10 8.54±0.77
18.94±0.06 6.97±0.41
18.84±0.07 7.67±0.46
19.06±0.08 6.25±0.44
19.05±0.08 6.33±0.41
19.23±0.09 5.37±0.45
19.28±0.06 5.11±0.29
19.45±0.10 4.37±0.42
19.41±0.07 4.54±0.27
19.38±0.08 4.64±0.34
19.34±0.07 4.85±0.27
19.32±0.11 4.93±0.52
19.39±0.08 4.61±0.33
19.54±0.10 4.03±0.37
19.44±0.08 4.40±0.29
19.47±0.11 4.28±0.45

UVM2
mag
Fλ
(5)
(6)
16.81±0.05 41.6±1.4
16.98±0.04 35.6±0.9
17.06±0.05 33.1±1.2
17.15±0.05 30.4±1.1
17.25±0.05 27.6±1.0
17.26±0.06 27.5±1.1
17.43±0.06 23.5±1.0
17.58±0.05 20.5±0.8
17.66±0.06 18.9±0.8
17.83±0.07 16.2±0.8
18.04±0.06 13.4±0.6
18.27±0.07 10.8±0.6
18.27±0.09 10.8±0.7
18.40±0.06 9.6±0.5
18.47±0.07 9.0±0.5
18.48±0.07 9.0±0.5
18.71±0.08 7.2±0.5
···

···

18.80±0.13
18.87±0.07
18.94±0.07
19.03±0.09
19.07±0.08
19.41±0.15
19.30±0.10
19.42±0.16
19.07±0.18
19.43±0.13
19.27±0.11
19.44±0.11
19.44±0.12
19.29±0.13
19.32±0.13
19.96±0.15

6.6±0.7
6.2±0.4
5.8±0.4
5.4±0.4
5.2±0.3
3.8±0.5
4.2±0.3
3.8±0.5
5.2±0.8
3.7±0.4
4.3±0.4
3.7±0.4
3.7±0.4
4.2±0.5
4.1±0.5
2.3±0.3

UVW1
mag
Fλ
(7)
(8)
16.73±0.05 32.7±1.6
16.84±0.07 29.3±1.3
16.90±0.05 27.9±1.3
17.07±0.05 23.8±1.3
17.05±0.06 24.2±1.3
17.20±0.07 21.0±1.3
17.35±0.07 18.4±1.2
17.39±0.06 17.7±0.9
17.49±0.07 16.1±0.9
17.68±0.08 13.5±1.0
17.84±0.07 11.7±0.8
18.03±0.08 9.8±0.7
17.91±0.09 11.0±0.9
18.10±0.07 9.2±0.6
18.05±0.07 9.7±0.6
18.27±0.09 7.9±0.6
18.24±0.09 8.1±0.6
18.38±0.09 7.1±0.6
18.49±0.12 6.4±0.7
18.48±0.08 6.5±0.5
18.50±0.08 6.4±0.5
18.66±0.09 5.5±0.5
18.57±0.08 6.0±0.4
18.61±0.10 5.7±0.5
18.87±0.09 4.5±0.3
18.75±0.11 5.1±0.6
18.89±0.16 4.5±0.7
18.73±0.09 5.1±0.5
18.92±0.09 4.3±0.4
18.78±0.09 4.9±0.4
18.68±0.09 5.4±0.4
18.88±0.10 4.5±0.4
18.77±0.10 5.0±0.5
18.92±0.12 4.3±0.5

Notes: (1) MJD date of observations; (2) Phase (days) with respect to the estimated date of TDE peak MJD 57 632.1 according to Blagorodnova et al. 2017;
(3) UVW2 apparent magnitude and uncertainties; (4) UVW2 flux density and
uncertainties; (5) UVM2 apparent magnitude and uncertainties; (6) UVM2 flux
density and uncertainties; (7) UVW1 apparent magnitude and uncertainties; (8)
UVW1 flux density and uncertainties. Flux densities are in ×10−16 [erg s−1 cm−2 Å−1 ].
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Spectroscopic data

Hα

HeII
Hβ

Normalized flux Fλ + constant
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Figure 2.B.1: Sequence of the rest-frame optical spectra of iPTF16fnl taken with
NOT/ALFOSC (in black), AFOSC/Asiago (in cyan) and X-shooter (in blue). All the spectra
have been corrected for reddening. The time of the observation in days since the time of the
peak of the light curve and the main emission lines are indicated. The location of telluric absorption lines is indicated by grey bands. The NOT/ALFOSC host galaxy spectrum is shown
in orange.
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2.B Spectroscopic data
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Figure 2.B.2: Sequence of the rest-frame NIR spectra of iPTF16fnl taken with VLT/X-shooter.
All the spectra have been corrected for reddening. The time since light curve peak of the
observations is indicated. The areas affected by telluric absorption are indicated by grey
bands. No significant spectroscopic features have been detected.
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Table 2.B.1: Properties of the narrow emission lines in X-shooter spectra

UVB arm
MJD

Phase [d]
λ [Å]

(1)
57 644
57 665
57 682
57 690
57 692
57 693
57 717
MJD

(2)
12
33
50
58
60
61
85
Phase [d]

57 644
57 665
57 682
57 690
57 692
57 693
57 717

12
33
50
58
60
61
85

MJD

Phase [d]

(3)
–
–
4685.65 ± 0.25
4683.46 ± 0.45
4684.87 ± 0.39
4685.06 ± 0.28
4686.63 ± 0.28
λ [Å]
4957.81 ± 0.30
4959.76 ± 0.09
4959.68 ± 0.20
4959.51 ± 0.20
4959.62 ± 0.28
–
4959.75 ± 0.34

λ [Å]

57 644
57 665
57 682
57 690
57 692
57 693
57 717
MJD

12
33
50
58
60
61
85
Phase [d]

57 644
57 665
57 682
57 690
57 692
57 693
57 717

12
33
50
58
60
61
85

–
–
6547.81 ± 0.40
–
–
–
6547.85 ± 0.26
λ [Å]
6583.61 ± 0.07
6583.01 ± 0.14
6584.76 ± 0.15
6584.76 ± 0.12
6584.99 ± 0.07
6585.24 ± 0.09
6584.43 ± 0.10

He II
FWHM [km s−1 ]
(4)
–
–
448 ± 41
949 ± 101
836 ± 64
766 ± 54
340 ± 43
O III λ4959
FWHM [km s−1 ]
397 ± 44
142 ± 12
165 ± 27
191 ± 27
395 ± 40
–
269 ± 48
[N II] λ6548
FWHM [km s−1 ]
–
–
184 ± 49
–
–
–
595 ± 29
[N II] λ6583
FWHM [km s−1 ]
119 ± 7
131 ± 15
171 ± 17
294 ± 14
150 ± 8
214 ± 10
318 ± 11

EW [Å]
(5)
–
–
0.66 ± 0.08
0.96 ± 0.14
0.72 ± 0.07
0.69 ± 0.06
0.46 ± 0.07
EW [Å]
0.31 ± 0.04
0.27 ± 0.03
0.22 ± 0.05
0.22 ± 0.04
0.37 ± 0.05
–
0.26 ± 0.06
VIS arm

λ [Å]

(6)
–
–
–
4864.14 ± 0.29
–
–
4863.44 ± 0.61
λ [Å]
5007.13 ± 0.07
5007.16 ± 0.07
5007.43 ± 0.07
5007.52 ± 0.09
5007.72 ± 0.06
5007.88 ± 0.06
5007.95 ± 0.15

EW [Å]
–
–
0.15 ± 0.05
–
–
–
1.36 ± 0.08

λ [Å]
6554.10 ±
6560.95 ±
6563.17 ±
6563.44 ±
6563.33 ±
6563.36 ±
6563.67 ±

EW [Å]
0.36 ± 0.03
0.39 ± 0.06
0.35 ± 0.04
1.00 ± 0.06
0.30 ± 0.02
0.58 ± 0.04
0.98 ± 0.04

λ [Å]

0.32
0.13
0.11
0.10
0.05
0.07
0.09

–
–
6709.17 ± 0.21
6708.87 ± 0.14
6709.12 ± 0.11
–
6709.30 ± 0.12

Hβ
FWHM [km s−1 ]
(7)
–
–
–
222 ± 42
–
–
353 ± 89
O III λ5007
FWHM [km s−1 ]
293 ± 11
268 ± 10
183 ± 10
292 ± 12
236 ± 9
331 ± 9
369 ± 21
Hα
FWHM [km s−1 ]
1010 ± 37
294 ± 16
344 ± 14
358 ± 12
322 ± 7
328 ± 9
490 ± 9
[S II] λ6716
FWHM [km s−1 ]
–
–
159 ± 21
203 ± 14
207 ± 11
–
200 ± 13

EW [Å]
(8)
–
–
–
0.17 ± 0.04
–
–
0.20 ± 0.07
EW [Å]
0.81 ± 0.04
0.81 ± 0.04
0.70 ± 0.05
0.93 ± 0.05
0.78 ± 0.04
0.92 ± 0.03
0.93 ± 0.07

EW [Å]
1.70 ± 0.08
1.29 ± 0.09
1.48 ± 0.08
1.74 ± 0.08
1.27 ± 0.04
1.55 ± 0.05
3.07 ± 0.07
EW [Å]
–
–
0.24 ± 0.04
0.51 ± 0.05
0.34 ± 0.02
–
0.42 ± 0.04

Notes: Narrow emission lines properties inferred from the fit on the host-subtracted
X-Shooter spectra. (1) MJD date of observations; (2) Phase (days) with respect
to the estimated date of TDE peak MJD 57 632.1, according to Blagorodnova et al.
2017; (3) and (6) Central wavelength of the narrow component; (4) and (7) Full Width
at Half Maximum of the narrow component; (5) and (8) Absolute value of the Equivalent Width of the narrow component.
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Abstract
We present the results of a large multi-wavelength follow-up campaign of the Tidal
Disruption Event (TDE) AT 2019dsg, focusing on low to high-resolution optical spectroscopy, X-ray, and radio observations. The galaxy hosts a supermassive black hole
of mass (5.4 ± 3.2) × 106 M¯ and careful analysis finds no evidence for the presence
of an Active Galactic Nucleus, instead the TDE host galaxy shows narrow optical
emission lines that likely arise from star formation activity. The transient is luminous
in the X-rays, radio, UV and optical. The X-ray emission becomes undetected after
∼125 days, and the radio luminosity density starts to decay at frequencies above 5.4
GHz by ∼180 days. Optical emission line signatures of the TDE are present up to
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∼250 days after the discovery of the transient. The medium to high-resolution spec-

tra show traces of absorption lines that we propose originate in the self-gravitating
debris streams. At late times, after ∼200 days, narrow Fe lines appear in the spectra.
The TDE was previously classified as N-strong, but after careful subtraction of the
host galaxy’s stellar contribution, we find no evidence for these N lines in the TDE
spectrum, even though O Bowen lines are detected. The observed properties of the
X-ray emission are fully consistent with the detection of the inner regions of a cooling accretion disc. The optical and radio properties are consistent with this central
engine seen at a low inclination (i.e., seen from the poles).

3.1

Introduction

In the nuclear regions of a galaxy, a star whose orbital pericenter passes too close
to the central supermassive black hole (SMBH) will be torn apart by the tidal forces
(Hills 1975; Rees 1988; Evans & Kochanek 1989). During this so-called Tidal Disruption Event (TDE), roughly half of the stellar matter will spiral towards the SMBH,
confined into self-gravitating streams (Guillochon et al. 2014) that can self-intersect
and dissipate energy. This phenomenon gives rise to a luminous flare, typically peaking in the UV or soft X-rays, that can exceed the Eddington luminosity of the SMBH,
over timescales of months to a year. While TDEs were originally discovered in the
X-ray band (see Komossa 2002, for a review), recently significant numbers of TDE
candidates are being discovered through wide-field time-domain optical surveys (e.g.
Holoien et al. 2018; Leloudas et al. 2016; Blagorodnova et al. 2017; Wyrzykowski
et al. 2017; Onori et al. 2019; Blagorodnova et al. 2019; van Velzen et al. 2020a).
The optical emission of TDEs has shown a wide variety of properties, but they are
usually characterised by broad H and He emission lines (Arcavi et al. 2014), a strong
blue continuum, black body (BB) temperatures of order 104 K and luminosities of
order 1044 erg s−1 . A subset of TDEs have shown metal lines: either N and O lines
(Blagorodnova et al. 2019; Leloudas et al. 2019; Onori et al. 2019) excited through
the Bowen fluorescence mechanism (Bowen 1934, 1935) and/or low ionisation Fe
lines (Wevers et al. 2019a). The presence/absence of H, He and N lines led to
the phenomenological classification of van Velzen et al. (2020a) into three classes:
TDE-H, TDE-He and TDE-Bowen. There is no consensus on the origin of the optical
emission of TDEs, be it either reprocessing of X-ray light through an atmosphere
(Guillochon et al. 2014; Stone & Metzger 2016; Dai et al. 2018) or originating from
shocks due to the self-intersections of the debris stream (Piran et al. 2015; Shiokawa
et al. 2015; Bonnerot & Lu 2020).
While the presence of an accretion disc has been inferred also in optically selected TDEs, through the emergence of metal lines, double-peaked line profiles
(Short et al. 2020; Hung et al. 2020) and their X-ray properties (Jonker et al. 2020;
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Wevers 2020), the TDE system has yet to be fully understood. This is hindered by
the low numbers of TDE candidates (a few dozens), lack of high cadence, detailed
spectroscopic monitoring, the possible presence of reprocessing dust (Mattila et al.
2018), the presence of (non)relativistic radio outflows (see Alexander et al. 2020, for
a review) and/or the dependency on the viewing angle of the observed properties
(Dai et al. 2018; Nicholl et al. 2019a).
We present the analysis of an intensive follow-up campaign of AT 2019dsg, a nuclear transient discovered on 2019 April 09 by the Zwicky Transfient Facility (ZTF)1 ,
with the name ZTF19aapreis and subsequently classified as a TDE, at a magnitude
r=18.9. The transient was discovered within a galaxy at a redshift z=0.0512 (Nicholl
et al. 2019b), which translates into a distance of D = 224 Mpc (we do not consider
uncertainties in the luminosity distance), assuming a cosmology with H0 =67.7 km
s−1 Mpc−1 , ΩM =0.309, ΩΛ =0.691 (Planck Collaboration et al. 2014). In van Velzen
et al. (2020a) AT 2019dsg was studied as part of a larger sample of TDEs discovered
by the ZTF. AT 2019dsg is categorised as a "TDE-Bowen" due to the perceived presence of H Balmer, He II as well as Bowen (N/O) fluorescence lines (Bowen 1934,
1935). The host galaxy of AT 2019dsg is in the "Green Valley" (Schawinski et al.
2014), a transition area of the colour-mass diagram between star-forming and quiescent galaxies. Galaxies in this region can show strong Balmer lines and the poststarburst, E+A galaxies, which are known to be preferential hosts for TDEs (Arcavi
et al. 2014; French et al. 2016), are also in this region. AT 2019dsg was also listed
as a candidate counterpart for a neutrino event (Stein et al. 2019). A study of the
possible neutrino emission from AT 2019dsg and a more detailed analysis of the
Spectral Energy Distribution (SED) is presented in Stein et al. (2020), where they
propose a "multi-zone" model to explain the various emission components of the
transient: a central engine for the X-ray emission, an UV/Optical photosphere and
an outflow that powers the radio and neutrino emission. In this work, we focus on the
X-ray emission and the optical spectra, on which we perform subtraction of the stellar
component of the galaxy. Through this, we find that the N emission lines previously
identified with the TDE are instead due to the host galaxy. Finally, in our medium and
high-resolution spectra, we find evidence for absorption lines, potentially due to the
streams of disrupted stellar material. Throughout the paper, we use as a reference
the discovery date of the transient: 2019 Apr 09 (MJD 58 582.46). All uncertainties
are reported as 1σ, unless stated otherwise.

1 https://wis-tns.weizmann.ac.il/object/2019dsg/discovery-cert
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3.2
3.2.1

Observations
Swift UVOT/XRT

AT 2019dsg was observed with the UVOT and XRT instruments on board the Neil
Gehrels Swift satellite (Gehrels et al. 2004) with a cadence of around 3 days starting
on 2019 May 21 (42 days after discovery) until 2019 Oct 15. We reduce and extract
Swift/UVOT measurements using the UVOTSOURCE task in HEASOFT version 6.24.
We use a standard 5 arcsec aperture to extract flux measurements, and a 50 arcsec aperture centred on an empty nearby region to estimate sky background levels.
We correct for Galactic extinction assuming E(B−V) = 0.087 (Schlafly & Finkbeiner
2011).
We use the online Swift/XRT pipeline tool2 to reduce the X-ray data and determine source count rates in the 0.3–10 keV band, using the source optical coordinates. Due to the low number of counts, we create a single stacked spectrum with a
total exposure time of 20 ks for spectral analysis.

3.2.2

NICER

Following the Swift detection of X-rays from AT 2019dsg, the Neutron star Interior
Composition ExploreR (NICER) (Gendreau et al. 2016) made several observations
between 21 May 2019 and 6 June 2019. A second set of observations were obtained several months later (3-5 October 2019) in response to the IceCube alert of
a neutrino detection from a sky region containing AT 2019dsg (Stein et al. 2019).
All observations of AT 2019dsg (OBSIDs: 200680101-2200680112) are reprocessed
using the gain file nixtiflightpi20170601v005.fits by applying the NICERL 2 FTOOL with
the default filtering criteria.
To build up statistics, data from observation IDs 2200680103-2200680104 and
2200680107-2200680108 are combined due to observational proximity in time and/or
short exposure times. Observation IDs 2200680110-2200680112 are also combined. The total spectra for these seven groups are extracted and the background
spectra are estimated using empirical background spectral libraries, constructed
from observations of source-free areas of the sky.

3.2.3

Optical spectroscopic observations

WHT/ISIS
Observations of AT 2019dsg were obtained with the Intermediate dispersion Spectrograph and Imaging System (ISIS) mounted at the Cassegrain focus of the William
2 https://www.swift.ac.uk/user_objects/
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Herschel Telescope (WHT) in Roque de los Muchachos observatory (La Palma,
Spain), Spain on 2019 August 22 under program SW19b01. Using a 1 arcsec slit
in combination with the R600B grating provides wavelength coverage between 3600
and 5100 Å in the host rest frame, while the R600R grating covers the 6300 – 7800
Å range. The seeing was variable between 0.5 and 0.9 arcsec during the 2×2700s
observations, leading to a seeing limited full width half maximum (FWHM) spectral
resolution of ∼ 94 km s−1 (i.e., σi nst r = 40 km s−1 ), measured at ∼4000 Å from the arc
frame. The observations were carried out with the slit at parallactic angle (Filippenko
1982) and with binning 1x1.
After performing the standard reduction tasks, such as a bias level subtraction
and flat field correction, in IRAF (Tody 1986), we extract spectra using an extraction
box with a width of 1 arcsec in the spatial dimension. Wavelength solutions are applied using CuAr+CuNe arc frames obtained prior to and after the science exposures.
We combined the two exposures into a single, averaged spectrum using weights set
to the average signal to noise ratio (SNR) of the individual spectra, and subsequently
we fit cubic splines to normalise the averaged spectrum to the continuum (the spectra were not flux calibrated due to the absence of a standard star observation). A
journal of the spectroscopic observations is presented in Table 3.2.1.
WHT/ACAM
AT 2019dsg was observed several times with the Auxiliary-port CAMera (ACAM) lowresolution spectrograph mounted at the Cassegrain focus of the WHT under program
W19AN003. The V400 grating in combination with the GG395A order-sorting filter
provides a wavelength coverage of 3950–9400 Å and the resolution is R∼430 and
∼580 for a 1.0 and 0.75 arcsec slit, respectively (from the technical manual of the
instrument, measured at 5650 Å). The data were reduced using a pipeline based
on standard IRAF data reductions procedures: flat field and bias correction, cosmicray cleaning, wavelength and flux calibration with arc lamps and standard stars. All
observations were carried out with the slit at parallactic angle and with 1x1 binning.
TNG/DOLORES
We observed AT2019dsg twice with the Device Optimized for the LOw RESolution
(DOLORES), installed at the Nasmyth B focus of the Telescopio Nazionale Galileo
(TNG) in Roque de los Muchachos observatory (La Palma, Spain). The wavelength
coverage of the LR-B grating is ∼3000-8430 Å, with a resolution R∼580 for a 1.0
arcsec slit (nominal value, measured at 5850 Å). The slit was oriented at parallactic angle for all observations and the binning was 1x1. The spectra were reduced
using standard iraf procedures (bias and flat-field correction, wavelength and flux
calibration with arc lamps and standard stars).
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NTT/EFOSC2
Observations of AT 2019dsg were carried out in the framework of the advanced Public ESO Spectroscopic Survey for Transient Objects (ePESSTO+; Smartt et al. 2015),
starting with the classification spectrum taken on 2019 May 13 (Nicholl et al. 2019b),
with the ESO Faint Object Spectrograph and Camera v.2 (EFOSC2), an instrument
for low-resolution spectroscopy mounted at the Nasmyth B focus of the New Technology Telescope (NTT) at the La Silla observatory, Chile. All observations were
performed using grism Gr#13, which provides a nominal wavelength coverage of
3685-9315 Å and a resolution with R∼355 for a 1 arcsec slit, measured at 5600 Å
(nominal value), with the slit at parallactic angle and with 1x1 binning. Data were
reduced using pipelines based on standard IRAF tasks, such as bias and flat-field
correction and wavelength and flux calibration using arc lamps and standard stars.
When necessary, multiple spectra taken on the same night have been averaged with
weights set to the mean value of the SNR of the individual exposures.

VLT/X-SHOOTER
We obtained one spectrum with the medium-resolution spectrograph X-Shooter (Vernet et al. 2011), mounted at the Cassegrain focus of the second Unit Telescope
(UT2) at the Very Large Telescope (VLT). X-shooter covers the wavelength range
from 3000 to 25000 Å. The observation was carried out on 2019 August 29 with slit
widths of 1.0, 0.9 and 0.9 arcsec for the UVB, VIS and NIR arms, respectively, with
the slit oriented at parallactic angle. The set up used yields resolution of R ' 5400
(UVB), R ' 8900 (VIS) and R ' 5600 (NIR). The data were reduced using the REFLEX
X-shooter pipeline version 2.9.3 (Freudling et al. 2013) and are not flux calibrated.
The spectra were also corrected for atmospheric absorption features using synthetic
transmission spectra with the MOLECFIT software (Smette et al. 2015; Kausch et al.
2015). The NIR part of the spectrum shows no significant spectroscopic TDE signatures and is therefore not considered in this paper.

VLT/UVES
We observed AT 2019dsg with the Ultraviolet and Visual Echelle Spectrograph (UVES),
mounted at the Nasmyth B focus of UT2 at the VLT. The observation was carried out
on 2019 Jul 04 with the standard central wavelengths of 346+580 nm (dichroic 1)
and 437+860 nm (dichroic 2) that provide almost full coverage of the 300 – 1060 nm
wavelength range. With a 1 arcsec slit, the resolving power is ∼40000. The data
were reduced using the UVES pipeline (Ballester et al. 2000), adjusting the pipeline
parameters where necessary.
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Las Cumbres/FLOYDS
Las Cumbres Observatory (LCO) optical spectra were taken with the Folded Low
Order whYte-pupil Double-dispersed Spectrograph (FLOYDS) mounted on the 2m
Faulkes Telescope North (FTN) and South (FTS) at Haleakala (USA) and Siding
Spring (Australia), respectively. A 2" slit was placed on the target at the parallactic
angle. One-dimensional spectra were extracted, reduced, and calibrated following
standard procedures using the FLOYDS pipeline3 (Valenti et al. 2014). The FLOYDS
spectra are not used in the analysis, due to a combination of low SNR, wavelength
range covered and proximity in time with higher quality spectra. Nonetheless, the
spectra are reported in appendix (3.A).
du Pont/WFCCD
Observations were taken using the Wide Field reimaging CCD Camera (WFCCD)
on the du Pont 100-inch telescope at Las Campanas Observatory using a 1 arcsec
slit. The data were calibrated using HeNeAr arcs and bias subtraction, flat fielding
and standard star observations for flux calibration. Reduction was performed with
a modified version of PYDIS (Davenport et al. 2016) to extract and sky-subtract the
spectrum.
For a journal of all the spectroscopic observations, see Table 3.2.1 and the complete sequence of spectra is shown in Fig. 3.2.1.

3.2.4

Optical photometric observations

Las Cumbres Sinistro
We observed AT2019dsg with the Las Cumbres Observatory Global Telescope Network (Brown et al. 2013). Observations were performed with the Sinistro cameras,
mounted at the focus of 1-meter telescopes, at the following sites: South African
Astronomical Observatory (CPT), Siding Spring Observatory (COJ), Cerro Tololo Interamerican Observatory (LSC) and McDonald Observatory (ELP). The target was
observed with the Johnson B and V filters and the Sloan filters g, r, i. Data were reduced with the BANZAI pipeline (McCully et al. 2018) which performs standard data
reduction routines such as bad-pixel masking, bias frames subtraction, dark subtraction, flat field correction and cosmic rays correction. The zero points of the images
were calibrated using the American Association of Variable Star Observers (AAVSO)
Photometric All-Sky Survey (APASS) DR10 (Henden 2019). The magnitudes were
estimated with aperture photometry, using the IRAF task APPHOT, with aperture sizes
depending on the seeing conditions.
3 https://github.com/svalenti/FLOYDS_pipeline
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Figure 3.2.1: Sequence of spectra taken with EFOSC2 (red), DOLORES (blue), Du Pont
(cyan), UVES (green), X-shooter (magenta), ISIS (orange) and with ACAM (black). For each
spectrum, the phase with respect to the transient discovery date (2019 Apr 09, MJD 58582) is
reported on the right. The dotted lines indicate the main emission lines and the grey band represents the area affected by telluric absorption. The Hα line is affected by telluric absorption,
but this is not shown in the plot for clarity. The UVES spectrum has been smoothed for clarity.
All spectra have been corrected for foreground extinction. For plotting purposes, all spectra
have been divided by their median value. The X-shooter, ISIS and UVES spectra are not flux
calibrated.
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Table 3.2.1: Spectroscopic observations
MJD(1)
phase(2)
[days]
[days]
58 616.36
+34
58 631.13
+49
58 638.28
+55
58 642.35
+60
58 644.32
+62
58 655.19
+73
58 656.12
+74
58 657.09
+75
58 658.14
+76
58 668.22
+86
58 676.19
+94
58 678.10
+96
58 689.25 +107
58 690.11 +108
58 692.12 +110
58 710.94 +128
58 715.88 +134
58 717.00 +135
58 717.89 +135
58 724.14 +142
58 724.14 +142
58 724.14 +142
58 733.93 +151
58 735.96 +153
58 777.02 +195
58 808.04 +226
58 824.83 +242
58 827.82 +245
58 994.12 +411

UTC Date
2019 May 13
2019 May 27
2019 Jun 03
2019 Jun 08
2019 Jun 10
2019 Jun 20
2019 Jun 21
2019 Jun 22
2019 Jun 23
2019 Jul 04
2019 Jul 12
2019 Jul 13
2019 Jul 25
2019 Jul 25
2019 Jul 27
2019 Aug 15
2019 Aug 20
2019 Aug 21
2019 Aug 22
2019 Aug 29
2019 Aug 29
2019 Aug 29
2019 Sep 07
2019 Sep 09
2019 Oct 10
2019 Nov 21
2019 Dec 07
2019 Dec 10
2020 May 24

Instrument exposure time
[s]
EFOSC2
900
DOLORES
1800
WFCCD
4x900
EFOSC2
1800
EFOSC2
2700
ACAM
1800
ACAM
1800
ACAM
1800
ACAM
1800
UVES
1800
ACAM
1800
ACAM
2x1800
EFOSC2
2700
ACAM
1800
ACAM
1800
ACAM
1800
ACAM
2x1800
ACAM
5x1800
ISIS
2x2700
XSH/UVB
4x920
XSH/VIS
4x920
XSH/NIR
8x480
ACAM
2x1800
ACAM
2x1800
EFOSC2
2x1800
EFOSC2
2100
ACAM
2200
ACAM
2700
DOLORES
2x2200

slit
[00 ]
1.0
1.5
1.0
1.0
1.0
0.75
0.75
0.75
0.75
1.0
1.0
1.0
1.0
0.75
1.0
1.0
1.0
1.0
1.0
1.0
0.9
0.9
1.0
0.75
1.5
1.0
1.5
1.5
1.0

Note.(1) Modified Julian Day of observations; (2) calculated with respect to the discovery
date MJD 58 582.

LT IO:O
We observed AT 2019dsg using the Optical Wide Field camera (IO:O) at the Liverpool Telescope (LT) using the Sloan g, r, i, z and Johnson B and V filters. The images
were reduced with the LT pipeline and the zeropoints calculated using stars in the
APASS catalogue. Magnitudes were estimated through aperture photometry (IRAF
task APPHOT), using apertures of variable size, depending on the seeing.
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3.2.5

Radio observations: e-MERLIN

We observed our target source, AT 2019dsg, with the e-MERLIN4 radio interferometer in the UK between 2019 June 3 and September 12 (project code DD8006: PI
Pérez-Torres). We observed AT 2019dsg a total of 13 times: 10 at C-band (4.82–
5.33 GHz) and 3 at L-band (1.25–1.77 GHz). We summarize in Table 3.2.2 the
start time of each observing run and its duration at each frequency band. All observations had a total bandwidth of 512 MHz divided into eight spectral windows of
64 MHz with 512 channels per spectral window, except runs 07 through 10, which
had four spectral windows of 128 MHz each. We used 3C286 and OQ208 as amplitude and bandpass calibrators, respectively. We correlated the phase calibrator,
J2052+1619, at position αJ2000.0 = 20h 52m 43.s 6199 and δJ2000.0 = 16◦ 190 48.00 828, which
is separated 2.37 deg from our target, and we detected it clearly in all runs with a
flux density of 0.32 Jy and 0.42 Jy at C and L-band, respectively. We carried out
all reduction steps using the e-MERLIN CASA pipeline5 version v1.1.16 running on
CASA (McMullin et al. 2007) version 5.6.2. We followed the default procedures of
the pipeline using the default parameters but adding manual flag commands to remove bad data that the pipeline could not remove. We used a common model for the
phase reference calibrator to calibrate and image each run. We then used the CASA
task TCLEAN to image the target source, using the e-MERLIN CASA pipeline imaging
procedure with Briggs weighting and a robust parameter of 0.5 for all runs except
numbers 03 and 07, which required robust 0.0 and -1.0, respectively, due to the lack
of the longest baselines. The cell size was 8 mas for the C-band data and 20 mas
for the L-band data. We show in Table 3.2.2 the synthesized beam size, local rms of
the residual image, flux density and luminosity of the target source measured as the
peak of emission of a Gaussian fit to the deconvolved image.

4 http://www.e-merlin.ac.uk/
5 https://github.com/e-merlin/eMERLINCASApipeline
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Table 3.2.2: Schedule of the e-MERLIN observations, with the run number, beam and total flux density at each frequency band. Values of
the non-detections are 3-σ level uncertainties with respect to the rms of the image. The last line is the 4.1σ detection from the combined
L-band data.
Run
01
02
03
04
05
06
07
08
09
10
11
12
13

MJD
[days]
58 637.92
58 654.88
58 668.94
58 669.94
58 670.94
58 671.94
58 687.88
58 691.89
58 701.75
58 738.68
58 688.88
58 689.91
58 690.89

Start date
2019-06-03 22:00
2019-06-20 21:02
2019-07-04 22:32
2019-07-05 22:32
2019-07-06 22:32
2019-07-07 22:32
2019-07-23 21:17
2019-07-27 21:22
2019-08-06 18:00
2019-09-12 16:13
2019-07-24 21:17
2019-07-25 21:50
2019-07-26 21:20

Duration
[h]
12
12
10
10
10
10
10
9
11
11
10
9
9

Freq.
[GHz]
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
1.5
1.5
1.5
1.5

Beammaj
[mas]
67
71
764
96
98
99
177
92
69
78
293
322
285

Beamminor
[mas]
32
32
580
29
30
29
54
30
33
29
119
115
108

Beampa
[deg]
28
28
76
28
27
27
14
20
25
28
22
21
23

rms
[µJy b−1 ]
32
21
86
24
23
23
128
42
27
31
40
44
38

Flux density
[µJy]
160 ± 30
340 ± 20
410 ± 90
460 ± 20
490 ± 20
480 ± 20
680 ± 130
650 ± 40
770 ± 30
1210 ± 30
< 120
< 130
< 115
145 ± 35

Luminosity
[1037 erg s−1 ]
4.9 ± 0.9
10.4 ± 0.6
12.5 ± 2.7
14.1 ± 0.6
15.0 ± 0.6
14.7 ± 0.6
20.8 ± 4.0
19.9 ± 1.2
23.6 ± 0.9
37.0 ± 0.9
< 1.1
< 1.2
< 1.0
1.3±0.3
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3.3

Analysis and results

3.3.1

e-MERLIN observations

The source is an unresolved point-like source in all detected epochs, with no significant hints of extended emission. We computed the statistical astrometric uncertainty
as the standard deviation of the positions of the centroid fitted to the images, resulting
in a relative astrometric accuracy of about 6 mas (6.5 pc). We measured no significant astrometric displacement from the C-band detections. The average position of
AT 2019dsg is αJ2000.0 = 20h 57m 02s .9647 and δJ2000.0 = 14◦ 120 1600 .305, as measured with
respect to the phase reference correlation position quoted above. In L-band, we obtained 3σ upper limits on the flux density. We therefore combined the data from the
three consecutive days of observations in the L-band and found a point-like source
that is spatially coincident with the source in the C-band images. We obtain a 4 σ
detection of the source in the L-band with a flux density of 145±35 µJy, corresponding
to a luminosity of 1.3 ± 0.3 × 1037 erg s−1 .
We show in Fig. 3.3.2 the radio light curve of AT 2019dsg for the first ∼ 240 days
at multiple frequencies, including our e-MERLIN data. The e-MERLIN interferometer
provides a better angular resolution than any of the other instruments. Therefore,
the observed flux is not contaminated by background emission, so our observations
provide bona fide flux densities against which to test the baseline of radio emission
assumed in Stein et al. (2020). Overall, it appears that the agreement is good.

3.3.2

Host velocity dispersion measurement

We use the X-shooter spectrum to constrain the width of the host galaxy absorption
lines. In particular, we use the penalized pixel fitting routine PPXF(Cappellari 2017) to
perform full spectrum template fitting with the Elodie stellar template library (Prugniel
& Soubiran 2001). We resample the X-shooter spectrum within the errors and measure velocity dispersions for 1000 realisations of the data (see Wevers et al. 2017 for
a detailed explanation of the method). Fitting the resulting velocity dispersion distribution with a Gaussian model, we find a mean FWHM of 94 km s−1 with a standard
deviation of 1 km s−1 , which we adopt as the velocity dispersion and its measurement uncertainty. Using the M–σ relation of Gültekin et al. (2009) and adding the
measurement errors linearly with the scatter in the relation, this corresponds to a
black hole mass of log(MB H ) = 6.73 ± 0.40 M¯ . We note that by using both the Msigma relations of Ferrarese & Ford (2005) and of McConnell & Ma (2013), we obtain
a value for the black hole mass which is compatible with the previous estimate within
uncertainties. This corresponds to an Eddington luminosity LEdd = (6.8 ± 4.1) × 1044
erg s−1 and a Schwarzschild radius of R S = (1.6 ± 0.9) × 1013 cm, for a non-rotating BH.
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Figure 3.3.2: Radio evolution of AT 2019dsg. VLA, AMI, and MeerKAT data are from Stein
et al. (2020), while e-MERLIN data (stars) are our own data. The e-MERLIN data are not
connected by solid lines for readability. Note the characteristic synchrotron shift of the peak
frequency with time, so by day ∼180 the radio emission at frequencies above ∼6.0 GHz is
already in its optically thin, decaying phase, while at smaller frequencies is still in its optically
thick, increasing phase.
65

3 Accretion disc cooling and narrow absorption lines in the tidal disruption event AT
2019dsg

Figure 3.3.3: Host-subtracted light curve of AT 2019dsg : B (blue squares), g (green circles), U
(black diamonds), UVM2 (magenta triangles), UVW1 (orange pentagons) and UVW2 (purple
crosses).

3.3.3

UV/optical light curve

The host galaxy is marginally detected in the GALEX NUV band (λcen = 2328 Å;
NUV = 21.1±0.4), indicating that even in the latest epochs (190 days after discovery)
when the source was detected at a magnitude of UVM2 (λcen = 2260 Å) = 18.95,
host contamination is not an issue in the UV bands. To check the host galaxy contamination in the optical, we use the Kron magnitudes from Pan-STARSS (PS) Data
Release 2, using the filter transformations from Jordi et al. (2006), when necessary.
In the optical, the transient is detected above the host galaxy light in the U band,
and in B and g only for the first ∼80 days of observation. We then remove the host
galaxy contribution by subtracting the flux derived from the Kron magnitudes from
PS. We plot the host-subtracted UV/optical light curve in Fig. 3.3.3 (only magnitudes
above the galaxy light are plotted) and the observed magnitudes are reported in
Table 3.C.1.
UV/optical blackbody fitting
Since in most of our additional photometric observations the transient light is not
detected above the host galaxy level, we do not create an SED for the source, but
we use the results from van Velzen et al. (2020a) and Stein et al. (2020). They
find that the UV/optical light curve is well fit by a blackbody with roughly constant
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temperature T = (3.9 ± 0.2) × 104 K and radius R = (3.9 ± 0.3) × 1014 cm. The maximum
bolometric luminosity is Lbb = (2.9 ± 0.3) × 1044 erg s−1 ∼ 0.4LEdd .

3.3.4

X-ray spectral analysis

Swift/XRT
To fit the Swift X-ray spectrum we use XSPEC 12.10.0 (Arnaud 1996) in HEASOFT
v6.24, and assume a Galactic column density of nH = 6.45 × 1020 cm−2 (HI4PI Collaboration et al. 2016). Due to the low number of counts in each bin, we use Cash
statistics (the results are identical when rebinning the spectrum to 20 counts/bin and
using Gaussian statistics). Confidence intervals are quoted at the 90 per cent level
(∆C-stat=2.71). A 65±6 eV blackbody model (TBabs × zashift × bbodyrad) provides
a good fit to the data (cstat = 137 for 682 dof or χ2 =0.81 with 9 dof), with a radius
11
R = 3.4+1.5
cm. Using instead a multi-temperature blackbody model (diskbb)
−0.9 × 10
yields kT = 80±7 eV (cstat = 135 for 682 dof). These results are in agreement with
those presented in Stein et al. (2020). To convert the count rates to unabsorbed
0.3–10 keV fluxes, we assume the simple blackbody model with Galactic extinction,
which gives a conversion factor of 9.1×10−11 cts/erg/cm2 /s.
NICER
Background-subtracted NICER spectra are fit to the same absorbed, redshifted blackbody model used for the Swift/XRT spectrum. The source is not detected over the
NICER background above 1 keV, and fits are conducted in the 0.3–1 keV bandpass,
with luminosities and count rates referring to this energy range. The latest effective
area (nixtiaveonaxis20170601v004.arf) and response matrix (nixtiref20170601v002.rmf)
files are utilized. The blackbody temperature for the late-time spectrum is fixed at 30
eV. The results are shown in Table 3.3.3, and are consistent with the analysis of the
Swift/XRT spectrum.
ObsIDs
200680102
200680103-4
200680105
200680106
200680107-8
200680110-12

0.3–1 keV CR(1)
(cts s−1 )
2.02
1.71
1.48
1.09
0.4
0.02

Epoch
(MJD)
58 625.8
58 630.3
58 633.16
58 634.06
58 639.21
58 759.99

Exposure
(seconds)
2159
767
593
627
239
15493

kT
(eV)
68±1
67±2
65±3
63±3
43+8
−7
30

c-statistic

DOF(2)

82.19
46.54
75.54
58.86
55.26
108.7

67
67
67
67
67
68

Luminosity
(1042 erg s−1 )
32.5+1.0
−0.9
28.1+1.6
−1.5
25.0+2.0
−1.7
18.9+1.5
−1.4
9.8+2.5
−2.11
<0.63

Table 3.3.3: Best-fit model parameters derived from time-resolved NICER X-ray (0.3–1 keV)
spectra. The temperature in the last epoch is kept fixed at 30 eV and the luminosity value is a
3σ upper limit. (1) CR: count rate; (2) DOF: degrees of freedom.

67

3 Accretion disc cooling and narrow absorption lines in the tidal disruption event AT
2019dsg

Figure 3.3.4: The 0.3-10 keV X-ray luminosity evolution with time of AT 2019dsg. In blue
(circles for detections), the Swift data, in black (squares for detections), the NICER data. The
downward arrows represent 3σ upper limits.

The 0.3–10 keV X-ray light curve is shown in Fig. 3.3.4, where we have used
the webPIMMS6 tool to convert the NICER 0.3–1 keV luminosities to the 0.3–10 keV
energy range for consistency with the XRT data. The X-ray luminosity shows a rapid
decay from 3 × 1043 erg s−1 to 1042 erg s−1 over 25 days. Then, the decay becomes
more shallow and the X-ray luminosity reaches 3.6 × 1041 erg s−1 in the last epoch
at which the source is detected (125 days after the discovery of the transient). The
XRT light curve shows variability of factor 2-3 on a timescale of days during the initial
rapid decrease, while this behaviour is not seen in the NICER data. In Fig. 3.3.5, we
plot the evolution of the BB temperature with time. The temperature decreases from
70 eV to 40 eV over ∼15 days. In Fig. 3.3.6 we plot the 0.3–1 keV X-ray luminosity
versus the BB temperature from the fit to the NICER data. We overplot the data with
a L X ∝ T 4 curve.

6 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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Figure 3.3.5: Evolution of the BB temperature from the fit to the NICER (0.3–1 keV) data with
time.

Figure 3.3.6: X-ray luminosity (0.3–1 keV) versus the BB temperature. The dashed line represents L ∝ kT4 with arbitrary normalisation. The observed rate of cooling decreases over
time.
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3.3.5

Optical spectroscopy

The sequence of spectra from EFOSC2, DOLORES, UVES, X-shooter, ISIS and
ACAM is shown in Fig. 3.2.1. The first spectra show a blue continuum that decays
over time. The decay of the blue part of the spectrum pivots around 5000 Å. The
continuum is dominated by the host galaxy redwards of this wavelength at all stages
of the TDE outburst. After roughly 60 days, the blue continuum light has decayed.
Coincidentally, this is similar to the timescale over which the X-ray flux becomes
undetectable. The spectra show strong Balmer emission lines (Hα through Hδ) and
a broad He II emission line that becomes less visible with respect to the surrounding
continuum over time. We also identify the O II doublet at 3726 and 3729 Å and O III
at 3760 Å in emission.
Subtraction of the stellar component
The spectra clearly show absorption features due to the host galaxy, more prominently in the medium-high-resolution spectra. To remove the stellar contribution,
we employ PPXF: we build a synthetic host galaxy spectrum by fitting stellar spectra to our X-shooter spectrum. The method convolves a series of stellar template
spectra to the observed spectrum (host galaxy+TDE), by combining the individual
stellar templates with additive and/or multiplicative orthogonal polynomials and an
initial guess of the line of sight velocity dispersion (LOSVD). The best-fitting template
(or combination of templates) is then found by χ2 minimization. The emission features and areas affected by telluric absorption are masked during the template convolution procedure. This method therefore removes from the observed spectra the
stellar component from the host galaxy. We employ the PHOENIX high-resolution synthetic spectral library7 (Husser et al. 2013); this library covers the whole wavelength
range of the UVB and VIS arms of X-shooter (3000 – 10000 Å) with a resolution of
R∼50000. Of the whole library, which contains ∼30000 synthetic spectra covering a
broad range of stellar properties, we select a subsample with effective temperature
2300 K ≤Te f f ≤ 12000 K, metallicity in range −2.0≤[Fe/H]≤1.0 and alpha elements
abundance [α/Fe]=0. This library does not contain emission line templates. We use
the X-shooter spectrum as a basis for building our synthetic host galaxy spectrum
as it is the highest resolution spectrum on which we can apply the PPXF routine: the
ISIS spectrum does not have enough continuum free from emission features and the
continuum of the UVES spectrum has too low an SNR to make the routine converge.
We then use again the PPXF code to scale the synthetic host spectrum to the other
spectra of our follow-up. Since this is not possible for spectra with a higher resolution,
we did not perform the subtraction on the UVES spectrum. After the subtraction, the
continuum of the spectra is scaled to 1, using the median of the flux.
7 http://phoenix.astro.physik.uni-goettingen.de/
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The host subtracted spectra (shown in Fig. 3.3.7) still show strong Hα and Hβ
emission lines, both with a broad (FWHM∼5000-10000 km s−1 ) component at the
base, and a narrower (FWHM∼1000 km s−1 ) peak. Due to the redshift of the host
galaxy, the Hα line is contaminated by the telluric absorption band at ∼6900 Å. This
is most clearly visible in the ISIS, UVES and X-shooter spectra, due to the higher
resolution of these spectra. Redwards of Hα, the two [S II] lines (6716 and 6731 Å)
are visible and resolved in some spectra. The Hγ, Hδ and the broad He II lines are
still detected and the [O III] doublet (4959, 5007 Å) becomes clearly visible. Also
the O II doublet (3726, 3729 Å) and a weak O III at 3760 Å are still detected. We fit
the emission lines of the host subtracted spectra with multiple Gaussian components,
combined with a polynomial to fit the local continuum, using PYTHON code employing
the LMFIT8 package (Newville et al. 2014). During the fitting procedure, we tied the
FWHM and the separation of the [S II] lines and of the [O III] lines, when the doublets
were resolved. The central wavelengths of the broad base and the narrow peak of
Hβ are also tied together, to reduce the number of free parameters in this region. We
were not able to fit the [N II] doublet at 6548 and 6583 Å, probably due to the presence
of the telluric absorption. Example Hα and Hβ line fits are shown in Fig. 3.3.8 and
3.3.9, respectively.
After the subtraction procedure, from the spectrum of 2019 September 09 (153
days after discovery) onward, the broad bases of Hα and Hβ are not detected anymore. The He II line is not detected after the spectrum of 2019 November 21 (226
days after discovery). We therefore associate these lines with the transient event,
while we consider the remaining, more narrow, emission features as due to star formation in the host galaxy instead (see Sec. 3.4.1).
At late times (more than 200 days after discovery), in the continuum between
Hβ and Hα, metal lines appear. In Fig. 3.3.10, we show a comparison between
AT 2019dsg and two other TDEs that have shown metal lines in the same wavelength
range during their evolution: ASASSN-15oi and AT2018fyk (Wevers et al. 2019a). In
the spectrum of AT 2019dsg we can clearly identify absorption lines from Na I and
Mg Ib and many emission lines from Fe II, as well as the Fe II absorption feature at
5264 Å.

8 https://lmfit.github.io/lmfit-py/
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Figure 3.3.7: Sequence of host-subtracted spectra taken with EFOSC2 (red), DOLORES
(blue), Du Pont (cyan), X-shooter (magenta), ISIS (orange) and with ACAM (black). For each
spectrum, we annotate to the right the number of days passed since the transient discovery
(2019 Apr 09, MJD 58 582). The dotted lines indicate the main emission lines and the grey
band represents the area affected by telluric absorption. The Hα line is affected by telluric
absorption, but this is not shown in the plot for clarity. All spectra have been corrected for
foreground extinction. For plotting purposes, all spectra have been normalised. The X-shooter
and ISIS spectra are not flux calibrated.
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Figure 3.3.8: Example of the fit to the Hα and [S II] emission lines in the EFOSC2 spectrum
taken on 2019 June 10 (62 days after discovery), after performing the host galaxy subtraction.
The dashed lines represent different Gaussian components, while the solid line represents the
total fitting function. In the bottom panel, the residuals of the fit.

Figure 3.3.9: Example of the fit to the emission lines in the Hβ region of the EFOSC2 spectrum taken on 2019 June 08 (60 days after discovery), after the subtraction of the stellar
component process. The dashed lines represent different Gaussian components, while the
solid line represents the total fitting function. In the bottom panel, the residuals of the fit.
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Figure 3.3.10: Comparison between the spectra of AT 2019dsg (orange) at +245 days and
AT2018fyk (black) at +85 days and ASASSN 15oi (red) at +330 days, the other two TDES that
have shown Fe lines in their optical spectra.

We took a late time spectrum with TNG on 2020 May 24 (411 days after discovery,
last spectrum of Fig. 3.2.1 and 3.3.7), after the object came back from behind the
Sun. In this spectrum, we clearly see the narrow Hα and Hβ, [O III] and [S II] lines, a
still strong Hγ and weak Hδ emission lines. The aforementioned metal lines are not
present in this spectrum.
X-shooter, ISIS and absorption lines
The Hβ region of the X-shooter spectrum is plotted in Fig. 3.3.11. The spectrum
shows the [O III] doublet (4959 and 5007 Å), the Hβ line with the usual two components, the broad He II, and the Hγ line. The Hγ emission line shows an absorption
line superimposed and the He II shows two absorption features.
The host subtracted ISIS spectrum shows a similar morphology, albeit the absorption features in the He II line are less pronounced. The fit to the Hγ and He II
emission lines of the ISIS spectrum is shown in Fig. 3.3.12. The absorption lines
on top of the Hγ and He II emission lines are present in both the original spectrum,
before the subtraction of the host galaxy light, and in the host-subtracted one. The
FWHM, equivalent width (EW) and central wavelength of these absorption lines are
reported in Table 3.3.4. The absorption line parameters are within uncertainties between the two spectra.
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Table 3.3.4: Hγ and He II absorption lines

Hγ
FWHMI
FWHMX
EWI
EWX
WLI
WLX

829 ± 128
649 ± 39
-2.6 ± 0.6
-1.4 ± 0.1
4348.3 ± 0.6
4349.1 ± 0.2

He II
656 ± 140
1065 ± 50
-1.1 ± 0.3
-2.5 ± 0.2
4639.2 ± 0.8
4641.9 ± 0.3

He II
983 ± 317
757 ± 42
-1.0 ± 0.4
-1.4 ± 0.1
4658.8 ± 1.6
4662.1 ± 0.3

Note. FWHM (in km s−1 ), EW (in Å) and central wavelength (WL, in Å) of the absorption lines
superimposed the Hγ and He II emission lines in the X-shooter and ISIS spectra (Fig. 3.3.11
and 3.3.12, respectively). With I we indicate the results from the fit to the ISIS spectrum (135
days after discovery) and with X the ones from the X-shooter spectrum (142 days after
discovery). The values have been corrected for the instrumental broadening.

Figure 3.3.11: Fit to the emission lines in the Hβ region of the host galaxy subtracted Xshooter spectrum obtained 142 days after discovery of AT 2019dsg. The dashed lines represent different Gaussian components, while the solid line represents the total fitting function. In
the bottom panel, the residuals of the fit.
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Figure 3.3.12: Fit to the emission lines in the Hβ region of the host galaxy subtracted ISIS
spectrum obtained 135 days after discovery of AT 2019dsg. The dashed lines represent different Gaussian components, while the solid line represents the total fitting function. In the
bottom panel, the residuals of the fit.

The resolution in the spectra obtained during the remainder of our follow-up campaign is not high enough to investigate these absorption features in detail (we will
discuss the UVES spectrum separately in Sec. 3.3.5). In both the ISIS and X-shooter
spectra, the Hα line is strongly affected by the atmospheric absorption that we were
not able to correct completely with MOLECFIT (see Sec. 3.2.3), therefore a precise
fit of the Hα line was not possible. Nonetheless, in the host-subtracted spectra, the
two [S II] lines (6716 and 6731 Å) are clearly detected and resolved. In the lower
resolution spectra of our follow-up campaign, the two lines often blend together.
Line fitting results
We report the results of the line fitting in Tables 3.B.1, 3.B.2 and 3.B.3. We plot the
evolution of the line parameters resulting from the fit: the FWHM, equivalent width
(EW) and shift with respect to the rest frame wavelength are shown in Figures 3.3.13,
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3.3.14 and 3.3.15, respectively.
The values of the FWHM have been corrected for the instrumental broadening,
measured from the sky lines of the spectra. The FWHM (Fig. 3.3.13) of the broad
components of Hα and Hβ have different values but a similar evolution. The FWHM
of the broad Hα starts at 12000 km s−1 , decreases to almost 5000 km s−1 over 30
days and then increases to the initial value of 12000 km s−1 in ∼20 days, to stay at
this value until it is no longer detected, 150 days after the discovery of the transient.
The FWHM of the broad Hβ has an initial value around 5000 km s−1 , and for the
whole duration of the follow-up campaign fluctuates between 4000 and 8000 km s−1 .
There are some significant outliers that could be due to the corresponding spectra
having a low signal to noise ratio (SNR), while others could be caused by variations
due to uncertainties in the subtraction process. The initial evolution of the FWHM of
Hγ is similar to the one observed for the broad Hα (albeit with lower values): it starts
at 3500 km s−1 , to then decreases to 2000 km s−1 over 30 days. It then remains
around this value until the end of our follow-up campaign. The Hδ line in all the
ACAM spectra is not well constrained, because it falls at the edge of the wavelength
range covered. Therefore we do not fit it at these epochs. Its FWHM has an initial
value similar to the one of Hγ at 4000 km s−1 , it then increases to 4500 km s−1 at
the next epoch (20 days later), to then gradually decrease to 3000 km s−1 between
phase 60 and 110. The FWHM of He II goes from 10000 km s−1 to 5500 km s−1 in
the first 30 days, then increases up to 10000 km s−1 in 30 days, to then decrease to
7000 km s−1 between 80 and 160 days. In the last two epochs, the FWHM of He II
increases up to 13000 km s−1 . The timescale of the initial decay of the FWHM of
the broad Hα, Hβ, and the He II is similar to the timescale of the decay of the Xray light and of the blue continuum. Finally, the FWHMs of the narrow peaks of Hα
and Hβ do not show evolution over the time of observation and vary around 1000
km s−1 , except for two outliers at 195 and 225 days after discovery, when the narrow
Hβ has an FWHM above 1500 km s−1 . These points are due to the low SNR of the
corresponding spectra. The values of the FWHM of the narrow Hα and Hβ peaks
obtained from the late time spectrum (411 days after discovery) are both around
1200 km s−1 .
In Fig. 3.3.14 we plot the evolution of the EW of the emission lines with time. The
EW of the broad base of Hα decreases from an initial value of 35 Å to 20 Å in 30
days, then increases to 40 Å at phase +80, to then decrease again to 25 Å over
the rest of the follow-up campaign, except for the last epoch, when the EW is at 35
Å. The EW of the broad base of Hβ varies between 5 and 20 Å, to then stabilise
around 10 Å in the last ∼40 days. The higher values are also in this case due to low
SNR and uncertainties during the subtraction process, rather than being indicative
of variability in the line. The EW of the Hγ line starts at 10 Å, to then decrease to 5
Å after 30 days. It subsequently remains constant until the last two epochs in which
the EW is 4 Å. The Hδ line follows a very similar evolution, except for the value at 50
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Figure 3.3.13: Evolution of the FWHM of the emission lines. In the first panel, the broad base
of Hα (red circles) and Hβ (blue squares); in the second panel, Hγ (green circles) and Hδ
(black squares); third panel, He II (magenta circles). These three lines are due to the TDE.
In the bottom panel, the narrow peaks of Hα (red circles) and Hβ (blue squares) are shown,
these lines are due to host galaxy activity. On the x-axis, the number of days passed since the
discovery of the transient.
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Figure 3.3.14: Evolution of the EW of the emission lines. From top to bottom: the broad Hα
(red circles) and Hβ (blue squares), the Hδ (black squares) and the Hγ (green circles), and
the He II (magenta circles) emission lines caused by the TDE. Bottom panel: the narrow Hα
(red circles) and Hβ (blue squares) emission lines originating in the host galaxy. Note that
the redshift of AT 2019dsg caused the Hα region to coincide in wavelength with the prominent
telluric feature, rendering the derived EW of Hα uncertain. The number of days passed since
the discovery of the transient is given on the X-axis.
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days after discovery. The EW of the He II has an initial value of 40 Å and, already
20 days after this (50 days after discovery), it decreases to 10 Å, where it remains
almost constant for the next 100 days. The outliers at 80 and 110 days, with an EW
above 30 Å, are possibly due to uncertainties in the subtraction process. The initial
evolution matches the time-scale of the decay of the blue continuum of the TDE.
Finally, the EW of the narrow Hβ remains constant around 10 Å, while the EW of the
narrow Hα varies around 40 Å. The small scale variations of the Hα narrow peak are
likely due to variations of the telluric absorption.

Figure 3.3.15: Evolution of the shift with respect to the laboratory central wavelength of the
emission lines. From top to bottom: the broad Hα (red circles), the He II (magenta circles),
the Hδ (black squares), and Hγ (green circles) emission lines caused by the TDE. The central
wavelength of the broad Hβ component was fixed during the fitting process and is not shown
(see text). On the horizontal axis, the number of days passed since the discovery of the
transient. Negative values indicate a blue-shift with respect to the rest frame wavelength.
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We plot the shift with respect to the restframe wavelength of the emission lines
in Fig. 3.3.15 (we indicate blue shifts with negative values). To reduce the number
of free parameters, during the fitting procedure, the central wavelength of the broad
Hβ was tied to the one of the narrow peak, which, due to the high SNR in that line,
dominates the fit result of this parameter (we do not show the shift of the broad Hβ
in the plot). The broad Hα shows a blue shift that fluctuates between 0 and -2000
km s−1 , without a clear evolution with time. The He II line is blueshifted by -2000
km s−1 at the first epoch of observation. The value of the shift fluctuates around this
value for the first ∼ 150 days (except one outlier at 75 days), then decreases to -1000
km s−1 at 150 days. In the last two epochs at which the line is detected, the blue shift
has increased to -4000 km s−1 . The shift of the Hγ and Hδ line is always below
|500| km s−1 and is constant within uncertainties. It is worth noting that the velocity
offsets can be affected by O(102 ) km s−1 due to good observing conditions: when
the seeing is better than the slit width, due to potential non-perfect centering of the
source in the slit, such changes can be induced. The narrow peaks of Hα and Hβ
are always shifted by less than |500| km s−1 and are not plotted. The shift of Hα and
Hβ at each epoch is not of the same value. If we assume that the narrow Hα and
Hβ originate from the host galaxy, we can expect their central wavelength to be at
the laboratory values. We can use the shift measured in their central wavelength as
a proxy for wavelength calibration issues or for the aforementioned uncertainties due
to the observing conditions. We therefore use the values of the shift calculated for
the narrow peak of Hα and Hβ to estimate an additional uncertainty that is reflected
in the error bars of Fig. 3.3.15.
We plot the flux ratio of the Balmer lines in Fig. 3.3.16 and we fit the data with a
straight line. The ratio of the narrow peaks of Hα and Hβ shows a slight increase
over time. During the first ∼200 days of observations, it remains almost constant at
an average value of 4.5, to then increase to 5.8. The reduced χ2 of the fit is bad, with
a value of 6.4. The ratio of the broad bases of Hα and Hβ remains constant within
uncertainties at an average value of 2.4 (reduced χ2 =1.9). The ratio between Hγ and
the narrow peak of Hβ decreases from 1 to 0.3, which is also the value at the last
epoch. The fit with a straight line to the data of the first ∼200 days of observations
has a reduced χ2 of 1.8.
UVES spectrum
It is interesting to consider the UVES spectrum by itself, given its higher resolution.
In Fig. 3.3.17 we show the Hβ region of the spectrum (Hα is strongly affected by the
telluric absorption, while the other emission lines are not strong enough with respect
to the continuum, which is very noisy). The emission line in the UVES spectrum has
a more box-like shape, instead of the Gaussian shape used to fit for lower resolution
spectra. The line also shows evidence for structure on top. We fit this line both with a
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Figure 3.3.16: Ratio of the EW of Balmer lines. Top panel: narrow Hα/Hβ in blue squares
and broad Hα/Hβ in black squares, both fitted with a straight line. The changes in the ratio
between the narrow peaks are due to changes in the telluric absorption. Bottom panel: the
ratio of the EW of the Hγand the narrow Hβ emission line. On the X-axis, the number of days
since the discovery of the transient.

single Gaussian curve (in red in the plot), mimicking the fit of the other spectra, and
¡
¢n
] with n>2 to get a flat
with a "generalised" Gaussian (in blue): f (x) = a · exp[− x−c
2σ
top (n'5 from our fit). While the errors on the spectrum are too large to compare the
reduced χ2 and assess the goodness of fit, visually the flat-top Gaussian describes
the wings of the line better. On top of this, looking at the residuals, we can see that
in the case of the "regular" Gaussian fit (bottom panel of Fig. 3.3.17, in red) there are
small trends in the wings of the line (4840–45 and 4862–68 Å), with respect to the
flat-top Gaussian fit.
The difference between the shape of the Hβ line in the UVES spectrum and in
the other spectra can be accounted for by considering the different resolution. We
rebin this spectrum, artificially lowering the resolution, to match the ACAM spectrum
taken on 2019 July 11, which is the closest in time. The resulting spectrum is visually
very similar to the ACAM one. We then fit the rebinned UVES spectrum with the line
structure used for the other spectra (of which an example is shown in Fig. 3.3.9)
and we obtain line parameters within uncertainties of the ones derived from the July
11 ACAM spectrum. Notably, the broad base of Hβ and the He II were difficult to
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constrain on the unbinned UVES spectrum, probably due to the low SNR in the
continuum. The complex structure at the top of the emission line is consistent with
that seen in the X-shooter (Fig. 3.3.11) and ISIS spectra.

Figure 3.3.17: Hβ region of the UVES spectrum with two different fits: in red, the fit with a
Gaussian curve, similar to the function used in the other spectra and in blue, the fit using a
flat-top Gaussian. The two bottom panels are the residuals of the two fit, the top one for the
flat-top Gaussian fit and the bottom one for the Gaussian fit.

3.4

Discussion

Before discussing the interpretation of the results of our observations and analysis,
we summarise the main results.
The transient is bright in X-rays, UV, optical and radio. The X-ray light curve
decays very quickly and the transient becomes undetected 125 days after discovery
(2019 Apr 09, MJD 58 582), while the low-frequency radio luminosity is seen to be
increasing steadily. The optical spectra show a blue continuum that decays over
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the first 60 days of our observations. In addition, multiple broad emission lines are
detected. After subtracting the stellar component of the host galaxy light, the spectra
show Balmer (Hα through Hδ) and He II 4686 Å emission lines. The [O III] and [S II]
doublets (4959, 5007 and 6716,6731 Å, respectively) are also detected in emission.
The Hα and Hβ emission lines show two components: a narrow peak and a broad
base. We consider the broad base of Hα and Hβ, as well as the He II line to originate
from the TDE, while the narrow emission lines as due to emission from the host
galaxy. However, we do consider the narrow Fe II emission lines appearing 200
days after discovery in the optical spectra to be caused by the TDE. In a late time
host galaxy spectrum, the broad bases of Hα and Hβ, the He II and the Fe II lines
are no longer detected. Our medium/high-resolution spectra show absorption lines
superimposed on some emission lines and some emission lines show a deviation
from a Gaussian profile.

3.4.1

Constraints on the presence of an AGN

The persistence of the Balmer lines in our late-time spectra, especially the narrow Hα
and Hβ peaks, the small offset and FWHM of these lines, coupled with the apparent
absence of line evolution, indicate that those narrow emission lines do not originate in
the transient event, but rather in a weak AGN or are caused by star-forming activity.
In order to assess the underlying ionising mechanism for these narrow emission
lines, we plot the position of the source on a Baldwin, Phillips & Terlevich (BPT)
diagram (Baldwin et al. 1981) in Fig. 3.4.18. Due to the presence of the telluric
absorption on top of the Hα and [N II] doublet lines we were not able to constrain the
presence of the latter. Therefore, we are limited in the number of BPT diagrams we
can use. For the BPT diagram, we use the values of the line parameters calculated
from the last spectrum available, 411 days after discovery. The source falls in the H II
region of the diagram, indicating that star formation is responsible for these narrow
emission lines. In addition, the mid-infrared color from the Wide-field Infrared Survey
Explorer (WISE), at W1−W2=−0.05, is lower than the threshold presented in Stern
et al. (2012) for AGNs, also suggesting that the SMBH was not active prior to the
TDE.
van Velzen et al. (2020a) mention that the host galaxy falls in the green valley
when plotting the intrinsic u−r color vs. the host galaxy mass, a region that also
hosts post starburst galaxies. The narrow Hα and Hβ lines have an FWHM above
1000 km s−1 , which is higher than expected from an AGN narrow line region. Similarly, such an FWHM is high for most starburst galaxies, although such values have
been observed in some (ultra) luminous infra-red galaxies (Arribas et al. 2014). Considering all the evidence, we exclude an AGN as the source of the narrow emission
lines and favour an origin in star formation.
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Figure 3.4.18: Position of the persistent narrow emission lines in the host galaxy spectrum of
AT 2019dsg on a BPT diagram. The spectrum used was the late time TNG spectrum at 411
days, when no broad components to the Balmer lines could be detected. The lines separating
the different regions come from Kewley et al. (2001).

3.4.2

Host galaxy star light subtraction and N Bowen fluorescence lines

After we corrected the observed spectra for the contribution of the host stellar light,
we do not detect the N lines associated with the Bowen fluorescence lines in any
of the spectra of our follow-up campaign. We carefully inspected the spectra of
AT 2019dsg to investigate whether the Bowen blend is present or not. As an example, we plot the line fit to the Hδ to Hβ region of the EFOSC2 spectrum of 2019 June
08 before the host galaxy star light is subtracted in Fig. 3.4.19. The spectrum shows
an emission line at ∼4050 Å and an additional broad component between Hγ and
He II. These lines have been associated with N III lines due to the Bowen fluorescence mechanism (Bowen 1934, 1935): the line at 4050 Å as the blend of two N III
lines (at 4097 and 4104 Å, shifted by ∼50 Å or 3700 km s−1 ), while the broad component at 4500 Å can be considered as a blend of many lines (see Steeghs & Casares
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2002 for a list of Bowen fluorescence lines at these wavelengths). These emission
lines were also identified in van Velzen et al. (2020a), leading to the classification of
AT 2019dsg as a "TDE-Bowen". However, after the host galaxy subtraction process,
both of these emission features are not detected in the spectra (see e.g., Fig. 3.3.9).
Emission lines due to the Bowen fluorescence have previously been identified in
other TDEs: iPTF15af (Blagorodnova et al. 2019), AT2018dyb (Leloudas et al. 2019),
ASASSN-14li (Holoien et al. 2016b; Prieto et al. 2016), iPTF16fnl (Onori et al. 2019)
and AT2019qiz (Nicholl et al. 2020). iPTF15af and AT2018dyb were found in nonactive galaxies, while the host galaxies of iPTF16fnl, ASASSN-14li, and AT2019qiz
may harbour an AGN. For iPTF15af, iPTF16fnl and AT2019qiz host galaxy subtraction was performed on the spectra, while for AT2018dyb and ASASSN-14li this
was not the case (the lines were very strong in these events). The subtraction for
iPTF15af was performed by fitting a late time spectrum to the source spectrum. In the
case of AT2019qiz, the host subtraction was performed by creating a synthetic host
galaxy spectrum using stellar population synthesis models and subtracting it from
the source spectrum (this, similarly to our case, removes the stellar contribution).
Finally, for iPTF16fnl, a method similar to ours was employed. For the low-resolution
spectra, they used PPXF to scale a late time host galaxy spectrum to the source
spectra to subtract it, while for their X-shooter spectra, they employed the PHOENIX
library to create a synthetic host spectrum.
As a check on our host star light subtraction procedure, we also perform the subtraction of the host galaxy stellar component using the late-time TNG spectrum (411
days after the discovery of the transient) to build our synthetic host spectrum. For this
spectrum, we use the MILES library (Sánchez-Blázquez et al. 2006; Falcón-Barroso
et al. 2011), which consists of ∼1000 stellar spectra covering the 3525 – 7500 Å
wavelength range with a resolution of 2.5 Å. Using PPXF we first build the synthetic
host spectrum and then we scale it to each spectrum of our follow-up campaign and
subtract it. The scaling is necessary to account for variable slit losses in the data
taking and for the different resolution of the detectors. In Fig. 3.4.20, we show the
blue part of the observed late-time TNG spectrum, the best-fit results of the PPXF
procedure, i.e., the synthetic host galaxy stellar light, and the residuals. The regions
with relevant emission lines, including the wavelength range associated with potential N III Bowen fluorescence features, are excluded from the fit. The results of the
spectral analysis on these newly subtracted spectra (including the disappearance of
the N III lines and the results of the line fit) were consistent within errors with the
results presented in Sec. 3.3.5. It is interesting to compare our AT 2019dsg results
with those of iPTF16fnl obtained by Onori et al. (2019): the spectrum used for the
host subtraction in iPTF16fnl also contained a weak N III 4100 Å host galaxy line, but
nevertheless, the Bowen line was clearly present in the subtracted spectra (see fig. 6
of Onori et al. 2019). In all subtracted spectra, iPTF16fnl clearly shows N lines both
at 4100 Å and at 4640 Å, also in the X-shooter spectra, on which the host-subtraction
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Figure 3.4.19: Example of a fit to the emission lines in the Hβ region of the EFOSC2 spectrum
taken on 2019 June 08 (60 days after discovery), before performing the host galaxy subtraction. With B. blend we indicate the blend of unresolved lines previously associated with Bowen
fluorescence. In the bottom panel, the residuals of the fit are shown.

procedure was identical to ours. Clearly, the host stellar light subtraction procedure
is not responsible for the non-detection of the N Bowen lines in AT 2019dsg.
We therefore associate the presence of these emission lines in our unsubtracted
spectra with spectral features originating in the host galaxy. In our synthetic spectrum
(in red in Fig. 3.4.20) the area between Hδ and Hβ is similar to the spectrum of a
green valley galaxy (see fig. 9 of Pan et al. 2013 for an example of a green valley
spectrum). That green valley galaxy spectrum clearly shows a feature at ∼4020 Å
that matches the one observed in our unsubtracted spectra. In addition, the host
galaxy spectrum shows a bump in the continuum around 4500 Å which when left
unsubtracted can explain the erroneous identification of this feature as a blend of
Bowen lines caused by TDE emission.
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Figure 3.4.20: Zoom in of the Hδ – Hβ region on the late time TNG spectrum (+411 days). In
black, the source spectrum; in red, the convolved stellar library (the PPXF best-fit host galaxy
synthetic spectrum); in green and blue, the subtracted spectrum. The grey vertical bands
indicate the regions of the spectrum excluded from the fit. The Hδ – Hβ region is almost
completely masked during the fit, while the rest of the spectrum, except for the Hα line, is
considered for the template fitting.

3.4.3

Radio emission from AT 2019dsg

In discussing the radio properties of AT 2019dsg, we also consider the radio data first
published in Stein et al. (2020) (also plotted in Fig. 3.3.2). The first radio observations
of AT 2019dsg started 42 days after discovery, at which time AT 2019dsg was already
detectable at frequencies ν & 3 GHz (Fig. 3.3.2) and showed an inverted spectrum
(the higher the observing frequency, the higher the observed flux density), indicating
that the radio emission was in its optically thick phase at all observed frequencies.
Over time the radio emission continued to grow at all frequencies, and around day 70
AT 2019dsg started to enter its optically thin phase at frequencies &15 GHz. Correspondingly, the peak frequency of AT 2019dsg started to shift progressively towards
smaller values, and by day ∼180 AT 2019dsg had reached its optically thin phase
also at ∼6 GHz. Our e-MERLIN monitoring shows, however, that the radio emission
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at 5.1 GHz is still rising to its maximum at ∼ 180 days, indicating that the TDE had
not yet entered the optically thin regime at frequencies .5.1 GHz at that time. This
result is in agreement with the value of νpeak = 5.4 ± 0.1 GHz at t = 178 d reported
by Stein et al. (2020). The overall radio behaviour is consistent with the evolution
of gas emitting synchrotron radiation, the emission at the lower frequencies is selfabsorbed. This has also been seen in other TDEs with radio emission, including
both TDEs that showed a relativistic jet (e.g., Arp 299B-AT1 Mattila et al. 2018), and
those where the relativistic/sub-relativistic nature of the outflow is less clear (e.g.,
van Velzen et al. 2016; Alexander et al. 2016). Stein et al. (2020) have modelled the
radio emission of AT 2019dsg as a synchrotron self-absorbed sub-relativistic outflow
that has a continuous injection of fresh relativistic electrons from a central engine.
But we note that in the case of the TDE Arp 299-B AT1, Mattila et al. (2018) modelled the radio emission with a relativistic jet whose initial population of electrons are
continuously re-accelerated. Stein et al. (2020) find that the expansion of the TDE
proceeds with a constant speed for the first three epochs, until day 120, and then
suffers an increase in expansion speed at the latest epoch. However, we note that
this is explanation is not unique and probably model dependent, as the outflow radius
is not measured directly. A relativistic jet with a fast core and a slow sheath seems to
be able to account for an almost constant expansion (of the fast jet) as well (Mimica
et al. 2015), although we defer detailed radio modelling to future work. Similarly, the
increase of the expansion speed seen around day 180 for AT 2019dsg can also be
explained by a relativistic jet that encounters a medium with a steep density profile,
as found by Mattila et al. (2018) for Arp 299B-AT1. The 5.0 GHz radio emission of
Arp 299-B AT1 peaked at substantially later epochs, more than ∼1000 days after the
event. In contrast, ASASSN-14li (e.g., Bright et al. 2018) and AT2017gbl (Kool et al.
2020), showed their 5.0 GHz emission peaking around 150 days. At the end of our
follow-up, the 5.0 GHz emission from AT 2019dsg has still not reached its peak. We
stress that a comparison of phases across different TDEs is not straightforward, as
we define time=0 as the discovery of the transient, and not as some moment related
to the physics of the event.

3.4.4

X-rays: disc cooling?

The X-ray luminosity decays very quickly, decreasing by a factor ∼100 in roughly
60 days, and becomes undetected 125 days after discovery, although we lack deep
late-time Chandra or XMM-Newton observations (cf. Jonker et al. 2020). To explain
such a dramatic decrease, we can invoke several possible mechanisms that can
work alone or in conjunction, such as: (i) an increase in absorption in our line of
sight to the X-ray emitting region or (ii) cooling of the disc that causes the emission
to shift out of the X-ray band, caused by either a general decrease in mass accretion
rate, reducing the energy output, or by an increase in the amount of ionized material
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causing the X-ray photosphere to move out with time.
The observed cooling of the black body temperature in X-ray spectral fits to the
NICER data (Fig. 3.3.5) suggests that the first mechanism is not at play, as it would
make the observed spectrum harder with time. Furthermore, following the TDE unification idea (Dai et al. 2018) the cooling X-ray disc seems to suggest that we are
observing the system relatively pole-on. The second mechanism mentioned above
could be at play. We see a decrease in temperature over the first 60 days after
the discovery of the transient. If this cooling continued, the emission shifts out of
the X-ray pass band. Indeed, in the last Swift detection (125 days after discovery),
the photons were all detected below 0.5 keV. The X-ray luminosity seems to follow
the Stefan-Boltzmann law (Fig. 3.3.6), meaning that the emission from the disc is
consistent with a thermal nature.
What is causing this cooling is unclear: potentially the mass accretion rate is
dropping, or alternatively, the photosphere is moving out, due to the increased presence of ionized material. The black body radius obtained from the modeling of the
11
X-ray spectrum using a black body model, R = 3.4+1.5
cm is smaller than the
−0.9 × 10
6
Schwarzschild radius of a (5.4 ± 3.2) × 10 M¯ BH, RS = (1.6 ± 0.9) × 1013 cm. While a
more edge-on view of the accretion disc could cause the observed emitting region
to appear smaller another possible explanation involves the properties of the atmosphere above the accretion disc. Due to a rapid decrease of the opacity with X-ray
photon energy due to light element free-free, bound-free, and bound-bound transitions, higher energy X-ray photons are coming from deeper, hotter layers (see for
instance the explanation in Zavlin & Pavlov 2002). This effect is seen in quiescent
neutron stars (NS), where the presence of an atmosphere causes the emitting radius
to be underestimated if modelled with a simple black body (see Kaspi et al. 2006, for
a review). It is worth noting that finding black body radii too small for the BH masses
is not uncommon in TDEs (e.g., Wevers et al. 2019b).
To better understand the driver behind the decay in X-ray luminosity, we also
checked the He II 4686 Å line EW. The He II 4686 Å line is known to be created by
photo-ionisation due to (soft) X-ray photons, exhibiting photon-counting properties
with a rough correspondence of 1 He II photon emitted for each 0.3-10 keV X-ray
photon (Pakull & Angebault 1986; Schaerer, D. et al. 2019). If we compare the
photon emission in the X-rays with the He II line EW, we see that the rate of photons
emitted in the X-rays is above the amount necessary to explain the detected He II
emission line at all epochs where we have data, by a factor of ∼100 at the beginning
reducing to a factor ∼2 at the last X-ray detection (125 days after discovery). The
He II luminosity does not trace the initial dramatic decrease present in the X-ray light
curve. Instead, its EW only decreases by a factor ∼4 between 30 and 50 days
after the discovery date. This could suggest that the region responsible for the He II
emission is (partially) shielded from our line of sight, i.e., the X-ray emission is not
"seen" by all material surrounding the black hole.
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There is suggestive evidence for short term variability in the Swift X-ray data.
Other TDEs have shown similar X-ray flaring activity (e.g., AT 2019ehz, van Velzen
et al. 2020a and SDSS J1201, Saxton et al. 2012). This behaviour can for instance
be explained by a clumpy outflow. Another cause for short-term X-ray variability
could be precession of the accretion disc. In such a scenario, when viewed under a
large inclination, the disc can intermittently obscure the inner X-ray emitting region.
The inclination angle changes due to precession creating the modulation of the light
curve on the precession timescale (Franchini et al. 2016; Wen et al. 2020). In our
case, we favour a more polar line of sight to the system and therefore, we deem the
precession scenario as an explanation for the X-ray variability in AT 2019dsg less
likely. To explain the variability observed in the Swift light curve (Fig. 3.3.4), we could
invoke the debris streams caused by the initial disruption of the star. As explored
in more detail in Sec. 3.4.7, when the star is disrupted, the debris will form selfgravitating streams (Guillochon et al. 2014). If some of these streams are deflected
to high enough angles by nodal precession, they could (occasionally) intercept our
line of sight to the inner accretion disc, where the X-rays are produced. The variability
of the EW of He II (Fig. 3.3.14) could be reflecting the variability observed in the Swift
X-ray light curve.
At late times (more than 200 days), we start seeing low ionisation Fe II emission
lines in the spectra. These lines are produced in an optically thick, high density
medium, ionised by X-ray radiation. Low ionisation Fe II lines have already been
observed in TDEs, as reported in Wevers et al. (2019a), where the authors compare
the emergence of these lines to the case of Cataclysmic Variables, where these lines
are thought to originate from the surface of the accretion disc. AT 2019dsg is the third
UV/optical detected TDE that show these low ionisation, optical Fe II emission lines,
the other two being AT 2018fyk and ASASSN–15oi (Wevers et al. 2019a). We identify
emission from multiplets 37, 38, 42 and 49, which are some of the strongest features
also observed in some AGN. These three Fe-strong TDEs show several similarities
in their observed properties. Similar to AT 2018fyk and ASASSN–15oi, AT 2019dsg
produced observable X-ray emission (although, note that at the epochs at which we
detect the Fe II lines we do not have X-ray data). The Fe lines observed are much
narrower than the other TDE lines. As explored below (see Section 3.4.6), following
Roth & Kasen (2018), we hypothesise that in AT 2019dsg the broad lines due to the
TDE (He II, Hα and Hβ) are created in an expanding photosphere that causes the
shift of the line centroid and the large FWHM. Therefore, we assume that the Fe lines
do not originate in this expanding photosphere, but rather in optically thick clumps
of gas. This gas is either pre-existing but only irradiated by X-rays at later times
for instance due to disc slimming (Wen et al. 2020) or low-velocity condensations of
earlier outflowing material. While the late-time presence of the Fe lines reinforces
the idea that there is still X-ray emission, their ionisation potential is only a few eV,
so that even a "cool" disc could be sufficient to ionise them.
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3.4.5

N Bowen fluorescence lines

Besides showing late-time Fe emission lines, AT 2018fyk, ASASSN–15oi, and AT
2019dsg have another common characteristic: their spectra show no evidence for
N III Bowen fluorescence emission. On the other hand, emission features near 3760
Å do appear in all three sources (see e.g., the UVES and ISIS spectra in Fig. 3.2.1).
The wavelengths of the 3760 Å features coincide with a group of transitions that
can be directly linked to both excited states pumped by the primary Bowen fluorescence process of Oxygen (Bowen 1934). An alternative explanation for these
features could be Fe II emission lines from multiplets 120 and 29 (Netzer & Wills
1983), which can be particularly strong due to Fe II self-fluorescence (i.e., wavelengths coincidences between Fe II transitions). However, due to the presence of
several transient forbidden transitions of O III (including λ4363, 4960) in the Fe-strong
TDEs, we prefer the former explanation.
Why do we observe Bowen O III lines but not the typical N III lines in Fe-strong
TDEs? The Bowen fluorescence mechanism is based on a chain of photo-(de)
excitations that arise from a strong X-ray ionising source exciting He II Ly-α photons
and a dense medium. The primary fluorescence occurs through Oxygen, whose
transitions in turn have resonances that can pump N atoms to excited states. In
particular, the O III cascade produces the 2p3s 3 P0 state through de-excitations including (among others) the 3760 Å transitions. This unstable state subsequently
decays through UV resonance lines (λ 374.432, 374.162 Å) with N III. This results in
N III emission near the 4640 Å complex that is the hallmark of Bowen fluorescence,
observed in X-ray binaries (McClintock et al. 1975), novae (Selvelli et al. 2007), planetary nebulae, QSOs (Weymann & Williams 1969) and TDEs (Blagorodnova et al.
2019; Leloudas et al. 2019; Onori et al. 2019).
If resonant line fluorescence is efficient, one would then expect to see N III 4640
Å emission whenever the O III 3760 Å feature is present. However, this does not
appear to be the case for Fe-strong TDEs. One straightforward explanation is that
the N III 4640 Å emission feature is hidden in the Fe II complex. However, the majority
of TDEs with Bowen lines have N III 4640 Å emission line fluxes that exceed the O III
3760 Å fluxes (Leloudas et al. 2019). In addition, the 4640 Å feature is clearly visible
even next to the dominant He II 4686 Å line. This suggests that the line strength
of N III 4640 Å is much lower in Fe-strong TDEs. In other words, the resonant line
fluorescence of N III is much less efficient.
Probably the absence of significant N III emission reflects different physical conditions along our line of sight in N- and Fe-strong TDEs. In particular, Selvelli et al.
(2007) argued that the key to pumping N III resonance lines is multiple scatterings in
an optically thick medium. In optically thin conditions, the probability that an O III resonance photon will directly excite the parent level that results in N III 4640 Å emission
is very low. However, if the medium is optically thick, multiple scatterings of the O III
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photon results in a very high probability of ultimately triggering the N III emission.
A more detailed, quantitative analysis to infer the physical properties of the gas will
require high SNR spectroscopy of the Bowen lines, including those in the UV part of
the spectrum which we are lacking for AT 2019dsg, combined with radiative transfer
modelling.

3.4.6

Broad optical emission lines

It is interesting to consider the evolution of the parameters of the (broad) emission
lines detected in AT 2019dsg. The EW and the FWHM of the Hγ line both show a
decrease (by a factor ∼2) between 30 and 70 days after discovery, a timescale that
is similar to the one over which the blue continuum of the optical spectra decays.
More interestingly, the EW of the Hγ line shows a gradual decrease over the whole
period of our follow-up campaign. Potentially, there might be two components to that
emission line (similarly to Hα and Hβ case): one from the host galaxy and another
one from the TDE. However, in the case of the Hγ, we are not able to separate
these two components in a narrow and a broad line. The decrease of the EW can be
explained by the decay of the broad component arising from the TDE. From 190 days
onwards, we are probably detecting only the contribution from the host galaxy narrow
emission line: the value of the EW is almost a factor 2 lower than the previous data
point and does not change any further (see also Tab. 3.B.2). The broad component
of Hα and Hβ also is no longer detected at these epochs. If the central wavelength
is dominated by the narrow line component originating in the host galaxy, this would
also explain the low shift of the central wavelength detected in this line (and in Hδ
in the few epochs in which it is constrained). Finally, also the decrease of the ratio
between the EW of the Hγ and that of the narrow Hβ (Fig. 3.3.16) could be explained
by the Hγ having these two components.
The evolution of the He II is also interesting: it is the only line to show a consistent
blueshift with respect to the restframe wavelength, and this blueshift is increasing in
the last two epochs. The amplitude of this blueshift is in line with the velocity of
the radio outflow derived in Stein et al. (2020), which is also increasing around 170
days after discovery. The FWHM of the He II also increases at the same time. This
could mean that the He II line originates in expanding gas that traces the outflow
that could be responsible for the radio emission as well. Its FWHM is then partly
determined by electron scattering (Roth & Kasen 2018) and partly by differences
in the outflow velocities projected onto our line of sight of the He II emitting gas.
The broad components of Hα and Hβ have FWHMs with similar or greater values
compared to He II. They could also originate from an expanding shell of gas. Also
the velocity shift of the broad base of Hα has a value similar to the one of He II.
Unfortunately, the broad Hα and Hβ were not detected at the last two epochs when
the blueshift of the He II line increases. The scenario of expanding material, where
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X-ray radiation is reprocessed and the broad optical lines are emitted, is similar to
the one discussed in Nicholl et al. (2020) for the TDE AT 2019qiz.

3.4.7

High-resolution spectroscopy and absorption lines

In our follow-up campaign of AT 2019dsg we obtained two medium-resolution spectra
(ISIS and X-shooter) and one high-resolution spectrum (UVES). In these spectra, we
see evidence for absorption lines superimposed on the broad emission lines: in both
the X-shooter (Fig. 3.3.11) and ISIS (Fig. 3.3.12) spectra, the Hγ and He II lines
show absorption lines. The UVES spectrum (Fig. 3.3.17) also provides suggestive
evidence for the presence of several absorption lines superimposed on the Hβ line.
Unfortunately, the SNR of the UVES spectrum is too low to establish the presence of
these potential absorption lines beyond doubt. The spectrum does show evidence
that the overall line shape may deviate from a simple Gaussian profile. The Hβ line
shows a flat top. Deviations from a Gaussian profile of the broad emission lines of
a TDE have been seen before in the literature, with lines showing double peaks and
box-shaped profiles (Short et al. 2020).
We thoroughly checked our synthetic host spectrum for features that could artificially create the absorption lines detected in the Hγ and He II lines, during the
host-subtraction procedure, but found none. The absorption lines could be due to
the host galaxy. On one hand, if this were the case, we would expect the line parameters to not change between the two spectra, especially since they are separated by
just 7 days (the line parameters are reported in Tab. 3.3.4). Indeed, the line parameters are consistent within uncertainties. On the other hand, these lines are present
in the spectra after we removed the stellar component, disfavouring such an origin.
We check for absorption from diffuse atmospheric bands (DIBs), finding that only
the absorption feature in He II at 4660 Å could potentially be explained by the DIB at
4659.8 Å (Hobbs et al. 2008).
When a star is disrupted, the debris may form strongly self-gravitating streams
(Guillochon et al. 2014). What we could be seeing is absorption lines caused by
such streams, where the different orbital motions and projected velocities of these
different streams cause the variation of the width of the lines. To have this, we would
need some of the self-gravitating streams to be deflected by large angles, while the
bulk of the disrupted material circularises into an accretion disc, as we deem it likely
that the disc is observed under a low inclination angle. Detecting these streams
could be an indicator of the BH spin: in fact, to produce the detected absorption
lines, the streams have to be somewhat long-lived (in our case, for at least 140–150
days). This happens if the streams do not self intersect during their orbital motion. As
suggested in Guillochon & Ramirez-Ruiz (2015), the relativistic precession induced
by the BH spin can deflect the streams from the original orbital plane, thus avoiding
their intersection. This effect is more pronounced for retrograde orbits (Hayasaki
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et al. 2016) than for prograde ones (Liptai et al. 2019). It is important to note that in
Leloudas et al. (2019), a search for such absorption features in their UVES spectra
is presented, without finding any absorption line due to the TDE. Overall, it is unclear
if such streams can be present while at the same time active accretion is ongoing.
TDEs are geometrically complicated phenomena, with streams of debris selfintersecting, outflows, an accretion disc which is not expected to have a simple and
symmetric geometry - especially at the beginning of the outburst - and it is only
natural for this complex environment to be reflected in the spectral properties. In
the future, employing high-resolution spectrographs and developing physical models
that account for the fine structure observed could be paramount to obtain a more
thorough picture of the dynamics of the debris stream, the eventual formation of the
accretion disc and to infer the spin of the BH.

3.5

Summary

We present results of a spectroscopic monitoring campaign of the tidal disruption
event AT2019dsg. We perform a detailed analysis of the emission line content and
evolution at optical wavelengths, using 26 spectra covering 34 to 411 days after discovery. Combining these results with other multi-wavelength information, including
radio interferometric observations and X-ray and UV measurements, we attempt to
explain the multi-wavelength observed properties and their evolution in a coherent
manner.
• The TDE is X-ray bright, but the X-ray luminosity rapidly decays and becomes
undetectable in less than 200 days. This rapid decline can be explained by a
cooling disc.
• In line with Stein et al. (2020) we suggest that an outflow is powered by the
accretion flow and the outflow is responsible for the optical (line) emission. The
emission lines, particularly He II, trace the outflow velocity (which, as modelled
in Stein et al. 2020, increases between 120 and 180 days after discovery). We
therefore propose that the emission lines are formed in this expanding medium.
• Our e-MERLIN radio observations show that the emission is still increasing
at 5.1 GHz, in contrast with radio observations at higher frequencies, which
show a clear decreasing trend. This indicates that the TDE is still optically
thick at t ∼ 200 d for ν . 5.1 GHz. While Stein et al. (2020) interpreted their
radio observations as being due to a sub-relativistic outflow, we warn that a
relativistic jet with a fast core and a slow sheath could possible also explain the
radio observations (see, e.g., Mimica et al. 2015) and, advocating a change in
the density profile, the apparent increase in the expansion speed around day
180.
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• At later times, more than 200 days after discovery, low ionisation Fe emission
lines appear. We do not have X-ray data at these epochs, but the presence of
the Fe lines indicates the continued presence of an ionising continuum source.
• We show that after carefully subtracting the host galaxy light, the features previously identified as N III Bowen fluorescence lines by van Velzen et al. (2020a)
disappear. This underlines the importance of performing host galaxy subtraction for the spectral study of TDEs.
• We discuss the similarities between the Fe-strong TDEs in terms of the presence/absence of Fe and N Bowen fluorescence lines.
• In our medium/high-resolution spectra, we see absorption lines that could be
due to the self-gravitating debris streams, caused by the disruption of the star,
intercepting our line of sight. High-resolution spectroscopy may play a big role
in the future for understanding the dynamics of the debris stream in TDEs.
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3.A

FLOYDS spectra

Figure 3.A.1: Sequence of spectra taken with the FLOYDS spectrograph. For each spectrum
the phase with respect to the transient discovery date (2019 Apr 09, MJD 58582) is reported
on the right. For plotting purposes, all spectra have been divided by their median value.

Table 3.A.1: FLOYDS spectroscopic observations
MJD(1)
[days]
58 628.73
58 645.65
58 661.72
58 683.66
58 696.65
58 712.49
58 735.55
58 748.41
58 766.46
58 779.35

phase(2)
[days]
+46
+63
+79
+101
+114
+130
+153
+166
+184
+197

UTC Date
2019 May 25
2019 Jun 11
2019 Jun 27
2019 Jul 19
2019 Aug 01
2019 Aug 17
2019 Sep 09
2019 Sep 22
2019 Oct 10
2019 Oct 23

exposure time
[s]
3600
3600
3600
3600
3600
3600
3600
3600
3600
3600

slit
[00 ]
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0
2.0

Note.(1) Modified Julian Day of observations; (2) calculated with respect to the discovery
date MJD 58 582.

98

···

···

···
···
1860 ± 160

2460 ± 180
2270 ± 200
1890 ± 110
2160 ± 36
3280 ± 550
2420 ± 290
2510 ± 300
2200 ± 390
···
···
···

···
···
···

He II
Hβ broad
9850 ± 370
5800 ± 740
5790 ± 290
2720 ± 740
7610 ± 660
4310 ± 760
7610 ± 430
3910 ± 870
6980 ± 370
3920 ± 840
7260 ± 810 15080 ± 3310
8940 ± 770
5800 ± 530
6980 ± 420
5750 ± 750
10760 ± 360
5450 ± 810
8720 ± 420
6640 ± 450
8050 ± 500 11200 ± 1330
10300 ± 440
4830 ± 850
6930 ± 510
3950 ± 950
7740 ± 340
8150 ± 780
6320 ± 470 20100 ± 9500
7410 ± 380
5780 ± 450
7300 ± 410
8000 ± 760
6310 ± 270
4710 ± 220
6370 ± 110
3570 ± 150
7440 ± 1020 5470 ± 1030
7630 ± 600
8610 ± 1110
11730 ± 780
···
13000 ± 1310
···
···
···
···

···
···
1190 ± 60

Hβnarrow
1110 ± 110
1010 ± 220
1180 ± 210
1100 ± 160
1100 ± 130
1400 ± 120
1150 ± 110
1220 ± 90
850 ± 90
1160 ± 90
1310 ± 90
1320 ± 130
1210 ± 110
1280 ± 90
1390 ± 130
1210 ± 90
1370 ± 90
···
1220 ± 40
···
1190 ± 20
10140 ± 1010 1210 ± 150
13100 ± 1110 1290 ± 100
···
1800 ± 150
···
1520 ± 90

Hα broad
11970 ± 1010
8840 ± 670
7540 ± 880
5630 ± 420
6810 ± 430
14100 ± 930
11110 ± 730
12140 ± 740
8740 ± 690
12490 ± 710
13200 ± 890
11450 ± 1370
12580 ± 1040
12150 ± 710
10210 ± 850
11910 ± 1250
12570 ± 970
···
···
1180 ±
1170 ±
1100 ±
···
1260 ±
1230 ±
1170 ±

50
60
50

80
80
60

Hα narrow
920 ± 60
1020 ± 70
1170 ± 30
960 ± 60
750 ± 60
1060 ± 70
1070 ± 70
1050 ± 70
1060 ± 70
1100 ± 70
1120 ± 80
1020 ± 70
1110 ± 80
1150 ± 70
1170 ± 80
1170 ± 70
1180 ± 70

Notes: (1) Modified Julian Date of the observations, (2) days passed from the discovery of the transient, MJD 58 582.46.

···
···
···
···
···
···
···
···
···
···
···
···

4020 ± 310 2290 ± 230
3790 ± 230 2880 ± 210
···
2440 ± 420
···
2170 ± 260
···
1970 ± 190
···
2360 ± 180
···
2040 ± 180
···
2710 ± 240
3040 ± 400 2590 ± 210
···
2190 ± 300
···
2310 ± 180

···

Hδ
Hγ
3880 ± 340 3560 ± 280
4630 ± 200 3020 ± 170

3.B

MJD(1)
phase(2)
58 616.36
+34
58 631.13
+49
58 638.28
+55
58 642.35
+60
58 644.32
+62
58 655.19
+73
58 656.12
+74
58 657.09
+75
58 658.14
+76
58 676.19
+94
58 678.10
+96
58 689.25
+107
58 690.11
+108
58 692.12
+110
58 710.94
+128
58 715.88
+134
58 717.00
+135
58 717.89
+135
58 724.14
+142
58 733.93
+151
58 735.96
+153
58 777.02
+195
58 808.04
+226
58 824.83
+242
58 827.82
+245
58 994.00
+411

Table 3.B.1: FWHM of the emission lines, in km s−1 as measured from our spectra at epoch given by the
Modified Julian Date in the first column, corrected for instrumental broadening. With · · · we indicate an epoch
in which the line in question could not be fit.
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phase(2)
+34
+49
+55
+60
+62
+73
+74
+75
+76
+94
+96
+107
+108
+110
+128
+134
+135
+135
+142
+151
+153
+195
+226
+242
+245
+411
···
···
···
···
···
···
4.9 ± 0.8
···
···
···
···
···
···
···
···
···
···
···
···
···
···
···
···
···

···
···
4.6 ± 0.5

···

5.8 ± 0.7
8.0 ± 0.7
6.2 ± 1.3
7.6 ± 1.1
6.8 ± 0.8
8.9 ± 0.8
6.7 ± 0.6
7.5 ± 0.8
7.9 ± 0.7
5.2 ± 0.9
6.9 ± 0.6
5.5 ± 2.0
8.4 ± 0.7
6.1 ± 0.6
9.6 ± 1.6
7.3 ± 0.2
8.1 ± 1.7
6.5 ± 0.9
4.2 ± 0.6
3.4 ± 0.7

···

He II
44.6 ± 2.2
14.2 ± 1.0
17.6 ± 1.9
19.3 ± 1.4
18.9 ± 1.3
13.4 ± 2.1
15.5 ± 1.7
14.4 ± 1.1
36.8 ± 1.5
18.5 ± 1.1
16.8 ± 1.2
28.5 ± 1.6
12.8 ± 1.2
17.0 ± 1.1
13.1 ± 4.3
14.9 ± 1.0
12.8 ± 0.9
23.0 ± 1.5
15.9 ± 0.4
13.3 ± 2.4
13.9 ± 1.4
15.5 ± 1.3
14.8 ± 1.9

Hγ
10.8 ± 1.1
8.5 ± 0.6

9.4 ± 0.9
11 ± 0.8

Hδ
9.0 ± 1.0
13.2 ± 0.7

···
···
···
···
···

Hβ broad
15.1 ± 3.1
5.8 ± 4.3
8.7 ± 2.6
7.1 ± 3.4
7.2 ± 3.0
24.3 ± 5.9
15.7 ± 2.3
8.0 ± 1.7
6.6 ± 1.5
16.5 ± 1.6
20.6 ± 2.7
8.6 ± 2.9
4.3 ± 2.0
13.0 ± 1.7
37.6 ± 20.0
10.6 ± 1.3
10.9 ± 1.5
20.9 ± 1.6
5.8 ± 0.5
11.0 ± 3.3
12.2 ± 2.1
···
···
24.9 ± 3.4
38.7 ± 4.2
···
···
···
···
···

Hα broad
33.5 ± 3.6
23.6 ± 2.5
15.6 ± 2.6
16.3 ± 2.0
21.9 ± 2.0
36.4 ± 3.0
35.1 ± 3.0
40.8 ± 3.1
22.5 ± 2.4
39.9 ± 2.9
38.9 ± 3.3
23.4 ± 3.6
32.3 ± 3.5
35.1 ± 2.7
30.4 ± 3.5
22.6 ± 3.1
26.7 ± 2.6

···
···
13.6 ± 0.5

Hβ narrow
11.1 ± 1.2
6.6 ± 2.1
4.4 ± 1.0
8.4 ± 1.4
9.3 ± 1.2
11.2 ± 0.9
11.6 ± 0.9
12.2 ± 0.6
7.5 ± 0.5
9.6 ± 0.5
9.6 ± 0.5
10.3 ± 1.2
8.9 ± 0.9
11.0 ± 0.5
12.9 ± 1.2
9.1 ± 0.5
8.8 ± 0.4
14.3 ± 0.6
9.1 ± 0.2
9.1 ± 1.1
10.9 ± 0.6
11.5 ± 0.5
10.1 ± 0.6
···
···
53.0 ±
61.4 ±
41.1 ±
···
45.2 ±
46.7 ±
65.9 ±

1.0
1.2
2.6

1.2
1.5
0.9

Hα narrow
43.0 ± 1.0
36.8 ± 1.1
29.8 ± 1.2
26.0 ± 0.9
35.3 ± 0.9
37.3 ± 0.8
47.4 ± 1.0
49.5 ± 1.0
47.0 ± 0.9
48.2 ± 0.8
43.1 ± 1.0
38.8 ± 1.1
45.6 ± 1.1
49.0 ± 0.8
50.3 ± 1.2
43.7 ± 0.9
41.4 ± 0.8

Notes: (1) Modified Julian Date of the observations, (2) days passed from the disovery of the transient, MJD 58 582.46.

MJD(1)
58 616.36
58 631.13
58 638.28
58 642.35
58 644.32
58 655.19
58 656.12
58 657.09
58 658.14
58 676.19
58 678.10
58 689.25
58 690.11
58 692.12
58 710.94
58 715.88
58 717.00
58 717.89
58 724.14
58 733.93
58 735.96
58 777.02
58 808.04
58 824.83
58 827.82
58 994.00

Table 3.B.2: Equivalent Width of the emission lines, in Å. With · · · we indicate an epoch in which the line in question could not be
fit.
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phase(2)
+34
+49
+55
+60
+62
+73
+74
+75
+76
+94
+96
+107
+108
+110
+128
+134
+135
+135
+142
+151
+153
+195
+226
+242
+245
+411
···
···
···
···
···
···
370 ± 330
···
···
···
···
···
···
···
···
···
···
···
···
···
···
···
···
···

350 ± 300
69 ± 300
240 ± 60
210 ± 17
620 ± 360
330 ± 320
380 ± 320
-230 ± 330
···
···
150 ± 300

···

···

310 ± 310
150 ± 310
-72 ± 340
-200 ± 310
240 ± 300
130 ± 300
80 ± 300
-100 ± 310
480 ± 300
55 ± 320
9 ± 300

···

He II
-1770 ± 320
-1440 ± 320
-2410 ± 360
-2670 ± 330
-2250 ± 320
-1960 ± 470
-1190 ± 420
-1860 ± 330
-260 ± 320
-1630 ± 330
-2270 ± 370
-2740 ± 340
-2670 ± 340
-1850 ± 330
-2350 ± 490
-1590 ± 320
-1750 ± 330
-2530 ± 70
-2250 ± 30
-1050 ± 460
-1300 ± 370
-3550 ± 380
-3540 ± 500

Hγ
170 ± 310
630 ± 300

-460 ± 320
-36 ± 310

Hδ
240 ± 330
230 ± 310

···
···
···
···
···

Hβ broad(3)
20 ± 300
420 ± 300
-200 ± 300
-60 ± 300
-100 ± 300
-400 ± 300
-320 ± 290
-180 ± 290
-140 ± 290
-280 ± 290
-420 ± 290
-90 ± 300
-380 ± 290
-370 ± 290
-450 ± 300
-150 ± 290
-230 ± 290
-60 ± 60
-460.1 ± 40
-250 ± 300
-90 ± 290

···
···
-880 ± 450
-1470 ± 480
···
···
···
···
···

Hα broad
-170 ± 460
-220 ± 370
-1560 ± 460
-760 ± 350
-380 ± 340
-1820 ± 440
-690 ± 390
-840 ± 390
-1190 ± 380
-820 ± 390
-1390 ± 420
40 ± 540
-760 ± 460
-930 ± 390
-600 ± 410
-2890 ± 550
-900 ± 440

Notes: (1) Modified Julian Date of the observations, (2) days passed from the disovery of the
transient, MJD 58 582.46. (3) The central wavelength of the broad Hβ has been tied to the one
of the narrow peak during the fitting procedure.

MJD(1)
58 616.36
58 631.13
58 638.28
58 642.35
58 644.32
58 655.19
58 656.12
58 657.09
58 658.14
58 676.19
58 678.10
58 689.25
58 690.11
58 692.12
58 710.94
58 715.88
58 717.00
58 717.89
58 724.14
58 733.93
58 735.96
58 777.02
58 808.04
58 824.83
58 827.82
58 994.00

Table 3.B.3: Shift with respect to the restframe wavelength of the emission lines, in km s−1 . With · · · we
indicate an epoch in which the line in question could not be fit. The narrow peaks of Hα and Hβ are not
listed, as we assumed they were at the restframe and we used their offset to probe uncertainties in the
wavelength calibration.

3.B Line fitting results

101

3 Accretion disc cooling and narrow absorption lines in the tidal disruption event AT
2019dsg

3.C

Photometry data

Table 3.C.1: Extinction corrected, AB magnitudes
MJD(1)
58 619.12*
58 620.71*
58 620.18
58 621.07*
58 624.08
58 627.21
58 627.80*
58 630.32
58 633.52
58 636.10
58 639.27*
58 639.83
58 642.40
58 645.32
58 647.69*
58 648.79
58 653.58
58 655.09*
58 656.04+
58 661.07+
58 661.75*
58 665.42*
58 667.10+
58 672.13+
58 675.16
58 675.95*
58 680.19
58 682.42*
58 693.60
58 695.39
58 699.31
58 703.44
58 707.42
58 712.80
58 729.28
58 731.93
58 733.44
58 761.06
58 766.05
58 771.43

seeing [00 ]
1.9
2.4
···

2.4
···
···

1.9
···
···
···

2.2
···
···
···

2.2
···
···

2.8
1.1
1.0
2.4
2.4
1.1
1.3
···

2.1
···

2.9
···
···
···
···
···
···
···
···
···
···
···
···

w2

m2

w1

U

···
···
16.46 ±
···
16.56 ±
16.66 ±
···
16.71 ±
16.61 ±
16.76 ±
···
16.81 ±
16.84 ±
16.88 ±
···
16.98 ±
17.07 ±
···
···
···
···
···
···
···
17.38 ±
···
17.48 ±
···
17.64 ±
17.94 ±
17.98 ±
17.75 ±
17.98 ±
18.22 ±
18.40 ±
18.12 ±
18.40 ±
18.64 ±
18.73 ±
18.67 ±

···
···
16.82 ±
···
16.82 ±
16.82 ±
···
16.84 ±
16.86 ±
17.14 ±
···
17.09 ±
17.08 ±
17.16 ±
···
17.19 ±
17.17 ±
···
···
···
···
···
···
···
17.71 ±
···
17.87 ±
···
17.99 ±
18.06 ±
18.18 ±
18.28 ±
18.23 ±
18.52 ±
···
18.60 ±
18.49 ±
18.84 ±
19.15 ±
18.95 ±

···
···
16.83 ±
···
16.92 ±
17.00 ±
···
17.03 ±
17.09 ±
17.13 ±
···
17.09 ±
17.19 ±
17.19 ±
···
17.17 ±
17.29 ±
···
···
···
···
···
···
···
17.67 ±
···
17.75 ±
···
18.00 ±
18.20 ±
18.23 ±
18.06 ±
18.02 ±
18.36 ±
···
18.45 ±
18.30 ±
18.55 ±
18.75 ±
18.62 ±

···
···
16.96 ±
···
17.22 ±
17.11 ±
···
17.09 ±
17.24 ±
17.33 ±
···
17.30 ±
17.35 ±
17.42 ±
···
17.30 ±
17.46 ±
···
···
···
···
···
···
···
17.68 ±
···
17.90 ±
···
···
···
···
···
···
···
···
18.07 ±
18.45 ±
18.41 ±
18.20 ±
18.24 ±

0.05
0.05
0.05
0.05
0.06
0.05
0.04
0.04
0.05
0.05
0.07

0.07
0.06
0.06
0.09
0.07
0.09
0.08
0.08
0.10
0.11
0.14
0.12
0.17
0.09

0.06
0.06
0.05
0.05
0.07
0.05
0.05
0.05
0.06
0.06
0.07

0.08
0.07
0.08
0.12
0.10
0.14
0.10
0.11
0.14
0.16
0.13
0.21
0.10

0.07
0.08
0.07
0.07
0.10
0.07
0.06
0.06
0.07
0.07
0.09

0.10
0.08
0.07
0.10
0.08
0.10
0.08
0.08
0.17
0.18
0.16
0.23
0.12

B

0.09
0.11
0.09
0.09
0.13
0.09
0.07
0.08
0.10
0.09
0.12

0.13
0.11

0.18
0.25
0.20
0.21
0.12

···
16.74 ±
16.50 ±
16.69 ±
16.66 ±
16.74 ±
16.93 ±
16.74 ±
16.75 ±
16.86 ±
···
16.91 ±
16.96 ±
16.87 ±
16.95 ±
16.85 ±
16.90 ±
16.78 ±
16.97 ±
16.98 ±
16.98 ±
17.01 ±
16.96 ±
16.98 ±
16.90 ±
17.10 ±
17.22 ±
16.93 ±
···
···
···
···
···
···
···
17.12 ±
17.26 ±
17.46 ±
17.48 ±
17.13 ±

0.08
0.09
0.10
0.10
0.10
0.08
0.09
0.13
0.09
0.08
0.08
0.09
0.08
0.09
0.12
0.11
0.07
0.07
0.07
0.07
0.07
0.08
0.11
0.08
0.09
0.18

0.14
0.17
0.15
0.19
0.09

g
16.57 ± 0.06
16.56 ± 0.06
···

16.48 ± 0.06
···
···
16.64 ±
···
···
···
16.60 ±
···
···
···
16.66 ±
···
···
16.54 ±
16.64 ±
16.68 ±
16.59 ±
16.62 ±
16.69 ±
16.74 ±
···
16.74 ±
···
16.66 ±
···
···
···
···
···
···
···
···
···
···
···
···

0.06

0.06

0.05

0.10
0.09
0.07
0.05
0.05
0.08
0.06
0.06
0.10

Notes: (1) Modified Julian Date of the observations. Epochs marked with * indicate
data from Las Cumbres, epochs marked with + indicate data from LT, the rest of the
data is taken with Swift. For all filters the extinction correction was done using the
values in Schlafly & Finkbeiner (2011) who assume a reddening law with Rv =3.1
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Harmanen, K.E.S. Ford, B. McKernan, C. J. Nixon
Monthly Notices of the Royal Astronomical Society, Volume 493, 477 (2020)
Abstract
We present the results of a multi-wavelength follow up campaign for the luminous
nuclear transient Gaia16aax, which was first identified in January 2016. The transient
is spatially consistent with the nucleus of an active galaxy at z=0.25, hosting a black
hole of mass ∼ 6 × 108 M¯ . The nucleus brightened by more than 1 magnitude in the
Gaia G-band over a timescale of less than one year, before fading back to its preoutburst state over the following three years. The optical spectra of the source show
broad Balmer lines similar to the ones present in a pre-outburst spectrum. During
the outburst, the Hα and Hβ emission lines develop a secondary peak. We also
report on the discovery of two transients with similar light curve evolution and spectra:
Gaia16aka and Gaia16ajq. We consider possible scenarios to explain the observed
outbursts. We exclude that the transient event could be caused by a microlensing
event, variable dust absorption or a tidal encounter between a neutron star and a
stellar mass black hole in the accretion disk. We consider variability in the accretion
flow in the inner part of the disk, or a tidal disruption event of a star ≥ 1 M¯ by a rapidly

4 Extreme variability in an active galactic nucleus: Gaia16aax

spinning supermassive black hole as the most plausible scenarios. We note that the
similarity between the light curves of the three Gaia transients may be a function of
the Gaia alerts selection criteria.

4.1

Introduction

Lying at the centre of galaxies, supermassive black holes (SMBHs) have an enormous impact on the region surrounding them. Once the circumnuclear matter is
close enough to the SMBH to fall into the gravitational potential, the black hole will
start accreting this matter through the formation of an accretion disk if the material
has angular momentum. These Active Galactic Nuclei (AGNs) typically emit over
the whole electromagnetic spectrum. Broad (1 000–20 000 km s−1 ) and/or narrow
(300–1 000 km s−1 ) highly ionised emission lines are typically present in the optical
spectra of AGNs. These lines come from clouds of matter in different regions and at
different distances from the central black hole: the Broad Line Region (BLR) and the
more distant Narrow Line Region (NLR). The presence or absence of broad and/or
narrow lines lead to the classification of AGNs in “types”: Type 1 when both kinds of
lines are present, Type 2 when only narrow lines are present. Intermediate types, depending on the presence of single Balmer lines, exist, e.g. type 1.9 characterised by
the presence of a broad Hα emission line but with an absent broad Hβ (Osterbrock
1981). The unified model explains this dichotomy in terms of our viewing angle to
the AGN, where a parsec-scale dusty torus may partially or totally obscure our view
of the central engine and the BLR (Antonucci 1993; Urry & Padovani 1995).
AGNs are intrinsically variable objects, with stochastic variations in brightness of
order of 20% over time-scale of months to years and larger variations happening
on longer timescales (MacLeod et al. 2010, 2012). In recent years, more extreme
examples of Quasar1 variability have been discovered, e.g. Graham et al. (2017)
and Rumbaugh et al. (2018) found large samples of objects that showed variability
of more than 1 magnitude over a timescale of several years in an archival search in
the Catalina Real-Time Transient Survey, Sloan Digital Sky Survey and Dark Energy
Survey. Lawrence et al. (2016) investigated the nature of a sample of large amplitude nuclear transients discovered during the Pan-STARSS 3π survey. The majority
of these objects are classified as hypervariable AGNs. In some cases, AGNs will
show slow and significant optical variability of more than 1 magnitude over several
years, accompanied by spectral variability (e.g Matt et al. 2003; LaMassa et al. 2015;
MacLeod et al. 2016). These so-called "changing look AGNs" have been observed
transitioning between different AGN types, with the (dis)appearance of broad emission lines (typically the Balmer series). While various physical mechanisms have
1 We use the term Quasar or QSO to mean the most luminous fraction of the AGN population, with

bolometric luminosity L & 1044 erg s−1 .
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been proposed to explain this extreme variability, such as variable obscuration across
the line of sight, microlensing or accretion disk instabilities, no single explanation has
been found. Merloni et al. (2015) proposes as an explanation the occurrence of a
Tidal Disruption Event (TDE) in the nucleus of the galaxy. A TDE happens when a
star passes so close to an SMBH that the tidal forces of the SMBH are stronger than
the star’s self-gravity. This leads to the (partial) disruption of the star (Hills 1975;
Rees 1988; Evans & Kochanek 1989). The disruption of the star and the subsequent
accretion of roughly half of the stellar material (the other half will be expelled on unbound orbits) gives rise to a short and luminous flare that typically peaks in the UV
or soft X-rays. The bolometric light curve decay of the transient event is expected to
follow the fallback rate of the material with a power law decline ∝ t−5/3 on a timescale
of some months up to a year (Evans & Kochanek 1989; Cannizzo et al. 1990; Lodato
et al. 2009). TDEs have been invoked as a possible explanation also for numerous objects in the large samples described in Graham et al. (2017); Lawrence et al.
(2016); Rumbaugh et al. (2018).
Here, we report the follow up observations of Gaia16aax, a transient event happening at the centre of a galaxy hosting a known QSO (SDSS J143418.47+491236.5,
Abolfathi et al. 2018) at z=0.25, discovered by the Gaia Science Alerts project (GSA,
Hodgkin et al. 2013). The transient was given the designation AT2016dbt2 in the
Transient Name Server (TNS). The centre of the galaxy brightened by ∼1 mag (in
the optical) over the course of 1 year, before fading back to its pre-outburst state
over more than two years. Variability of similar amplitude is detected in X-rays. Together with the photometric variability, the object undergoes a dramatic change also
in its spectroscopic characteristics. The broad Balmer lines (Hα and Hβ), already
present in the pre-outburst spectrum, during the outburst show a significantly different morphology, with two peaks of different intensity and separated by ∼100 Å. The
initial classification spectrum showed a strong blue continuum with broad, doublepeaked Balmer lines. After the initial classification as an AGN outburst, we started a
multiwavelength follow-up campaign with optical and NIR photometry, optical spectroscopy, and X-ray observations.
In Section 4.2 we describe both the available, pre-outburst data and our own
follow-up data, in Section 4.3 we describe our analysis of the photometric data, the
Spectral Energy Distribution (SED) and the fit to the emission lines, finally in Section
4.4 we discuss our results in the broader framework of extreme AGN variability and
we discuss some possible scenarios to explain the outburst.
Throughout the paper we assume a cosmology with H0 =67.7 km s−1 Mpc−1 ,
ΩM =0.309, ΩΛ =0.691, consistent with Planck Collaboration et al. (2016).

2 https://wis-tns.weizmann.ac.il/object/2016dbt
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4.2
4.2.1

Observations
Gaia data and discovery

Gaia16aax was first alerted on by the Gaia Photometric Science Alerts program3
on 2016 January 26. The transient is ∼ 0.02” from the position of the host galaxy in
the Gaia Data Release 2 (DR2, Gaia Collaboration et al. 2018) and ∼ 0.1” from the
position of the host galaxy in the Sloan Digital Sky Survey (SDSS, Abolfathi et al.
2018). As shown in Kostrzewa-Rutkowska et al. (2018), where nuclear transients
detected by Gaia were matched astrometrically with SDSS sources, the astrometry
provided by the Gaia Photometric Science Alerts system is accurate to ∼ 0.1”. We
hence regard Gaia16aax as consistent with having no offset from the host nucleus.
The Gaia light curve is shown in Fig. 4.2.1: it shows a steady, smooth rise up to
its maximum in less than a year and a slower decay on a timescale of more than
two years to its pre-outburst, quiescent level. The apparent magnitude at peak in
the Gaia broad G filter (which corresponds to white light, see Jordi et al. 2010) is
G = 18.39, which corresponds to an absolute magnitude MG = −22.11, given a source
redshift z'0.248 and a luminosity distance DL = 1.26 Gpc, assuming no extinction.
The date of the alert issue corresponds with the date at which, according to the Gaia
light curve, the flare reached its peak emission.

4.2.2

Sloan Digital Sky Survey and Pan-STARRS

The source is present in SDSS Data Release 14 as SDSS J143418.47 +491236.5.
It was imaged on 2002 May 84 and morphologically classified as a galaxy with
r=17.76±0.01 mag. The source was then observed spectroscopically during the
SDSS legacy survey on 5 July 2002 and classified as a broadline quasar at redshift z=0.24853±0.00005 Abolfathi et al. 2018. The SDSS spectrum is shown in
Fig. 4.2.2. The Point Spread Function (PSF)-fitting magnitudes are reported in
Table 4.A.1. The object is also present in Pan-STARSS Data Release 2 as PSO
J143418.490+491236.529 (Object ID 167052185770922854). The PSF magnitudes
for the filters (g, r, i, z) are similar to, though not formally consistent with the ones
reported in SDSS. The different values are likely due to the differences in the PSF
modelling used in the two surveys.

3 http://gsaweb.ast.cam.ac.uk/alerts/alert/Gaia16aax
4 from here onwards all times are in UTC.
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Figure 4.2.1: Light curve from the Gaia satellite for Gaia16aax. The arrow indicates the date
the transient was alerted on. Magnitudes are in the Gaia G broadband filter (Jordi et al. 2010).
The black circles at the top indicate the epochs at which an optical spectrum was taken. The
black triangles and squares at the bottom show the epochs at which optical and NIR images
were taken, respectively. The two y-axes are apparent (left axis) and absolute (right axis)
magnitudes.

4.2.3

Catalina Sky Survey

The source has been observed by the Catalina Sky Survey (CSS)5 (Drake et al.
2009) over a period of eight years (from June 2005 to June 2013, source ID CSS
J143418.6+491236). As shown in Fig. 4.2.3, the object has not shown an enhanced
emission state like Gaia16aax during the eight years of CSS monitoring.

4.2.4

2MASS

The source is present in the Two Micron All-Sky Survey (2MASS) as 2MASS J14341
848 +4912366. It has been observed once on 2000 May 07 in the three Near InfraRed bands J, H and Ks , with magnitude values J = 15.96 ± 0.09, H = 15.47 ± 0.14 and
Ks = 14.64 ± 0.10.
5 The CSS survey is funded by the National Aeronautics and Space Administration under Grant No.
NNG05GF22G issued through the Science Mission Directorate Near-Earth Objects Observations Program.
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Figure 4.2.2: Archival spectrum from the SDSS legacy survey. The object shows broad
Balmer emission lines and narrow forbidden oxygen and nitrogen lines.

Figure 4.2.3: Historical light curve from the Catalina Sky Survey. In the period covered by the
survey the source has not exhibited an outburst similar to Gaia16aax.
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4.2.5

(NEO)WISE

The source has been observed in the infrared band by both the WISE and the NEOWISE (Near-Earth Objects Wide-field Infrared Survey Explorer, Mainzer et al. 2011)
phases of the WISE satellite between January 2014 and June 2017. This period has
overlap with both the Gaia data (see Sec.4.2.1) and our own follow-up data. The
WISE satellite provides observations in four filters W1, W2, W3 and W4 (3.4, 4.6,
11.6 and 22.1 µm respectively), while the reactivation mission NEO-WISE only provides values for the W1 and W2 filters, in which it takes 10-20 single exposures for
each epoch of observation. We selected only data points with photometric flags A or
B (for which the minimum flux signal-to-noise ratio is above 10 and 3, respectively).
The NEO-WISE magnitudes in the W1 and W2 bands in the quiescent phase (before MJD 57200) are compatible with the ones measured during the original WISE
mission (Wright et al. 2010): W1 = 13.783±0.025 and W2 = 13.17±0.02 observed
on 21 Jul 2010. The WISE magnitudes in the other two filters (not available during
the NEO-WISE phase of the mission) are W3 = 10.93±0.08 and W4 = 8.72±0.32.

4.2.6

UV and X-ray observations

The source was observed with all the instruments on board the Neils Gehrels Swift
Observatory (Gehrels et al. 2004, Swift from here on) on 9 and 14 September 2006.
UV data were analysed with the Swift task UVOTSOURCE, using a 500 aperture
to estimate the source brightness and a 5000 aperture, centred on a nearby empty
region of the sky, to estimate the background levels. Combining the two epochs
of observations we derived that the source has UV magnitudes UVW1=21.5±0.2,
UVM2=21.87±0.15, and UVW2=21.7±0.1 (in the AB magnitude system).
In X-rays, the source was observed for a total exposure time of 14.2 ks. XRay Telescope (XRT) data were analysed using the online XRT product builder
(Evans et al. 2009). The observed flux in the 0.3 – 10.0 keV range is 2.5 ± 0.9 ×
10−13 erg cm−2 s−1 , obtained modeling the data with a power-law with photon index
α ∼ 1.4. This, at the luminosity distance reported previously, corresponds to a luminosity LX = 3.7 ± 0.9 × 1042 erg s−1 .
We observed the source again with Swift on 18 July 2019. The UV and X-ray
data were reduced and analysed in the same way as the archival data. We derived
UV magnitudes UVW1 = 19.45±0.22, UVM2=19.38±0.24 and UVW2=19.52±0.23. The
0.3 – 10.0 keV X-ray luminosity is LX = (1.7±0.7)×1043 erg s−1 . The object is therefore
still bright in the UV and X-rays, with respect to the archival values.
We observed Gaia16aax also with XMM-Newton, for which we were awarded
a Director’s Discretionary Time observation. The observation started on June 30,
2016. During the observations, the pn camera was operated in Full Window mode,
providing a time resolution of 73.4 ms. Both the MOS detectors were operated in
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Partial Window mode, where the Small Window option was used, implying that only
the central 100×100 pixels of 1.100 each were read out. This yields a time resolution
of 0.3 seconds. The source flux is too low to yield meaningful Reflection Grating
Spectrometer data.
We run the default SAS v17 (20180620) tool XMMEXTRACTOR under the HEASOFT ftools software version 6.24 to extract source light curves and spectra. After
filtering for periods of high background, we are left with a total exposure for the pn
and MOS1 and MOS2 of 46.1, 59.7 and 59.4 ksec, respectively. We use the SAS
command EPATPLOT to assess if photon pile–up is important during our observation. We conclude pile–up is not important, as expected given the overall number of
photons detected and given that the light curve does not show large flares.
The pn source spectrum was extracted from a circular region with a radius of 3000
centred on the known optical source position. Background photons were extracted
from a source-free circle with a radius of 59.5900 centred on Right Ascension 218.527
and Declination 49.2065. The MOS source spectra were extracted from circular
regions with a radius of 3000 centred on the known optical source position. The MOS
background spectra are obtained from an annulus centred on the source position,
with an inner and outer radius of 330 and 66000 , respectively. The extracted spectra
are rebinned to yield a minimum of 30 counts per bin.
We fitted the spectra with a power law modified by Galactic foreground extinction.
The reduced χ2 of the fit is 1.24 for 250 degrees of freedom. The normalisation for
the pn and MOS power laws are within a few percent of each other, and we tie the
other parameters (NH and the power law index) to require them to be the same. The
best–fitting power law index is 1.85±0.01, while the foreground extinction is 2×1020
cm−2 . The 0.3–10 keV absorbed and unabsorbed flux is (1.4±0.1)×10−12 , (1.5±0.1)×
10−12 erg cm−2 s−1 , respectively, corresponding to a luminosity (2.8±0.1)×1044 erg s−1 .
Simultaneously to the X-ray observation, we obtained photometry in the UV filters
UVM2 and UVW1 and optical filter Johnson U with the Optical Monitor (OM) on
board of XMM-Newton. The resulting magnitudes are UVM2 = 17.93 ± 0.14, UVW1 =
18.15 ± 0.04 and U = 18.32 ± 0.03, in the AB magnitude system.

4.2.7

NOT spectroscopic observations

We started a follow-up campaign of Gaia16aax using the Alhambra Faint Object
Spectrograph (ALFOSC) using grism #4 (3200 - 9600 Å, (R∼360) for a slit of 1.000 )
at the Nordic Optical Telescope (NOT), in the framework of the NOT Unbiased Transient Survey6 . For all observations, the slit was placed at parallactic angle. We
obtained 7 epochs of optical spectroscopy between 2016 February 09 and 2017
6 http://csp2.lco.cl/not/
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Table 4.2.1: ALFOSC/NOT spectroscopic observations

MJD(1)
[d]
57 428.27
57 571.06
57 600.97
57 732.25
57 780.26
57 845.15
57 935.94
58 307.01

UTC Date
2016 Feb 10
2016 Jul 02
2016 Jul 31
2016 Dec 10
2017 Jan 27
2017 Apr 02
2017 Jul 01
2018 Jul 08

exposure time
[s]
2400
1800
2700
1800
2400
2700
2000
2700

slit
[00 ]
1.0
1.0
1.0
1.0
1.0
1.0
1.3
1.0

airmass
1.07
1.56
1.49
1.76
1.11
1.07
1.10
1.32

Note.(1) Modified Julian Day of observations.
July 01 (see Table 4.2.1). All observations were reduced using FOSCGUI7 which is
a pipeline based on standard IRAF data reductions procedures: flat field and bias
correction, cosmic-ray cleaning, wavelength and flux calibration with arc lamps and
standard stars and telluric line correction (Tody 1986). The pipeline also performs
second-order contamination removal for the spectra following Stanishev (2007). The
sequence of ALFOSC spectra is shown in Fig. 4.2.4.
On 2018 July 08 we took one last spectrum to verify that the object had returned
to quiescence as suggested by its Gaia light curve (see Fig. 4.2.1). Indeed, this
spectrum appears to be similar to the pre-outburst SDSS spectrum and dividing the
two spectra results in an almost featureless spectrum but with a slight slope. The
slope and the presence of residual Hα and [O III] lines can both be introduced due
to the use of different spectrographs by SDSS (optical fibres) and NOT (long-slit): an
optical fiber will collect more light from the whole galaxy, while the slit is centred on
the nuclear region, hence the SDSS spectrum will have an excess of light coming
from the circumnuclear region (see Fig. 4.2.5).

4.2.8

Photometric observations

Besides our spectroscopic follow-up, we started a series of photometric observations to monitor the decay of the transient to complement the light curve from Gaia.
These photometric observations were also performed in the framework of the NOT
Unbiased Transient Survey using NOTCam (Nordic Optical Telescope near-infrared
Camera and spectrograph) at the NOT for the NIR bands J, H and Ks . In addition,
we employed the Optical Wide Field camera (IO:O) at the Liverpool Telescope (LT)
7 Foscgui is a graphic user interface aimed at extracting SN spectroscopy and photometry obtained
with FOSC-like instruments. It was developed by E. Cappellaro. A package description can be found at
http://sngroup.oapd.inaf.it/foscgui.html
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Figure 4.2.4: Eight optical spectra taken with ALFOSC at the NOT, shifted to the rest-frame of
the host galaxy. For each spectrum, we annotate to the right the number of days passed since
the publishing of the Gaia Science Alert (2016 January 26, see Sec.4.2.1). Note the large gap
in time between the first and second spectroscopic observation. The dotted lines indicate the
wavelengths of the main emission lines, the dashed lines indicate the secondary components
(red wings) of the Hα and Hβ lines. The grey bands represent wavelengths affected by the
telluric absorption, one of which affects the Hα line region.

using the Sloan ugriz and Bessel B and V filters. After the source went back to
its pre-outburst emission level, we obtained a final set of observations in all necessary filters to subtract the host-galaxy/pre-outburst contribution to the flux detected
in outburst. NOTCAM images were reduced using a modified version of the external NOTCAM IRAF package8 (version 2.5) and their zero points calibrated using the
2MASS (Two Micron All-Sky Survey, Skrutskie et al. 2006) catalogue. Optical images were reduced through the Liverpool Telescope pipeline and their zero points
were calculated using stars in SDSS. For the calculation of the zero points in Bessel
B and V, we applied the filter transformation equations found in Jester et al. (2005).
For each epoch of observation, we performed differential photometry to measure
the magnitude of the transient. For this we subtracted a template image, taken when
8 http://www.not.iac.es/instruments/notcam/guide/observe.html#reductions
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Figure 4.2.5: Comparison between the SDSS pre-outburst spectrum (in red) and the last
spectrum of our follow-up (July 2018, in blue). The division of the two spectra results in a
nearly featureless spectrum, shown in the bottom panel. In the residual spectrum there is still
a trace of the Hα and [O III] emission lines (marked in the bottom panel).

the object was back at its pre-outburst emission level, from our scientific images,
using HOTPANTS9 (Becker 2015). This program uses the algorithm from Alard &
Lupton (1998) for the subtraction of images taken under different seeing conditions:
it applies a spatially varying kernel to one of the two images to match the PSF of
the other one and then subtracts the template image to obtain a final image in which
only the transient is visible, while all constant luminosity sources will have been subtracted.
On these subtracted images we performed aperture photometry using the IRAF
task APPHOT with variable apertures depending on the seeing conditions. Uncertainties on the magnitudes are obtained by adding in quadrature the photometric error from the aperture photometry and the standard deviation due to the scatter in the
sources used to calculate the zero points. We did not apply band-pass corrections as
our uncertainties are dominated by systematic errors due to the image-subtraction
process.

4.2.9

Observations of other Gaia transients

In the first months of 2016, other two objects with very similar characteristics to
Gaia16aax were discovered by the Gaia Photometric Science Alerts pipeline:
9 https://github.com/acbecker/hotpants
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Gaia16ajq10 (AT2016dvz on the TNS) and Gaia16aka11 (AT2016dwk on the TNS).
Gaia16ajq was discovered on 2016 March 31, as an increase in brightness by ∼1
mag in the nucleus of an active galaxy at z∼0.28. The galaxy is present in SDSS
and it is classified as a QSO/starburst galaxy. Gaia16aka was discovered on 2016
April 4 also as an increase in brightness of ∼1 mag of the nucleus of a galaxy at
z∼0.31. This galaxy is present in SDSS but an archival spectrum is not available,
therefore we were unable to determine if the galaxy hosts an AGN.
In Fig. 4.2.6 the Gaia light curves of Gaia16ajq and Gaia16aka, together with the
one of Gaia16aax, are plotted. The light curves have been aligned using the time of
peak as the point of reference and shifted vertically by 0.1 mag for comparison. All
three objects show a similarly shaped rise to peak emission on the same timescale
of a few hundreds of days. The light curve decay of the three objects is less similar
than the rise time. All three objects show bumps in the decay part of the light curve,
with Gaia16ajq showing two very prominent ones at ∼200 and ∼400 days after peak.
The three objects show similarities also in their spectra. For Gaia16ajq and
Gaia16aka we only have a classification spectrum, taken with the NOT a few days after discovery. Both spectra and the first spectrum of Gaia16aax, for comparison, are
shown in Fig. 4.2.7. All three objects show a blue bump - with Gaia16aka showing
the most prominent one - broad Balmer lines and narrow forbidden lines typical of
AGNs. In all three spectra the continuum between Hγ and Hβ is high, this could be
due to the presence of unresolved lines due to the Bowen fluorescence mechanism
or to a forest of unresolved Fe lines.
While the Hα and Hβ lines in Gaia16aax showed a very distinct double-peaked
shape during the outburst, both Gaia16ajq and Gaia16aka do not show the same
morphology in their spectra.

10 https://gsaweb.ast.cam.ac.uk/alerts/alert/Gaia16ajq/
11 https://gsaweb.ast.cam.ac.uk/alerts/alert/Gaia16aka/
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Figure 4.2.6: Light curves of the three similar sources found by the Gaia Alerts system:
Gaia16aax (black squares), Gaia16ajq (blue diamonds) and Gaia16aka (red circles). For the
sake of comparison, all three light curves have been shifted vertically and horizontally. The 0
on the x-axis is the date at which each object reaches its peak emission.

Figure 4.2.7: Spectra of the three similar Gaia objects: Gaia16aka (at the top, in red),
Gaia16ajq (in the middle, in magenta) and Gaia16aax (at the bottom, in black). With ⊕ we
indicate telluric absorption bands.
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4.3
4.3.1

Analysis and results
Photometric and SED analysis

The Gaia light curve shown in Fig. 4.2.1 shows a decay from the peak of the emission to the pre-outburst level of emission over more than 2 years. The light curve
shows two bumps at around 57700 and 58000 MJD (around 300 and 600 days from
peak, respectively). The decay rate is well fit by an exponential decay ∼ t−0.161±0.004
(with χ2ν = 0.97). As shown in Figure 4.3.8, where we compare the NEO-WISE light
curve with the Gaia one, Gaia16aax reaches the peak of its MIR emission with a
delay of ∼140 days with respect to the optical data. We assumed that the epoch at
which the NEO-WISE reaches its peak to be the one corresponding to the maximum
observed value (MJD ∼57554). As the NEO-WISE light curve is not as well sampled as the Gaia one, the peak of the light curve could have happened at a different
epoch. Nonetheless, since the light curve evolution is smooth, we expect our estimate to be good to 100 days, which is half of the interval between consecutive WISE
observations. The delay between the WISE and Gaia light curve is of 140 ± 100 days.
Assuming that the MIR emission comes from a dusty torus surrounding the Broad
Line Region (BLR), this delay would imply a distance of this torus from the central
engine of 0.12 ± 0.08 pc.

Figure 4.3.8: light curve from the NEO-WISE mission, compared with the Gaia light curve.
Plotted are the magnitudes in the two filters W1 (blue) and W2 (green), shifted along the y-axis
to allow to compare with the Gaia data. Solid blue squares (W1) and green circles (W2) are
the mean values of the exposures taken for each epoch. The NEO-WISE light curve reaches
its peak with a delay of ∼ 140 days with respect to the Gaia light curve.
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Figure 4.3.9: Light curve of the NOT and LT observations in the optical and NIR bands,
compared with the Gaia light curve. The vertical dashed line at MJD 57 413 corresponds to
the date the alert was published while the vertical dashed line at MJD 57 555 and the grey area
indicate the time frame in which the NEO-WISE light curve reaches its peak. The magnitudes
plotted are the ones resulting from the host-subtraction process.

The light curve of NIR and optical bands is shown in Figure 4.3.9, and the apparent magnitudes after the host-subtraction are listed in Table 4.A.1. The light curve
shows a smooth decay, consistent with the behaviour observed in the Gaia light
curve. There is a bump in the H band around 57800 MJD, this is around 100 days
after the bump in the Gaia light curve at 57700 MJD, a value that is consistent with
the delay present in the NEO-WISE light curve. The color evolution is shown in Fig.
4.3.10: all colors have been fitted both with a constant value and with a slope. The
reduced χ2 in all cases is well below 1, meaning that the uncertainties on the color
are too large to determine an evolutionary trend of the colors. We also performed a
KS test to assess the goodness of fit and found that the colors B-V and r -i are better
fit with a slope than with a constant. Therefore while the g-r and u-g remain constant
over the period of observation, the color B-V decreases from −0.2 ± 0.1 to −0.4 ± 0.1
and r -i increases from 0.3 ± 0.1 to 0.6 ± 0.1.
The host-subtracted and extinction corrected magnitudes were used to model the
Spectral Energy Distribution (SED) and calculate the bolometric luminosity of the object using a PYTHON code adapted from the program SUPERBOL (Nicholl 2018). For
all filters, the extinction correction was done using the values in Schlafly & Finkbeiner
(2011) who assume a reddening law with Rv =3.1. Our NIR and optical data are not
coincident in time, therefore we focused on the epochs in which we had optical data,
adding the NIR points to better constrain the fit where possible, extrapolating or interpolating the NIR data to match the epochs of optical imaging. However, since our
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Figure 4.3.10: Color evolution of r -i (black diamonds), g-r (magenta circles), B-V (green
squares) and u-g (red triangles). For all the colors both a fit with a constant line (black dotted
lines) and a fit with a slope (blue dashed lines). The colors are calculated from the hostsubtracted magnitudes.

first NIR observations (MJD 57 509.04) is almost coincident with our fourth epoch of
optical data (MJD 57 505.03), we decided to add NIR data only from MJD 57 491.01
(the third epoch of optical imaging) onward, to avoid large extrapolation of the NIR
data. The total bolometric luminosity is then calculated by connecting the points in
the optical wavelengths with straight lines and integrating the area under the resulting
curve, plus a black-body extrapolation in the UV and NIR regions. For every epoch,
we applied a K-correction to the data and then fit the fluxes derived from each band
with two black-bodies. An example of the fit is shown in Figure 4.3.11
The absence of UV data points hinders our ability to constrain the peak of the
black-body emission. Using the UV data from our single XMM-Newton observations
we can check our choice of using two black-bodies instead of one for the optical and
NIR observations closest in time to the XMM-Newton observation: subtracting the
pre-outburst UV flux measured by Swift from the values measured from the XMMNewton observation for the UVM2 and UVW1 filters (central wavelength 2310 Å and
2910 Å, respectively), we obtain a luminosity density of ∼3.2×1041 erg s−1 Å−1 and
∼1.5×1041 erg s−1 Å−1 , respectively. These values are higher than the peak of our fit,
suggesting that by using two black-bodies we are not overestimating the emission
from the object.
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Figure 4.3.11: Fit of two black-body curves to the luminosity density. The black squares are
the values of the luminosity for each filter (optical - MJD 57505 and NIR - MJD 57509), the
black circles are the two values of the monochromatic luminosity for the two UV filters UVM2
and UVW1 (MJD 57569, not considered for the fit), the solid magenta line represents the fit
using two black body components, these two components are represented by the blue and
red dotted lines. On the x-axis there is the rest-frame wavelength.

Modelling the SED with two black-body curves does not yield a good fit (reduced
χ2 ∼ 4 − 5 for all epochs). On the one hand, our NIR and optical magnitudes are not

coincident in time, thus introducing some systematic uncertainty in our SED. On the
other hand, there is probably a non-thermal component that we are not considering
in our fit. This is also hinted at by the high values of the UV and X-ray luminosities.
The absence of UV data, though, hinders our ability to constrain the parameters of
a power-law that would probably describe the non-thermal component. On top of
this, we see emission from more than one component: the optical and the (delayed)
infrared emission (see Fig. 4.3.8). All in all, we assume that our fit using two blackbodies is a reasonable first order description of SED and allows for an estimate of
the bolometric luminosity. The bolometric luminosity resulting from the black-body
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fits is plotted in Fig. 4.3.12. The bolometric luminosity of the object decreases by a
factor of 2 over ∼300 days and then remains constant within uncertainties at around
∼3×1044 erg s−1 . The temperature and radius for both black-bodies remain constant
during all the period of observation. The peak of the two black-bodies curves is at
∼1000 Å and ∼1 µm. The black-body temperature of the second black-body component (associated with the IR emission) is high, above 2000K, indicating the presence
of dust possibly above the evaporation temperature.
We calculated the bolometric correction to the absolute magnitude from Gaia
with the values of the bolometric luminosity obtained from the photometric measurements. We then calculated the average of the correction over the epochs of observations and, under the assumption that this correction remains constant, used it to
estimate the bolometric luminosity from the Gaia absolute magnitudes over the duration of the whole outburst. With this method we were able to calculate the estimated
total energy irradiated: Etot = (3.3±0.9)×1052 erg. The uncertainty on this measure has
been calculated by propagating the uncertainty on the bolometric luminosity from our
photometric measurements. As the Gaia magnitudes are given without uncertainty,
the error on the total energy radiated during the outburst derives only from the error
on the bolometric luminosity we calculated.
The bolometric luminosity evolution as a function of time calculated from the Gaia
magnitudes mimics the shape of the Gaia light curve by design, therefore the decay
trend of the bolometric luminosity is also well fit by an exponential decay ∝ t−0.16±0.01 .
We use the luminosity in the X-ray, calculated from the XMM observation, in the
band 2–10 keV, L2−10 keV = (1.2 ± 0.1) × 1044 erg/s, to have another estimate of the bolometric luminosity. To do this, we calculate the values of the bolometric correction
(kbol ) using the methods described in Marconi et al. (2004) and Netzer (2019).
We obtain kbol ' 34, using the equation of Marconi et al. (2004) and kbol ' 29.6
from Netzer (2019). The resulting luminosity values are L = 4.2 × 1045 erg s−1 and
L = 3.6 × 1045 erg s−1 , respectively. The uncertainties in these values are dominated
by the uncertainties in the evaluation of the bolometric correction, but they are not
easy to calculate. The range in the extreme values of kbol can be as large as an
order of magnitude (Netzer 2019) and depends strongly on the constraints used to
calculate kbol . We note that the value of the bolometric luminosity estimated from
the X-ray luminosity is higher than the one calculated from the SED fit. This is in
agreement with the statement that our SED fit probably underestimates the bolometric luminosity, given the absence of UV and X-ray data points. If we, instead,
compare the L 2−10 keV with the bolometric luminosity obtained from the SED fit, we
would get a value of kbol ∼ 2.5. This value is much lower than what reported in the
literature (Brightman et al. 2017; Netzer 2019; Marconi et al. 2004). We, therefore,
consider that the value of the total energy radiated over the outburst, obtained from
the SED fit, is underestimated.
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Figure 4.3.12: Results from the black-body fits to the flux density at each epoch. In the top
panel, we plot the bolometric luminosity, in the second and third panel we plot the temperature
for the two black-bodies and in the fourth and last panel the radius for the two components
(blue squares for the first black-body and red circles for the second one, in all relevant panels.
The first black-body is the one that peaks at shorter wavelengths, the second one is the one
that peaks at larger wavelengths, see Fig. 4.3.11). The large uncertainties on the blackbody parameters in the first two epochs (especially for the radius of the second black-body
component) are due to the absence of NIR data.
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4.3.2

Spectroscopic analysis

We used the first spectrum (MJD 57 428.27) to classify the transient event. This
was done by cross-correlating our classification spectrum with a library of spectra
using the SNID code (Blondin & Tonry 2007), resulting in a good match with an AGN
spectrum (Mattila et al. 2016). The redshift calculated from the transient spectrum is
consistent with the one reported in SDSS.
In Fig. 4.2.4 we plot all the spectra of our follow-up campaign. Looking at the
follow-up spectra by eye, the first optical spectrum shows a blue component, while
during the decay of the outburst the spectra become redder. Broad Balmer lines (Hα,
Hβ, Hγ) are present in all spectra, as well as narrow [O III] and [N II] lines. These
lines are present in the SDSS quiescent spectrum, but both their intensity and structure appear to be changed in the outburst spectra. This is likely due to the difference
in spectral and spatial resolutions of the spectrographs employed by SDSS and NOT.
The region of the Hβ broad emission line is complex with various broad components
and narrow [O III] (λλ 4959 and 5007) emission lines. The Hα line is contaminated
by the telluric absorption around 8250 Å; this hindered our ability to fit in detail the
properties of the emission lines in this wavelength region. At the first epoch, there
is a bump in the continuum between Hγ and Hβ. This is possibly due to a complex of unresolved lines such as that caused by the Bowen fluorescence mechanism
(Bowen 1934, 1935) blended with He II at 4686 Å. Metal lines originating from the
Bowen fluorescence have been recently reported to be present in TDEs (Leloudas
et al. 2019; Blagorodnova et al. 2019; Onori et al. 2019). In the subsequent spectra,
this blend is not present anymore. The absence of other strong lines typically associated with the Bowen fluorescence mechanism, such as N III λλ 4640, 4100 and [O
III ] λ 3760 could hint that this is instead a forest of iron lines typically seen in AGN.
It is worth noting that this higher continuum is not present as distinctly as in the first
spectrum at other epochs, hinting at a possible transient nature of the unresolved
lines.
The spectra show a significant galaxy emission component and various galaxy
absorption lines, most notably the Ca H and K lines (3969 and 3934 Å, respectively).
To model the galaxy emission, we use the penalized Pixel-Fitting method PPXF (Cappellari & Emsellem 2004; Cappellari 2017). The method approximates the galaxy
spectrum by convolving a series of N template spectra T (x) with an initial guess of
f (v), the Line Of Sight Velocity Dispersion function (LOSVD) to the observed spectrum. The galaxy model is obtained through this parametrisation (in pixel space x ):
£
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where the w n are the spectral weights, the P k and P l are multiplicative and additive orthogonal polynomials and S j are the sky spectra. The polynomials and sky
spectra are optional components of the parametrisation. The LOSVD f (c x) = f (v) is
parametrised by a series of Gauss-Hermite polynomials as:
µ
¶·
µ
¶¸
1
1 (v − V )2
v −V
PM
f (v) = p exp
1 + m=3 h m Hm
,
2 σ2
σ
σ 2π
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where V is the mean velocity along the line of sight, σ is the velocity dispersion, Hm
are the Hermite polynomials and hm their coefficients. The best-fitting template is
then found by χ2 minimisation. To compute our synthetic galactic spectrum, we chose
the Indo-US Library of Coudé Feed stellar spectra (Valdes et al. 2004), a library of
1273 stellar spectra covering a broad range of parameters (effective temperature,
metallicity, surface gravity) with a wavelength range of 3460 – 9464 Å and a spectral
resolution of 1.35 Å (FWHM), σ ∼30 km s−1 , R∼4200. We use the PPXF method
convolving the library to our last spectrum, taken after the object went back to its
pre-outburst state. We excluded from the fit the regions in which the AGN lines
are present, the regions of telluric absorption and the edges of the spectrum. The
templates fit is shown in Fig. 4.3.13. We then subtract the galaxy spectrum obtained
with this method from the spectra at all other epoch. The analysis presented from
here onward is performed on the galaxy-subtracted spectra.
To analyse the complex emission line structure we fit the spectra with a combination of Gaussian function using a PYTHON code employing the LMFIT12 package
(Newville et al. 2014). The results of the line fits are listed in Table 4.A.2. During the
outburst, except for the last two epochs, the Hβ emission line complex can be well
described by two Gaussian components: component A and a red wing, component
B (HβA and HβB from here on), see Fig. 4.A.1. HβA is blue-shifted with respect to
the rest-frame wavelength of Hβ (the shift is between ∼5 and ∼20 Å, corresponding to a velocity between ∼300 and ∼1000 km s−1 ) while the red wing is red-shifted
with respect to the restframe wavelength by a factor that varies between ∼50 and
∼80 Å (corresponding to a velocity between ∼3000 and ∼5000 km s−1 ). In the Hβ
region there are also two [O III] emission lines at their restframe wavelength (4959
Å and 5007 Å). The separation between the [O III] lines and their FWHM have been
kept fixed during the fit.
The presence of the telluric absorption that falls on top of the Hα region at the
redshift of the object made a precise analysis of the Hα region difficult. Overall,
the Hα emission line complex displays a morphology similar to the one of Hβ (see
Fig. 4.A.2): two components of which one (component A, HαA from here on) is
blue-shifted with respect to the rest-frame wavelength (shift between ∼8 and ∼15 Å,
corresponding to a velocity between ∼300 and ∼700 km s−1 ) and a red wing (com12 https://lmfit.github.io/lmfit-py/
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Figure 4.3.13: Fit of the stellar libraries to our last spectrum (2018 July 08, 894 days after
peak) using the PPXF method. In black the observed spectrum, in red, the best fit of the
templates from the stellar library. The grey bands represent the areas excluded from the fit. In
green and blue the subtracted spectrum.

ponent B, HαB from here on) which is shifted by around 100 Å (corresponding to a
velocity of ∼4500 km s−1 ).
In addition to these two components, we fit also the two [N II] lines (6550 and
6585 Å) and [S II] (6718 and 6733 Å, unresolved in our spectra). To reduce the
numbers of free parameters in the fit of the Hα region, we constrained the FWHM
of the narrow lines to be the same as the value of [O III] in the fit to the Hβ region
at the same epoch, under the assumption that the lines coming from the Narrow
Line Region do not change on the timescale of the outburst we are analysing in this
manuscript and the assumption that lines of different metals have the same FWHM.
The separation between the two [N II] lines has also been kept fixed during the fitting
procedure. On the spectrum of 2016 December 09 (MJD 57 732) a cosmic ray hit
the detector exactly on the HβA component, therefore we do not display the results
from the line fitting at this epoch for both Hβ components. During the time covered
by our observations, the line parameters show variations above the statistical noise,
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without a clear evolution with time.
At the first two epochs (see Figures 4.A.2a and 4.A.2b) there is a narrow component (FWHM ∼ 170km s−1 ) on top of the red wing of Hα, centered at ∼6650 Å. This
component is not present in the subsequent spectra and we associate it with either
He I 6678 Å, or Fe I 6648 Å. Neither element is clearly present at other wavelengths,
but He II 4686 Å, as well as other iron lines, could be present, but there is no clear
detection as the contrast with the continuum is too low. In Fig. 4.A.2 the fits to the
Hα line in all epochs are shown. It is worth noting that the Hα line retains the double
peaked nature until our last spectrum, taken after the Gaia light curve reached the
pre-outburst level of emission, while the Hβ is well described by only one component
in the last two epochs. This could be due to the lower signal to noise ratio of these
spectra and to the lower contrast between the Hβ and the continuum, with respect
to the Hα line.
In Figure 4.3.14 we show the position of the source in a Baldwin, Phillips & Terlevich (BPT) diagram (Baldwin et al. 1981). For the calculation of the ratios of the
fluxes, we introduced a narrow Hα and Hβ component. To do this, we first fitted this
additional component in the first spectrum (the one with the highest signal to noise
ratio), constraining its FWHM to be the same as the other narrow lines at the same
epoch. In the subsequent spectra, we kept the parameters of the narrow Hα and Hβ
component fixed, within uncertainties, under the assumption that the narrow lines
do not change over the timescale of our follow-up. We measured the ratios for the
NOT spectra taken during the outburst decay and our last spectrum taken when the
source was back in its pre-outburst state. At all epochs in which the narrow Hα and
Hβ components could be constrained, the position in the BPT diagram is consistent with the AGN area of the diagram, meaning that the NRL is dominated by AGN
ionisation.

4.3.3

Black hole mass estimate

We use the M − σ∗ relation (Ferrarese & Ford 2005) to obtain an estimate of the BH
mass of Gaia16aax, using the width of the Ca H+K lines to estimate the velocity dispersion of the galaxy. For this calculation, we use the second spectrum of our followup, as it is the one with the highest signal to noise ratio (SNR), after the first classification spectrum, but less contaminated by the outburst light. After correcting for the
instrumental broadening (16.2 Å for a 1.0” slit), we calculate σ = 264 ± 58km s−1 and
a BH mass of Mbh = (6.4 ± 3.7) × 108 M¯ . The uncertainty on this measure is large,
considering the modest SNR of the spectrum and the resolution of the instrument.
The scatter in the M − σ∗ relation, which is 0.34 dex (Ferrarese & Ford 2005), contributes to the uncertainty of this mass estimate. The resulting Eddington luminosity
is L E d d = (7.9 ± 4.5) × 1046 er g /s .
We are able to use the same method also for Gaia16ajq, where the Ca H+K lines
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Figure 4.3.14: Plot of the position of the source on a Baldwin, Phillips & Terlevich (BPT)
diagram (Baldwin et al. 1981) using the narrow emission lines detected in the host-spectrum
of Gaia16aax, during the outburst (blue squares) and after it went back to the pre-outburst
state (magenta triangle). In all cases the position is consistent with the AGN region of the
diagram

. The lines that separate the different activity regions come from Kewley et al. (2001)
(dotted line) and Kauffmann et al. (2003) (solid line).

are visible in the outburst spectrum. We obtain a BH mass of Mbh ∼ 4.5 × 108 M¯ . In
the case of Gaia16aka, the Ca H+K lines are not visible, therefore we use two Single
Epoch (SE) scaling relations between the continuum luminosity, the width of the Hα
(Greene et al. 2010) or Hβ (Vestergaard & Peterson 2006) line and the BH mass. To
obtain the continuum luminosity of the AGN and the width of the line, we first subtract
the galactic component from the spectrum of Gaia16aka, using the PPXF procedure
described before. We then fit the subtracted spectrum with multiple Gaussian components. From the SE relation described in Greene et al. (2010), using the width
of the Hα line, we obtain a BH mass of Mbh ∼ 2.4 × 107 M¯ , while from the relation
between the BH mass and the width of the Hβ line we obtain Mbh ∼ 3.7 × 107 M¯ . It
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is important to notice that these single epoch relations are intrinsically uncertain and
may only yield an order of magnitude estimate (Vestergaard & Peterson 2006).

4.4

Discussion

Before discussing in detail the possible interpretations of Gaia16aax, it is worth summarising the main properties of the event: the transient is coincident with the nucleus
of a galaxy that hosts a radio-quiet QSO (∼ 0.02” separation), with an inferred Mbh of
∼ 6×108 M¯ . The source brightened in the optical by 1 magnitude over a timescale of
∼350 days, reaching a peak absolute magnitude of MG =-22.17 and started a smooth
decay with t−0.161±0.004 , going back to its pre-outburst level of emission over 2 years.
Flaring activity of this magnitude was detected both in the MIR (with a time lag of
∼140 days) and in the X-rays. The first spectra showed a strong blue continuum,
while in the subsequent epochs the object became redder. In the first spectrum, a
blend of lines between Hγ and Hβ is present, this could be due to a blend of He II and
Bowen fluorescence emission lines. During the outburst, the Balmer lines underwent
a dramatic change in their morphology, showing a clearly separated double-peaked
profile. The narrow lines did not change over the period of our observations. In
the first epochs of observations, the spectra showed a strong blue continuum that
disappeared with time. The red wings of both the Hα and Hβ lines are offset from
their rest-frame wavelength by several thousand km s−1 and this shift does not vary
significantly in time. The width of the lines and their equivalent widths do not show
significant evolution with time. The SED cannot be satisfactorily fit using a single
black body, and a reasonable fit, although not perfect, is obtained using two black
body components.

4.4.1

AGN variability

The enhanced emission and change of appearance of the emission lines could have
been caused by variability in the accretion disk. While typical AGN variability is of
tenths of magnitudes over timescales of some years (van Velzen et al. 2011), more
extreme cases of variability have been found. In Rumbaugh et al. (2018) a big sample
(∼1000 objects) of Extremely Variable Quasars (EVQs) has been studied, finding
that Quasars that show extreme variability (i.e. a change of the optical magnitude
>1 mag) all have a low Eddington-ratio (L/LEdd <0.3). They argued that EVQs are
not a separate class of objects, but rather a subset of quasars that are accreting
at low rates. While individual events may originate from peculiar phenomena, the
majority of EVQs are thought to be caused by accretion related events. Gaia16aax
throughout all its outburst maintains an Eddington-ratio below 0.3, in line with the
sample of EVQs presented in Rumbaugh et al. (2018). However, the rapid time scale
of Gaia16aax sets it apart from the majority of the objects in Rumbaugh et al. (2018).
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In their sample, there are around 50 objects out of 977 that reach the maximum
amplitude variability in a time ≤ 400 days.
Timescale and disks
It is of interest to compare the timescales found in Gaia16aax, (i.e. a rise timescale of
hundreds of days and a decay timescale of years) with the characteristic timescales
associated with different aspects of accretion disks in AGN.
Lawrence (2018) has recently refocused attention on a long-standing problem
(see also, Antonucci 2018) that quasar variability is not compatible with standard
accretion disk theory. The problems are succinctly summarised by Dexter & Begelman (2019). In agreement with Lawrence’s conclusion that "the optical output we
see comes entirely from reprocessing of a central source", Kynoch et al. (2019) argue that the most favoured explanation of the observations is that the variability at
all wavelengths can be accounted for by an intrinsic change in the luminosity of the
central object (and the brightening observed in Gaia16aax in UV and X-rays seems
to confirm this) – presumably the central regions of the black hole accretion disk. Assuming that this is so, then it appears that the most severe problem is the timescale
of the variability (see also Stern et al. 2018).
Such large amplitude variations in luminosity must be caused by variations in the
accretion rate in the inner accretion disk (e.g. within R < 10−20R g , where R g = G M /c 2
is the gravitational radius). At such radii for the more luminous quasars, standard
accretion disk theory (Shakura & Sunyaev 1973) finds that the disks are radiation
pressure dominated. In that case the standard viscous timescale for radial inflow
t ν ≈ R 2 /ν, where ν is the effective kinematic viscosity, can be written (e.g. Pringle
1981)
t ν ≈ (Ωα)−1 (H /R)2 ,
(4.3)
where Ω is the local disk angular velocity, and H /R the disk aspect ratio, or, equivalently, in this case (cf. Dexter & Begelman 2019)
t ν ≈ 43

³ α ´−1 µ κ ¶−2 µ M ¶ µ ṁ ¶−2 µ R ¶7/2
d.
0.3
κT
108 M ¯ 0.1
10R g

(4.4)

Here α is the usual viscosity parameter, and we have adopted the observed value
of α ≈ 0.3 for fully ionised disks (Martin et al. 2019; King et al. 2007), κ is the opacity,
κT the electron scattering opacity, M the black hole mass, and ṁ = 0.1Ṁ c 2 /L Edd is
the dimensionless accretion rate, where ṁ = 1 gives a luminosity at the Eddington
limit, L Edd for an assumed radiative efficiency of ² = 0.1.
Thus we see that while the inflow timescale can be as short as months at very
small radii, the timescale depends strongly on radius. Thus, for example, in order to
account for changing look behaviour in which to whole of the inner disk regions (say,
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out to R ≈ 50 − 100R g ) need to be removed and/or added would require, according to
Equation (4.4) a timescale of some 30 – 370 years.
Cause of the variability
In addition to the timescale problem with standard disks, there is a more fundamental
problem, which is that the reason for such disks to be variable at all has not been
identified. Most of the ideas on what might cause fluctuations is the disk mass flow
centre on local variability within the disk. Kelly et al. (2009) and Dexter & Agol (2011)
propose ad hoc thermal fluctuations within the disk (see also, Nowak & Wagoner
1995; Ruan et al. 2014). Ingram & Done (2011) propose ad hoc local fluctuations in
the accretion rate, Ṁ . More physically, fluctuations in local magnetic processes have
been proposed by Poutanen & Fabian (1999) (flares in the corona), Hawley & Krolik
(2001), (instabilities in the plunging region of the inner disk) Hogg & Reynolds (2016),
(fluctuations caused by local dynamo processes) and Riols et al. (2016) (cyclic dynamo and wind activity). As pointed out by King et al. (2004), all these ideas have
the same fundamental drawbacks: the timescales for the fluctuations are too short
(typically a few local dynamical timescales), in that they are much less than the local inflow timescale and so do not propagate far radially. Thus, being essentially
localised, they all produce low amplitude fluctuations.
Large amplitude variability
The problem of producing large amplitude fluctuations in the luminosity of the disk
requires a large amplitude fluctuation at small radii (where most of the accretion
energy is released) but on a timescale much longer than the dynamical timescales
at those radii (typically hours to days). This problem has been addressed by King
et al. (2004), though in a different context. King et al. drew on an earlier idea by
Lyubarskii (1997) who pointed out that if some mechanism could be found for varying
the accretion rate at large radius, on the timescale for inflow at that large radius, then
the resulting accretion rate fluctuation would be able to propagate to small radii, and
so produce a large amplitude luminosity fluctuation on that timescale. This is the
underlying basis of the ad hoc fluctuation analysis of Ingram & Done (2011, 2012).
King et al. (2004) proposed a physical model which was able to generate accretion rate fluctuations in the disk on timescales much longer than the local dynamical
timescale. The basis of the proposal is that from time to time at least some of the
angular momentum of disk material is removed by a magnetic wind (cf. Blandford &
McKee 1982) and not just by disk viscosity. In order for such a wind to be effective at
a given radius, it is necessary that there is a strong enough poloidal field component
threading the disk at that radius. Lubow et al. (1994a) demonstrated that such a field
cannot be transported inwards by the accretion flow itself, because, for an effective
magnetic Prandtl number of unity (likely for Magneto Hydro-Dynamic turbulence),
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the field can move radially through the disk on a timescale t B ≈ (H /R)t ν , that is with a
speed v B ∼ (R/H )v R , where v R ≈ ν/R is the usual viscous flow speed. Thus it is more
likely that such a field, if it exists, must be generated locally by local MHD processes
involving an inverse cascade in order to produce a field with spatial scale ∼ R necessary for a wind, from the dynamo disk scale ∼ H . That such a process can occur
in disks has been suggested by Tout & Pringle (1996) and Uzdensky & Goodman
(2008).
Lubow et al. (1994b) pointed out that such a locally-driven wind can in principle
produce an inflow velocity that is faster than the usual viscous flow speed v R . They
proposed that if the effect of the wind became locally strong enough that the winddriven inflow speed exceeded v B , then the poloidal field responsible for the wind
could be dragged inwards. In that case, they suggested, there is the possibility for a
wind-driven avalanche that could sweep the inner disk regions inwards. Cao & Spruit
(2002) and Campbell (2009) concur with this conclusion. An example of how such
an avalanche might operate is to be found in the numerical simulations by Lovelace
et al. (1994).
From the point of view of timescales, this mechanism (if and when it occurs) has
the advantage that it occurs on a timescale shorter than the usual viscous timescale
(Equation 4.4) by a factor of H /R . that is, on a timescale
tB ≈ 6

³ α ´−1 µ κ ¶−1 µ M ¶ µ ṁ ¶−1 µ R ¶5/2
d.
0.3
κT
108 M ¯ 0.1
10R g

(4.5)

At a radius of R ≈ 50R g this corresponds to a time-scale of about a year [335 days].
What remains, of course, very uncertain are the time scales on which such
avalanche episodes might recur, and how these might depend on specific disk properties. King et al. (2004) proposed a specific (speculative and, of course, ad hoc)
model, which has some physical basis. They propose the basic idea that each disk
annulus of width ∼ H acts as an independent producer of vertical field B z which
varies stochastically on the local dynamo timescale ∼ 10 − 20 Ω−1 . They suggest,
further, that occasionally enough (∼ R/H ) neighbouring annuli have B z aligned to
produce a poloidal field with length-scale ∼ R , and that when that happens angular
momentum can be lost to a locally produced magnetically driven wind. They find
that most of the time such processes give rise to frequent small amplitude luminosity
fluctuations, but they do give one example of one such large-scale fluctuation which
began at a few hundred R g , which swept rapidly inwards, reducing the overall disk
surface density by almost an order of magnitude.

4.4.2

Supernova

To comprehensively survey all other plausible scenarios, we also consider if the observed outburst could be explained by a supernova explosion in the nuclear region of
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the galaxy. A supernova explosion in the proximity of the nucleus (or superimposed
spatially on our line of sight) would not explain the shape change of the Balmer lines.
On top of this, the absolute magnitude of the peak of the outburst (MG ' −22) is uncomfortably high to be caused by an SN and SNe are rarely seen emitting at X-ray
wavelengths (Dwarkadas & Gruszko 2012) and would not explain the observed enhanced X-ray luminosity. Finally, even with efficient conversion of kinetic energy to
radiation, the total radiated energy of Gaia16aax strains most reasonable supernova
scenarios. Nonetheless, It is worth noting that Kankare et al. (2017) discuss an SN
origin for the nuclear transient PS1-10adi, that happened in the nucleus of a galaxy
hosting an AGN and radiated a total energy of ∼ 2.3 × 1052 erg.

4.4.3

Microlensing event

Microlensing events have been invoked to explain highly variable AGNs: in Graham
et al. (2017), 9 of the 51 objects analysed are well described by a single-lens model
and Lawrence et al. (2016) have proposed that microlensing provides a good description for many of the objects in their sample.
A microlensing event could in principle explain the intensity of the outburst, but
it would not be possible to explain the change in the shape of the Hydrogen lines
and their time evolution via this phenomenon alone. On top of this, if a microlensing
event would indeed be the cause of the enhanced emission, we would expect the
light curve to be symmetric, while in our case the decay is much shallower than the
rise to peak. The presence of a secondary bump at late times in the Gaia light curve
also disfavours a microlensing event.

4.4.4

Variable dust absorption

For completeness, we also investigate whether the change of appearance in
Gaia16aax could be due to variable absorption in our line of sight. In the case of
Gaia16aax it is easy to see why this is not a viable explanation: using the method
described in MacLeod et al. (2016) from the monochromatic luminosity of the QSO
at 5100 Å, we can estimate the size of the BLR to be RBLR ∼10 light days (with
λLλ (5100Å) ' 1 × 1043 erg s−1 , from the SDSS spectrum) or ∼ 2.6 × 1016 cm ∼0.01 pc.
We need to draw this curtain in the line of sight on a timescale of ∼100 days (the
rise time of the outburst), which means that the cloud must travel at (10/100)c or
v ' 3 × 104 km/s. To obtain the required reddening of Av '1 mag we would need a
column density (assuming standard dust to gas ratio) NH ' 2 × 1021 cm−2 , assuming
a spherical cloud this would lead to a volume density n ' NH /RBLR ' 2.3 × 104 cm−3 .
Such an object would correspond to a dense core within a molecular cloud (Blitz
& Williams 1999). Assuming that the object is in virial equilibrium, it must have an
1/2
' (Gmp NH RBLR )1/2 ' 30 km/s. The
internal dispersion velocity of σ ' (GMcloud R−1
BLR )
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difficulty of this scenario would be to have this cloud move at the required speed of
∼ 0.1 c.
If the cloud was closer to the observer, the requirement on the speed would be
less stringent. Assuming that the cloud is at a distance d= f DL , with 0 < f < 1 and
DL the luminosity distance (1.26 Gpc), then the required size of the cloud is R= f RBLR
and the required velocity is v = 3 f × 104 km s−1 . The column density NH must be
kept fixed because of the required reddening value, therefore the volume density
(assuming a spherical cloud) must increase accordingly: n ' 2.3 f −1 × 104 cm−3 . To
maintain the cloud internal virial support we will have σ ∝ f 1/2 .
If we consider a cloud in the outskirts of an intervening galaxy with a velocity of
v ∼ 100 km s−1 , we would need f = 3 × 10−3 and a cloud of size R = 7.8 × 1013 cm ' 6 AU
and a density of n ' 8 × 106 cm−3 . Considering instead a cloud in the local group
we would need f = 10−4 to have d = 126 kpc. Then we would have v ' 3km s−1 and
n ' 2.3 × 108 cm−3 . If the cloud is instead inside the Milky Way, we would consider
f = 10−5 , d = 12.6 kpc and n ' 2.3 × 109 cm−3 . In all these cases the requirements on
the velocity and/or the volume density of the intervening clouds make this scenario
improbable. The fact that the outburst was observed with similar amplitude in the NIR
and X-rays also plays against an absorption scenario: we would expect some form of
reprocessing of the radiation at different wavelengths. In addition to this, the source
is undergoing an outburst rather than a dimming episode and it is the first time it has
been observed in such a state. This would mean that we would need a cloud with
the described properties constantly obscuring the central engine until a ’hole’ with the
right density gradient would expose the source to us. On top of this, it is unclear how
a variable absorption scenario would explain the appearance of the double peaks in
the Hα and Hβ emission lines. The delay observed between the peak of the Gaia
and WISE light curves also disfavours this variable absorption scenario. In fact, if
we suppose that the enhanced emission comes from de-obscuration rather than an
accretion-related event, we would not expect the IR emission to change similarly to
the optical emission. This is because, in this scenario, the IR emission would emerge
in an isotropic fashion from the dust heated by the central engine. If the central
emission is not varying, even if the obscuration in our line of sight is changing, we
would expect the IR emission from the dust to remain unchanged.

4.4.5

Tidal disruption event

Tidal disruption events typically show a fast rise to a peak luminosity around 1044
erg s−1 , followed by a decay that follows t −5/3 . The decay time of our outburst is too
long to fall into the canonical picture of TDEs, but there have been examples of long
TDEs, the most extreme cases being a decade-long TDE candidate, see Lin et al.
(2017) and a long-lived TDE in a merging galaxy pair Arp 299 (Mattila et al. 2018).
TDEs are known to show broad (up to 10 000 km s−1 ) Hydrogen and/or Helium lines.
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The absence of color and black body temperature evolution of Gaia16aax, albeit on
the limited time span of our photometric and SED coverage, is compatible with a
TDE scenario (Arcavi et al. 2014).
The high mass inferred for the SMBH, though, complicates the TDE scenario.
In fact, a sun-like star will be swallowed whole by the SMBH if its mass is above
108 M¯ . To explain Gaia16aax as a TDE, the disrupted star must be more massive
and/or the SMBH must be rapidly spinning (Hills 1978, see also the TDE candidate
ASASSN-15lh, Leloudas et al. 2016). For a maximally spinning BH, the limit on the
BH mass for a TDE to take place can increase by an order of magnitude (Kesden
2012). The high spin, on top of the high BH mass, introduces new arguments in
favour of a TDE interpretation. Depending on the BH spin and if the to-be-destroyed
star’s orbit is prograde or retrograde, the radiation efficiency can vary by a factor of
10 (Bardeen et al. 1972), therefore the presence of a spinning BH could justify the
high energy output of the event. On top of this, simulations performed by Guillochon
& Ramirez-Ruiz (2015) found that for massive BHs (& 107 M¯ ) the strong general
relativistic effects produce a rapid circularisation of the debris giving rise to a prompt
flare, explaining the fast rise to peak of Gaia16aax.
If the BH is maximally spinning, the inner disk temperature will be higher than in
the case of a non-rotating BH. We tried to constrain the upper temperature of the
hotter of the two black bodies that describe the SED by fitting the combined UV and
optical magnitudes (up to ∼5000Å in Fig. 4.3.11). Since the temperature depends on
the size of the Innermost Stable Circular Orbit (ISCO, which is smaller for spinning
BHs than for non-spinning ones), by constraining the maximum temperature of the
hotter black body, we could constrain the size of the ISCO. The observed data are
not compatible with the tail of a hot (∼ 107 K) black body, as the emitting region
associated with such a black body has a size of ∼ 105 r g where r g is the gravitational
radius. Therefore we cannot constrain the spin of the SMBH.
TDEs are usually found and studied in inactive galaxies, although one of the
canonical TDEs ASASSN-14li occurred in a low-luminosity AGN (Prieto et al. 2016).
The theoretical predictions and observational properties of TDEs in galaxies that
harbour an AGN are less well-constrained. In Chan et al. (2019) it is shown that a
stream of debris from a disrupted star will impact the accretion disk and drain the
accretion disk from the point of impact inwards on timescales shorter than the inflow time from a Shakura & Sunyaev (1973) disk, with timescales that depend on
the orbital parameters of the disrupted star. The disk will then replenish itself on the
(longer) inflow timescale. These two different timescales could explain the difference
between the observed rise and decay times. This scenario could also help to explain
the shape of the Hα and Hβ emission lines and the secondary peaks we observe
in the light curve decay. Initially, the debris stream coming from the disrupted star
slams into the accretion disk, starting the drainage of the disk material, resulting in
the enhanced luminosity. Due to the impact, some of the material will splash out at
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an angle. If we consider this outflowing material as part of the source of the Hα and
Hβ emission lines (the other one being the BLR), the inclination of the outflow angle
with respect to our line of sight would explain the double peaked shape of the lines.
If the initial debris stream is dense enough, the stream will pierce through the accretion disk, and slam into the disk again at a subsequent passage. These multiple
encounters between the stream and the disk would help explain the presence of the
two bumps in the light curve decay at ∼300 and ∼600 days from peak.
It is worth noting that in the case of a TDE interacting with an AGN disk, the interaction between the disrupted material and the accretion disk - and thus the observed
properties - will highly depend on the angle of incidence. One could argue that the
discovery of Gaia16ajq and Gaia16aka could play against a TDE interpretation, given
the almost identical light curves and spectra of the three objects. Nonetheless, there
are differences between the three objects that could reflect a diversity of encounters
between the tidal debris and the accretion disk. Only Gaia16aax shows two components in the Hα and Hβ emission lines, which in our picture are associated with
splashing material after the encounter between the debris stream and the accretion
disk. Moreover, the light curve of Gaia16aka decays smoothly, without secondary
peaks, while Gaia16ajq shows a very strong bump ∼ 400 days after peak. As stated
before, the bumps in the light curve are associated with eventual multiple interactions
between the debris stream and the accretion disk.
If the three events are due to TDEs around spinning SMBH, Fig. 4.2.6 requires
the characteristic timescales involved (e.g. mass return time and cooling time) as
well as the total energy output to be very similar in each case. The SMBH masses in
these sources vary by a factor of ∼ 10, implying cooling and mass return times that
vary by a factor ∼ 2 − 3 for similar stellar mass and pericenter (see Chan et al. (2019)
for the relevant equations). For the light curves to lie on top of each other as in Fig.
4.2.6, we would need fine-tuning between the stellar mass and radius, the SMBH
mass and the pericenter distance of the encounter. It is also possible that the Gaia
selection criteria mean that we are biased towards flares of this form. Implying that
there could be a large number of flares due to TDEs in AGN that are not being detected efficiently by the Gaia Alerts system (e.g. Kostrzewa-Rutkowska et al. 2018).
We also note that Chan et al. (2019) suggest that parabolic TDEs should cause
a dip in the AGN X-ray flux as the corona is obscured by the tidal tail. In Gaia16aax,
the X-ray emission increases by almost one order of magnitude with respect to the
pre-outburst value. If the X-ray flux observed is associated with the TDE, it implies
the TDE may have occurred close to the plane of the AGN disk. The fact that the
object is still bright in the UV and X-rays years after the peak is also in line with what
seen in other TDEs (e.g. Brown et al. (2017); Jonker et al. (2020)).
It is interesting to consider also the case of the TDE Arp 299-B-AT1, where Mattila et al. (2018) observed a high total radiated energy above 1.5 × 1052 erg. The
TDE happened in a nucleus hosting a known AGN and the transient showed a very
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significant, slowly evolving IR emission coming from the dust surrounding the AGN.

4.4.6

Tidal disruption of a neutron star in the accretion disk

Another possible scenario that could potentially explain the similarity between the
flares observed in the three Gaia objects is that of a neutron star (NS) tidally disrupted by a stellar mass BH in the AGN accretion disk. The mass of the BH required
for the tidal disruption depends on the NS equation of state and, to large extent, on
the BH spin, see Lattimer & Schramm (1976); Shibata & Taniguchi (2011). While
the electromagnetic signal coming from the NS-BH merger would be too weak to
be visible against the high luminosity of the AGN, part of the NS material would be
outflowing at relativistic speeds and hit the Hydrogen-rich accretion disk, creating
the observed flare. In this scenario, the flare is not directly related to the SMBH
- as in the case of an accretion event - therefore it can more naturally explain the
similar bolometric luminosity of the three events. A tidal encounter between an NS
and a stellar mass BH in the proximity of an AGN accretion disk could be relatively
common. Considering a distribution of NS and BH around the SMBH, a fraction of
these objects will either have orbits on the disk plane or will have orbits that intersect
the disk and that will evolve to the orbital plane during the disk lifetime. Different
objects within the disk will suffer different dynamical friction and will encounter each
other at low relative velocities, favouring the creation of binaries (Stone et al. 2017;
McKernan et al. 2012).
In Fig. 4.4.15 we show a simple calculation of the energy released in such a
scenario. On the Y-axis we have the mass in the outflow (a fraction of the total
NS mass) and on the X-axis the velocity of the outflow. The solid lines represent the
kinetic energy (1/2M v 2 ) of the outflowing material (with M its mass and v its velocity).
In this scenario, to reach an energy release of the order of 1052 erg, we would
need a fraction of the NS material, around 10%, to be travelling at ∼0.6 c, taking into
account relativistic boosting, which is relevant at the considered velocity, that would
help reach the required energy output. According to the calculations performed in
Barbieri et al. (2019), 0.1M¯ and 0.6c are the maximum values for the ejecta mass
and velocity, respectively.
Gaia16aax released a total amount of energy of ∼ 3 × 1052 erg, therefore the energy provided by the dynamical ejecta is not enough to explain the emitted energy.
Barbieri et al. (2019) suggests that a jet could also carry O(1052 erg) and in Deaton
et al. (2013), a short-lived neutron-rich accretion disk around a rapidly spinning stellar mass black hole can have thermal energy also of O(1052 erg). Thus, we regard
∼ 3 × 1052 erg as a reasonable upper limit for the energy output from an NS TDE,
requiring a jet, fast and relatively massive and high-velocity ejecta and a rapidly
spinning BH.
As said, the appeal of this picture lies in that it naturally explains the similar bolo-
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metric luminosity of the three events, something which is more difficult to do if it is
related to accretion onto the central BH. The energy released during the Gaia16aax
outburst (and, by extension, of the other Gaia objects), though, stretches this scenario, since its energy release is consistent with the upper limit calculated for this
scenario. However, the total energy output of Gaia16aax could be underestimated,
as our calculation of the bolometric luminosity was done mainly using the optical
photometry from Gaia. If this is the case, the scenario discussed in this section must
be ruled out.

Figure 4.4.15: Energy (1/2M v 2 ) as curves for 1052 erg (blue solid curve) and 1053 erg (red
dashed curve) plotted in mass of the ejecta and its velocity. As shown in Barbieri et al. (2019),
we don’t expect more than 0.1M¯ to be available for the NS ejecta, this limit is represented by
the gray shaded area in the plot.

4.5

Summary

We present a multiwavelength follow-up campaign of Gaia16aax, a nuclear transient
discovered by the Gaia science alerts program. The transient is coincident with a
quasar at z = 0.25 (SDSS J143418.47+491236). The target brightened by more than
1 magnitude in the optical over less than a year and went back to its pre-outburst
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level over more than two years. Variability of similar amplitude has been detected
also in the NIR (with a time delay of ∼140 days), UV and X-rays. The most striking
property of this object is the shape of the Hα and Hβ broad emission lines. These
lines were present in the SDSS pre-outburst spectrum, but during the outburst they
show two distinct peaks, at different shifts with respect to the rest-frame wavelength.
Gaia16aax is part of a group of three nuclear transients discovered by the Gaia
science alerts program that showed nearly identical light curves. The other two are
Gaia16aka and Gaia16ajq, for which an extensive dataset is not available. The three
objects show similarities also in their spectra.
We discuss various scenarios present in the literature to explain large amplitude
flares in AGNs to try to explain the observed properties of the outburst of Gaia16aax.
The short timescale of the rise to peak and the total energy output are the most
challenging properties to explain. Of these scenarios, some are easily ruled out:
a microlensing event, an SN explosion, and variable absorption in the line of sight
cannot explain the observed properties. Other phenomena are more promising, although none can explain all the observed properties in a straightforward manner.
The outburst of Gaia16aax can be explained by a change in the accretion flow onto
the central BH. The low Eddington ratio of Gaia16aax is a characteristic shared by
many other quasars that showed variability of similar amplitude. But, in the theoretical framework of accretion disk physics, it is difficult to explain the rapid rise shown
by Gaia16aax, as the time scales that govern the dynamics of an accretion disk are
much longer than those at play in Gaia16aax. We review some proposed mechanisms in the literature for variability in the inner part of the accretion disk, finding
that, with the aid of some magnetic wind-driven loss of angular momentum, a high
amplitude variability on timescales of ∼1 year is possible, albeit the frequency of
these episodes and their dependency on the disk properties remain uncertain.
The outburst could have been caused by a tidal disruption event. Given the high
mass of the BH, to have a tidal disruption event the disrupted star needs to have
mass ≥ 1M¯ . The presence of star formation may allow for this. Certainly, for the
stars of around a solar mass the BH must be rapidly spinning. This would help
explain both the high energy release of the event and the short timescale. The interaction between the debris stream and the accretion disk could help explain the shape
of the light curve and the shape of the emission lines. The encounter between the
debris stream and the accretion disk should give rise to different observable properties in the three Gaia objects, given the different SMBH masses and the dependence
of such encounters on multiple parameters (e.g. density of the stream, incidence angle). The similar timescale and peak brightness of the three transients question the
validity of this scenario. We cannot exclude that the detection of the three similarly
shaped flares is a product of the Gaia selection criteria and that we are missing more
TDEs in AGNs. It is important to note that transient candidates detected by Gaia are
vetted by eye before being published (Kostrzewa-Rutkowska et al. 2018) and it is
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therefore very difficult to gauge the selection function of Gaia.
We also explore the possibility that Gaia16aax is due to an NS – BH merger
happening in the AGN disk. This scenario would help explain the three different transients independently of the central SMBH properties, but the high total energy output
of Gaia16aax is on the high side of what is conceivably produced in this picture.
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(a) 20160209

(b) 20160701

(d) 20161209

(e) 20170701

(g) 20180707

(c) 20160731

(f) 20170701

(h) SDSS - 20020705

Figure 4.A.1: Evolution in time of the Hβ line region with the fit to the various components with
multiple Gaussian curves. In all the panels the blue dashed lines are the two Hβ components,
the magenta dashed line is the narrow Hβ component and the red dashed lines are the two
[O III] emission lines. The spectra of 2017 January 26 is not shown since a cosmic ray hit the
CCD on top of the Hβ line, making the results of the fit unreliable even after several attempts
at correcting the data. Panel g is the Hβ line region at an epoch when the Gaia light curve
has reached the pre-outburst level. The double-peaked shape of Hβ shown in outburst is not
clearly present anymore at the last two epochs (panels f and g). The last panel is the SDSS
spectrum, obtained well before the outburst start.
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Figure 4.A.2: Evolution in time of the Hα line region with the fit to the various components
with multiple Gaussian curves. In all panels, the red dashed lines are the two [N II] lines, the
blue dashed lines are the two Hα components, the magenta dashed line is the Hα narrow
component, the brown dashed line is the He I line (only present in the first two panels, a and
b) and the orange dashed line is the blend of the two [S II] lines. Panel h is the spectrum taken
after the object returned to its pre-outburst state, according to the Gaia light curve.
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Table 4.A.1: Magnitude values in the Optical and NIR.

MJD
[d] (1)

51 671.30 (13)
52 402.00 (14)
56 938.05 (15)
57 462.24
57 476.24
57 491.01
57 505.03
57 509.04
57 530.02
57 551.01
57 560.91
57 588.95
57 611.95
57 738.25
57 791.27
57 837.03
57 937.97

u
(2)

B
(3)

V
(4)

···

···
···
···
18.95±0.09
19.07±0.06
19.15±0.06
19.22±0.07
···
···
···
19.64±0.06
19.72±0.12
···
···
···
···
···

···
···
···
19.01±0.06
19.05±0.06
19.18±0.07
19.31±0.09
···
···
···
19.74±0.07
19.99±0.10
···
···
···
···
···

19.75±0.04
···
18.94±0.09
19.12±0.07
19.01±0.06
19.21±0.07
···
···
···
19.53±0.08
19.32±0.39
···
···
···
···
···

g
(5)

r
(6)

i
(7)

···

···

···

19.47±0.02
19.69±0.02
19.17±0.08
19.25±0.07
19.40±0.08
19.54±0.08

18.65±0.02
18.88±0.02
19.25±0.06
19.30±0.04
19.35±0.05
19.42±0.07

18.13±0.01
18.34±0.05
18.97±0.05
19.08±0.04
19.90±0.04
19.12±0.07

z
(8)

y
(9)

···

···

17.71±0.02
···
17.99±0.06 17.76±0.05
···

18.70±0.04
19.23±0.08
18.91±0.11

···
···
···
···
···
···
···
···
···
···
···
···
19.90±0.10 19.84±0.05 19.38±0.05 19.33±0.12
20.00±0.30 20.05±0.07 19.42±0.10 19.87±0.21
···
···
···
···
···
···
···
···
···
···
···
···
···
···
···
···
···
···
···
···

···
···
···
···
···
···
···
···
···
···
···
···
···
···

J
H
Ks
(10)
(11)
(12)
15.96±0.09 15.47±0.14 14.64±0.10
···
···
···
···
···
···
17.92±0.04
17.81±0.03
17.85±0.04
···
···
17.97±0.08
18.09±0.07
···
19.18±0.12
19.68±0.14

···
···
···
···
···
···
16.79±0.12
16.61±0.08
16.62±0.12
···
···
16.65±0.23
17.64±0.15
17.47±0.13
17.91±0.29
18.18±0.14

···
···
···
···
···
···
15.69±0.06
15.63±0.06
15.45±0.06
···
···
15.35±0.05
16.15±0.06
16.22±0.08
16.58±0.11
17.79±0.12
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Notes: (1) MJD date of observations; (2), (5), (6), (7), (8), (9) apparent magnitudes with 1-σ uncertainties in the optical
bands u, g, r, i, z and y, in the AB system; (3) and (4) apparent magnitudes with 1-σ uncertainties in the optical bands B
and V, in the Vega system; (10), (11) and (12) extinction-corrected apparent magnitudes with 1-σ uncertainties in the Near
Infra-Red filters J, H and Ks , in the Vega system. The first three lines are the archival magnitudes from 2MASS (13), SDSS
(14) and PanSTARRS (15), all the other values are the result of the image subtraction procedure. The symbol · · · indicates
an epoch in which an observation for the specific filter was not available.

MJD(1)
57428.27
57571.06
57600.97
57732.25
57780.26(5)
57845.15
57935.94(6)
MJD(1)
57428.27
57571.06
57600.97
57732.25
57780.26(5)
57845.15
57935.94(6)

HβA FWHM(2)
[km s−1 ]

HβB FWHM(2)
[km s−1 ]

HβA flux(3)
[erg cm−2 s−1 ]

HβB flux(3)
[erg cm−2 s−1 ]

HβA shift(4)
[km s−1 ]

HβB shift(4)
[km s−1 ]

3130±210
4340±240
3800±480
4590±440

4780±470
3720±490
5910±1700
6190±880

200±20
320±20
110±30
110±10

210±22
100±10
110±30
90±20

-830±100
-390±110
-1060±300
-790±130

3590±200
4490±290
2900±1160
3510±640

···

···

···

···

···

···

4390±280
5010±860

5450±1120

80±20
···

-650±130
70±290

5400±370

···

150±10
70±20

HαA FWHM(2)
[km s−1 ]

HαB FWHM(2)
[km s−1 ]

HαA flux(3)
[erg cm−2 s−1 ]

HαB flux(3)
[erg cm−2 s−1 ]

HαA shift(4)
[km s−1 ]

HαB shift(4)
[km s−1 ]

4170±150
3780±120
3770±180
4070±210
4410±140
4050±110
4140±270

4460±540
3860±390
3480±490
6400±700
5290±160
5300±370
6230±620

850±50
1180±70
530±40
470±50
640±30
690±50
300±30

320±50
410±50
170±30
340±40
340±10
380±30
290±30

-520±110
-560±90
-670±120
-540±120
-670±110
-940±100
-1130±110

4460±300
4190±170
4320±190
5260±340
4770±230
4370±120
4950±220

···

Notes: (2) Full Width Half Maximum; (3) Equivalent Width; (4) shift of the central wavelength with respect to the laboratory
wavelength of Hα and Hβ. A negative value corresponds to a blueshift, a positive value to a redshift. (5) In the spectrum
taken on 2016 December 10, a cosmic ray hit the CCD at the location of the HβA component, therefore the results of the
fit on the Hβ line are not reliable for this epoch. (6) At this epoch, the HβB component is not present anymore. The last
observation (MJD 58 307.01) was not analysed as the object was back to its "quiescent", pre-outburst state at this epoch.
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Table 4.A.2: Results from the line fitting procedure on Hα and Hβ.
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Abstract
We present results of spectroscopic monitoring observations of the Ultra-Luminous
Infra Red Galaxy F0 1004−2237. This galaxy was observed to undergo changes in
its optical spectrum, detected by comparing a spectrum from 2015 with one from
2000. These changes were coincident with photometric brightening. The main
changes detected in the optical spectrum are enhanced He II λ4686 emission and
the appearance of He I λ3898,λ5876 emission lines. The favoured interpretation of
these changes was that of a tidal disruption event (TDE) happening in 2010. However, subsequent work suggested that these changes are caused by another hitherto
unknown reason related to variations in the accretion rate in the active galactic nucleus (AGN). Our optical spectroscopic monitoring observations show that the evolution of the He lines is in line with the evolution seen in TDEs and opposite of what
observed from reverberation mapping studies of AGNs, renewing the discussion on
the interpretation of the flare as a TDE.

5 Spectroscopic monitoring of the candidate tidal disruption event in F0 1004-2237

5.1

Introduction

A star travelling through the nuclear region of a galaxy can find itself so close to
the central super-massive black hole (SMBH) that it will be ripped apart by the tidal
forces of the BH (Hills 1975; Rees 1988; Evans & Kochanek 1989). During this
tidal disruption event (TDE), part of the stellar material will be bound to the SMBH,
ultimately accreting onto it and giving rise to a luminous flare. Optical spectroscopy
of TDEs shows a large degree of heterogeneity in terms of presence/absence of
emission lines and their observed properties. In general, they are characterised by
a blue continuum, broad H and He emission lines, luminosities of order 1044 erg s−1
and typical evolution timescales of months up to a year (see van Velzen et al. 2020b,
for a review), but there are examples of more long-lived TDEs (Lin et al. 2017; Mattila
et al. 2018) in other wavebands.
TDEs are an important tool to detect dormant SMBHs and the majority of these
events are found in otherwise inactive galaxies. The study of TDEs in galaxies that
host an Active Galactic Nucleus (AGN) is hindered by the intrinsic difficulty in distinguishing a TDE from emission from the AGN. Nonetheless, TDEs have been found
in low luminosity AGNs (e.g. Prieto et al. 2016; Onori et al. 2019; Nicholl et al. 2020)
and they have been invoked to explain extreme variability in AGNs (Merloni et al.
2015; Graham et al. 2017; Cannizzaro et al. 2020).
Tadhunter et al. (2017) (from here on, T17) presents the serendipitous discovery of spectral changes in the Ultra-Luminous Infra Red Galaxy (ULIRG, characterised by strong star formation and accretion onto the central SMBH, due to recent
mergers) F0 1004−2237 (from here on, F0 1004) at z=0.118 that hosts an AGN and
an SMBH with a mass Mbh ≈ 2.5 × 107 M¯ . Comparing an optical spectrum from
September 2015 with one from February 2000 one finds that prominent spectral
changes are; enhanced He II λ4868 line emission; and the appearance of He I lines
at λ3898,λ5876. The historical light curve from the Catalina Sky Survey (CSS, Drake
et al. 2009) shows a clear brightening starting around 2010. This together with the
spectroscopic changes led T17 to propose a TDE, triggered in 2010, as the explanation for the observed changes.
Here, we report results of optical spectroscopic monitoring observations of F0 1004
obtained over the period August 2017 – September 2020. We discuss the evolution
of the broad He emission lines, which become narrower and fainter over time. This
is typical behaviour among TDEs, and contrary to that observed in reverberation
mapping studies of AGNs (Peterson et al. 2004).
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5.2
5.2.1

Observations and data reduction
Spectroscopic data

Optical spectra of F0 1004 were acquired with the Intermediate dispersion Spectrograph and Imaging System (ISIS) and the Auxiliary-port CAMera (ACAM) spectrographs, mounted at the Cassegrain focus of the William Herschel Telescope (WHT),
and the Device Optimized for the LOw RESolution (DOLORES), installed at the Nasmyth B focus of the Telescopio Nazionale Galileo (TNG). Both telescopes are part of
the Roque de los Muchachos observatory (La Palma, Spain). We also re-analysed
the ISIS spectrum originally reported in T17 and we add two epochs of observations
retrieved from the WHT archive1 , to the sample of spectra we report on here. Overall, these spectra were taken over a period spanning September 2015 - 2020. In the
case of ISIS, different grisms with different resolutions (R300B and R600B for the
blue arm and R158R, R316R and R600R for the red arm) were used, while ACAM
was always used in combination with the V400 grism and the GG395 order-sorting
filter and DOLORES was used with the LR-B grism.
Data were reduced using standard IRAF (Tody 1986) procedures for flat field and
bias correction, and wavelength calibration with arc lamps. Cosmic-rays were removed using the LACOSMIC procedure from van Dokkum (2001). Standard star observations were not performed at all epochs and therefore the spectra are not flux
calibrated. Instead, we normalise the spectra by dividing them by a polynomial fitted to the continuum (of order 3 to 5, depending on the spectrum), masking regions
with prominent emission and absorption lines during the fit. We finally also include
the spectrum taken on 2000 February 9 with the Space Telescope Imaging Spectrograph (STIS) on board the Hubble Space Telescope (HST), retrieved from the online
archive2 . This spectrum and also the 2015 WHT/ISIS spectrum have also been presented by T17. All the observations we performed were carried out with the slit at
parallactic angle, while observations retrieved from the online WHT archive were not.
A journal of spectroscopic observations, with the resolution of the instrument/grism
used, is reported in Table 5.2.1 and all the spectra are plotted in Fig. 5.2.1.

1 http://casu.ast.cam.ac.uk/casuadc/ingarch/query
2 https://archive.stsci.edu/hst/
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Figure 5.2.1: The sequence of spectra taken with HST/STIS (magenta), WHT/ISIS (black),
WHT/ACAM (red) and TNG/DOLORES (blue) under study in this paper. For each spectrum,
the date of observation is given on the right-hand side. The dotted lines indicate the wavelength of the main emission lines. The grey bands indicate wavelength ranges affected by telluric absorption. The spectra are not flux calibrated and the continuum has been normalised
(see text for details).

146

5.2 Observations and data reduction

Table 5.2.1: A log of the spectroscopic observations used in this paper.
MJD(1)
[days]
51583.73∗
57280.08∗
57996.19
58011.00
58012.12
58052.99
58345.15
58355.22
58689.20
58691.20
58730.05∗
58731.13∗
58825.82
59117.10

UTC Date
2000/02/09
2015/09/15
2017/08/30
2017/09/14
2017/09/15
2017/10/26
2018/08/14
2018/08/24
2019/07/24
2019/07/26
2019/09/03
2019/09/04
2019/12/08
2020/09/24

Gratings(2)
blue, red
G430L, G750L
R300B, R316R
R300B, R316R
R300B, R158R
R300B
R600B, R600R
R300B, R158R
R300B, R158R
V400
V400
R300B, R316R
R316R
V400
LR-B

exposure time(2) slit width seeing(3)
[s]
[00 ]
[00 ]
2904, 1754 (6)
0.2
6x1000, 6x1000
1.5
0.60
2x1800, 2x1800
1.0
0.80
1800, 1800
1.0
0.90
2x1800
1.0
0.60
2x1800, 2x1800
1.5
2.50
2x1800, 2x1800
1.0
0.35
1800, 1800
1.0
0.40
1800
1.0
0.65
1800
1.0
0.75
3x900, 6x1200
1.3
0.60
7x1200
1.3
0.60
1800
1.5
1.10
2x1800
1.0
0.75

∆λarc (4)

∆λ(5)
corr

[Å]
4.1, 7.4
4.1, 5.1
3.7, 3.8
3.9, 3.4
3.9
3.0, 2.6
3.7, 7.0
3.7, 7.0
13.6
13.6
4.9, 4.4
4.4
19
7.3

[Å]
4.1, 7.4
1.6, 2.0
3.0, 3.0
3.5, 3.1
2.3
3.0, 2.6
1.3, 2.4
1.5, 2.8
8.9
10.3
2.3, 2.0
2.0
14.1
5.5

Note.(1) Modified Julian Day of observations. (2) In the case of ISIS and STIS, the blue and
red arms have different gratings, with different resolutions. The ISIS grating names ending
with B denote those used in the blue arm, the ones ending in R those of the red arm. The
exposure time is given for each grating separately. Multiple exposures obtained on the same
day have been averaged after extraction. (3) The reported atmospheric seeing is the average
value over the total exposure time. (4,5) Resolution element, as measured from arc lines and
corrected for the seeing when this is lower than the slit width, by multiplying ∆λar c by the
ratio between seeing and slit width. For ISIS and STIS, this is given for each grating. (6) The
total exposure time of the STIS spectra is given (720+720+780+754s for G430L and
624+624+506 for G750L). Epochs marked with ∗ were retrieved from the respective
observatory data archives (see text).
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5.3

Data analysis and results

The spectra (see Fig. 5.2.1) reveal a number of emission lines from different atomic
species: [O 2] λ3727, [Ne 3] λ3869, Hδ, Hγ, [O III] λ4363,λ4959,λ5007, N III λ4640,
He II λ4686, Hβ, He I λ3889,λ5876, [O 1] λ6300, Hα, [N 2] λ6548,λ6584 and [S II]
λ6717,6731. Comparing the STIS spectrum (2000) with the ISIS spectrum obtained
in 2015 shows that He lines were either not detected (He I) or much fainter (He II) in
the former.
The N III λ4640 emission line is consistent with being caused by Wolf-Rayet stars
(see T17 and references therein), as is the He II λ4686 in the pre-flare HST spectrum.
The rest of the emission lines are typically observed in AGN. We fit the emission
lines with a combination of Gaussian functions and a polynomial (to fit the local
continuum), using the PYTHON package LMFIT (Newville et al. 2014). We plot an
example of the fit to the Hβ and [O III] λ4959,λ5007 emission lines in Fig. 5.3.2. All
emission lines caused by activity in the host galaxy show the same structure, with a
narrow peak and a broader, blue-shifted, base. There is evidence for an additional,
third, component, with Full Width Half Maximum (FWHM) in between that of the
narrow peak and that of the broader base. The central wavelength is also between
that of the broad and that of the narrow component. We were able to constrain this
third component only for the strongest emission lines when detected with the highest
signal–to–noise ratios (SNRs).
In the lower resolution spectra as well as in lower SNR spectra, the He I λ5876
emission is often well-fit by a single Gaussian function, whereas in the higher resolution and the higher SNR spectra, we find that two Gaussians are required to describe
the emission line. The He II λ4868 and He I λ3889 emission lines are well fit by a
single Gaussian. During the fitting procedure, we forced the FWHM of the narrow
lines close in wavelength to be the same. Furthermore, the wavelength separation
of known line doublets has been fixed to their laboratory values. Both these actions
served to reduce the number of degrees of freedom in the fit. The resulting values for
the emission line parameters have been corrected for the instrumental broadening,
using the ∆λcorr values reported in Table 5.2.1.
The position of the galaxy on a Baldwin, Phillips & Terlevich (BPT) diagram (Baldwin et al. 1981) is in the ”composite" region, between H 2 regions and AGNs, suggesting that the galaxy is showing emission from both an AGN and star-forming
activity. This dual ionising source was already inferred by T17, where they also reported that the emission lines can have three components. We find that the FWHM
of the narrow peaks varies somewhat with time. This can be explained if (part of)
the narrow emission lines is caused by star formation from an extended, spatially
resolved region of the galaxy. Then, the different slit widths, seeing conditions, and
position angles of the slit contribute to us capturing a variable amount of light from
the extended star-forming regions of the galaxy, causing the fraction of the emission
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Figure 5.3.2: An example fit to the [O 2], the [Ne 3] and the He Iλ3889 emission lines. The
dashed lines indicate the different Gaussians (blue for [O 2], green for [Ne 3] and red for
He Iλ3889) used to describe the various emission lines and their components. The solid magenta line is the best-fit fit function. The residuals of the fit are shown in the bottom panel.

line caused by star formation to vary. Furthermore, it is possible that the projected
velocity of that component in the slit varies with our different spectra as well.
We focus our analysis on the He lines, as T17 reported the largest variations in
the properties of these lines. In Fig. 5.3.3, we plot the evolution of the equivalent
width (EW) and FWHM of the He emission lines. In order to trace the evolution of
the He I λ5876 emission line, we combine the results of the two components, when
resolved, by adding the EW and adding in quadrature the FWHM. The uncertainties
were also added in quadrature for both the EW and the FWHM.
The FWHM and EW of the He II line show a gradual decrease over the duration of our follow-up campaign: the FWHM decreases from ≈2700 km s−1 to ≈1350
km s−1 and the EW from ≈14 Å to ≈7 Å. Both the FWHM and the EW have not yet
returned to the values measured during the STIS spectrum. The evolution in the
EW and FWHM of the He I lines is less clear, but especially that of the λ5876 line
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Figure 5.3.3: Results of the fits to the emission lines of He in our WHT and TGN spectra. Top
panel: FWHM of He II λ4868 (blue squares), He I λ5876 (black circles) and He I λ3889 (red
diamonds). Bottom panel: EW of the same emission lines (with the same color/marker combination as the top panel). The dotted blue lines indicate the value of the He II line measured
from the STIS spectra of 09 February 2000 (MJD 51584). The He I lines were not detected
in that spectrum. On the X-axis, the Modified Julian Date of the observations. For the He I
λ5876, we combine the results of both components, when they were resolved.

seems to follow a similar trend as that of He II. In contrast, the other lines of similar
width i.e. the broad bases of the other emission lines, do not show significant evolution with time in their FWHM, while the EW of some of them (mainly Hβ and [O III]
λ4959,λ5007) show an increase between MJD 57280 and 58345, to subsequently
decay back to the initial value (see Table 5.A.1).
We measure the offset of the lines with respect to their rest-frame wavelength.
It is important to note that in good observing conditions (i.e. when the seeing is
smaller than the slit width, which is the case for many of our observations, see Table
5.2.1) the wavelength calibration of the source spectrum could be slightly shifted
with respect to that derived by the arc lines (as the latter do fill the whole slit), due
to possible imperfections in centring of the source in the slit. This can in turn affect
the velocity offset measurements by a few 100 km s−1 . However, the narrow lines do
not show a significant offset with respect to their restframe wavelength (it is always
below |200| km s−1 ), implying that the shifts in the wavelength scale caused by the
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potential imperfect centring of the source in the slit are smaller than a few hundred
km s−1 . This is in line with the fact that the extended nature of the source acts as a
mitigating factor for any small imperfect centring of the source in the slit.
The broad bases of the emission lines are all blue-shifted. We measure the shift
of the broad bases with respect to the central wavelength of the narrow lines, assuming that those are at their restframe wavelength. Each broad line has a different
blueshift, but none of them shows a clear evolution with time. The velocity offset
values are all . 103 km s−1 .
For the He I λ5876 lines, we only separate the narrow and broader component of
the emission line when the higher resolution gratings were used. Only in those cases
can we reliably check for a potential shift between the two components. Therefore, for
the other He lines as well as for the He I λ5876 lines, we measure both the shift with
respect to the restframe wavelength and with respect to the central wavelength of the
closest narrow line (Ne 3 for He I λ3889, [O III] λ5007 for He II and [S II] λ6731 for He I
λ5876). We find that the blueshift is a few 100 km s−1 and the two measurements are
consistent with being the same, within the 1σ uncertainties. Again, no clear evolution
in time was present and at some epochs, the shift is consistent with zero.

5.4

Discussion

Our optical spectroscopic observations of F0 1004 reveal a gradual decrease in the
FWHM and EW of the He II and the He I line at λ5876. The error bars on the individual
measurements for the He I λ3889 line are larger, especially those on the FWHM,
making it more difficult to detect any trend in the FWHM for this line. We find no
strong evolution in the properties of the other detected emission lines.
In T17, the authors proposed that the flare and the spectral changes can be explained by a TDE happening ∼5 years prior to the 2015 ISIS spectrum. Our spectroscopic monitoring provides evidence in support of this interpretation. We first discuss
this supportive evidence, before comparing our results with those from Trakhtenbrot
et al. (2019) who come to the conclusion that F0 1004 and a group of sources showing similar spectroscopic and photometric characteristics (i.e. a moderately broad
He II and a flare in the optical light curve) is caused by new, so far unexplained AGN
variability.
The presence of broad He emission lines is common in TDEs and especially
a broad He II λ4686 emission is considered a strong indicator of such phenomena
(see van Velzen et al. e.g. 2020b). However, while the FWHM of the He II λ4686
emission line in F0 1004 can be called “broad”, in most TDEs the value of the FWHM
is significantly larger than that observed in F0 1004 (cf. Trakhtenbrot et al. 2019).
Nevertheless, as we showed in this paper, the evolution of its FWHM over time in
F0 1004 is in line with what seen in other TDE candidates: the lines become narrower
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with time (Holoien et al. 2014; Brown et al. 2017; Onori et al. 2019) as the flare
decays and the line EW becomes lower. This behaviour is opposite of that seen
in AGNs, where reverberation mapping studies have shown that the lines become
broader with decreasing source luminosity (e.g. Peterson et al. 2004). The evolution
of the EW of the He lines follows a more shallow but similar decay.
As mentioned in Sec. 5.3, the different position angle and observing conditions
of the slit at different epochs make us capture a varying amount of light from any
spatially extended emission lines regions of F0 1004. In the pre-outburst spectrum,
the He II and N III line complex is mostly caused by emission from Wolf-Rayet stars
(T17). The variation observed in the He II line could, perhaps, be (partially) caused
by this effect and not by an intrinsic change in the line emission properties. Whereas
it is probably somewhat contrived that the combination of slit width, seeing, and parallactic angle work together to cause a gradual change in the EW, it is even more
difficult to envisage how this would lead to a gradual decay in FWHM together with
the observed evolution of EW. Finally, the N III line does not show the same evolution
as the He II, further disfavouring this scenario. Therefore, we conclude that the observed trends in the EW and FWHM of the He II and the He I line at λ5876 are caused
by changes in the accretion flow around the central supermassive black hole.
If a TDE caused the flaring activity in F0 1004, it must be quite long-lived, as our
last spectrum, ∼10 years after the inferred date of the TDE, still shows He II emission
above the pre-outburst level. Such a long-lived TDE is rare but not unprecedented.
Lin et al. (2017) reported on a TDE with X-ray emission lasting for more than a
decade at around the Eddington level, explaining it as a TDE where the circularisation of the debris is slow. Late time X-ray observations of optically selected TDEs
have also shown that the TDE phenomenon can be long lasting (Jonker et al. 2020).
However, these examples are for the X-ray emission. So far, there is no reported optical emission that lasts this long. Perhaps, the presence of an AGN in F0 1004 could
explain the decade-long signatures of a TDE. TDEs in AGNs are not well explored,
but the interaction between the debris stream and the pre-existing accretion disk can
significantly modify the canonical picture of a ∼year long decay (Chan et al. 2019).
Trakhtenbrot et al. (2019) argues that F0 1004 and two other similar transients
are due to unusual AGN activity rather than being triggered by the disruption of a
star. Their main argument for this is the long duration of the flare and the FWHM of
the He II line, which is smaller than what commonly observed in TDEs (e.g Arcavi
et al. 2014). Furthermore, the He lines in F0 1004 show a lower blue-shift than
typically seen in TDEs, where the broad emission lines are often blue-shifted by
several 1000’s km s−1 (e.g. Nicholl et al. 2020). It is important to note that optical
TDEs are often selected on the width of their emission lines and, therefore, that a
He II line is detected narrower than what seen in TDEs may be a product of selection
bias.
Trakhtenbrot et al. (2019) associates the N III and He II emission with the Bowen
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fluorescence mechanism (BF, Bowen 1934, 1935), a cascade of transitions initially
triggered by enhanced UV and He II Lyα emission. In the case of F0 1004, the N III
and He II emission pre-outburst are associated with WR stars and the N III line emission is not enhanced during the outburst, unlike the He II emission line, implying that
the He II line has a different origin in F0 1004 than perhaps in several other sources
in the paper of Trakhtenbrot et al. (2019).
We also find a broad, blue-shifted component to the forbidden emission lines. In
AGNs, broad emission lines typically come from the high-velocity broad line region
(BLR; Peterson & Horne 2006). The density in the BLR is so high that the forbidden
lines are collisionally suppressed. In F0 1004, the forbidden and permitted (hydrogen) emission lines have a similar structure, with a narrow peak and a broad base
(with tentative evidence for a third, intermediate component). Furthermore, there is
no evidence for changes in the FWHM and EW of these lines with time. This suggests that all the broad components to the forbidden and permitted lines are due to
outflows from large spatial scales induced by the circumnuclear starburst and/or by
the AGN, as commonly observed in ULIRGs (which of the two is the main driver of
the outflow is still under debate (Rupke et al. 2005; Rodríguez Zaurín et al. 2013)).
In Trakhtenbrot et al. (2019), the authors associate the observed broad He II emission line with the BLR, illuminated by the enhanced UV emission. Given that in the
case of F0 1004, both the forbidden as well as permitted lines have a broad component likely caused by an outflow, we do not seem to detect lines coming from the BLR,
which may indicate that the BLR is obscured from our line of sight. This, together
with the fact that the evolution of the FWHM of the He II line is unlike that in reverberation mapping studies of AGN, challenges the AGN scenario for the observed
photometric and spectroscopic changes. Perhaps, following Roth & Kasen (2018),
the TDE-induced lines originate in a more spherical photosphere, and the FWHM is
determined in part by electron scattering. The observed decrease of FWHM may
then trace a decrease in the ambient density.
Overall, the evolution of the He lines and the difference between their evolution
and the evolution of the other lines seem to be inconsistent with typical TDE behaviour but also with typical AGN behaviour.
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Line fitting results

Table 5.A.1: Results of the line fitting of the most prominent broad lines.

MJD
51583.73
57280.08
57996.19
58011.00
58012.12
58052.99
58345.15
58355.22
58689.20
58691.20
58730.05
58731.13
58825.82
59117.10

λ [Å]
3714.4 ±
3719.0 ±
3717.2 ±
3718.1 ±
3717.2 ±
3718.5 ±
3718.5 ±
3718.9 ±
3724.0 ±
···
3717.4 ±
···
···
3723.8 ±

1.0
1.8
1.3
1.6
1.0
1.5
0.8
0.9
4.8
1.6

9.7

[O 2]
FWHM [km s−1 ]
1100 ± 200
1130 ± 250
1160 ± 210
1160 ± 260
1220 ± 190
1080 ± 250
1200 ± 140
1090 ± 170
1100 ± 620

EW [Å]
4.3 ± 1.0
4.9 ± 1.2
5.9 ± 1.2
6.1 ± 1.5
6.1 ± 1.1
7.0 ± 1.7
5.9 ± 0.8
5.7 ± 1.0
6.6 ± 4.1

···
1100 ± 250
···
···
1160 ± 900

···
5.2 ± 1.3
···
···
4.7 ± 5.1

N3
MJD
λ [Å]
FWHM [km s−1 ] EW [Å]
51583.73 4647.1 ± 3.3
2680 ± 640
8.8 ± 2.7
57280.08 4641.9 ± 1.0
1990 ± 130
7.7 ± 0.6
57996.19
···
···
···
58011.00
···
···
···
58012.12
···
···
···
58052.99
···
···
···
58345.15 4641.9 ± 1.8
2000 ± 340
7.6 ± 1.6
58355.22
···
···
···
58689.20 4644.5 ± 1.9
2430 ± 370
6.4 ± 1.2
58691.20 4640.1 ± 2.2
1910 ± 410
4.7 ± 1.3
58730.05 4645.1 ± 1.4
2530 ± 260
7.5 ± 0.9
58731.13 4641.2 ± 0.9
1950 ± 160
4.9 ± 0.5
58825.82
···
···
···
59117.10 4644.2 ± 1.5
2510 ± 292
7.5 ± 1.2
[O 3]
MJD
λ [Å]
FWHM [km s−1 ] EW [Å]
51583.73 4987.6 ± 2.7
1340 ± 230
69.7 ± 17
57280.08 4992.8 ± 0.5
1640 ± 40
43.9 ± 2.0
57996.19 4993.3 ± 0.6
1600 ± 50
52.4 ± 2.9
58011.00 4995.8 ± 0.4
1470 ± 40
63.9 ± 2.2
58012.12
···
···
···
58052.99
···
···
···
58345.15 4992.4 ± 0.5
1690 ± 40
64.2 ± 2.7
58355.22 4992.0 ± 0.5
1660 ± 50
61.8 ± 3.1
58689.20 4991.0 ± 0.9
1600 ± 70
56.9 ± 4.4
58691.20 4991.7 ± 1.2
1400 ± 120
52.1 ± 5.0
58730.05 4991.7 ± 0.5
1630 ± 40
56.0 ± 2.8
58731.13 4990.9 ± 0.4
1670 ± 30
58.7 ± 2.0
58825.82 4993.2 ± 3.7
1010 ± 470
36 ± 20
59117.10 4995.1 ± 0.7
1740 ± 50
58.6 ± 3.7

λ [Å]
3864.2 ±
3862.2 ±
3861.1 ±
3861.6 ±
3861.6 ±
3862.7 ±
3862.6 ±
3862.9 ±
3865.7 ±
···
3861.8 ±
···
···
3865.3 ±

0.6
2.2
0.7
1.1
1.3
0.6
0.5
0.8
1.4
0.9

0.9

[Ne 3]
FWHM [km s−1 ]
1900 ± 110
1590 ± 220
1660 ± 100
1530 ± 140
1570 ± 160
1700 ± 110
1600 ± 60
1510 ± 110
1590 ± 280
···
1570 ± 110
···
···
1560 ± 90

λ [Å]
···
3885.1 ±
3884.8 ±
3883.2 ±
3882.4 ±
3886.8 ±
3885.2 ±
3883.8 ±
···
···
···
15.5 ± 1.5 3882.9 ±
···
···
···
···
16.6 ± 1.7 3887.6 ±

EW [Å]
18.3 ± 1.4
11.0 ± 1.9
13.0 ± 1.2
12.9 ± 1.5
13.4 ± 1.6
14.7 ± 1.3
16.0 ± 0.8
14.6 ± 1.2
13.6 ± 4.0

He 1
FWHM [km s−1 ]
5.2
1.5
1.8
3.3
1.2
1.2
2.1

2.3

···
1540 ± 610
670 ± 280
750 ± 300
790 ± 500
520 ± 220
840 ± 210
820 ± 350
···
···
810 ± 370
···
···
430 ± 210

1.1
He 2
Hβ
λ [Å]
FWHM [km s−1 ] EW [Å]
λ [Å]
FWHM [km s−1 ]
4689.8 ± 1.2
730 ± 180
3.7 ± 1.3 4848.1 ± 5.0
1690 ± 440
4685.4 ± 0.8
2670 ± 140
14.2 ± 0.8 4858.5 ± 0.3
1490 ± 50
···
···
···
4857.6 ± 0.5
2030 ± 80
···
···
···
4857.0 ± 1.0
1840 ± 160
···
···

4685.2 ± 0.9
···

4685.6 ± 0.8
4682.8 ± 1.3
4684.5 ± 0.7
4682.2 ± 0.4
···

4688.0 ± 0.7

···
···
1720 ± 140
···
1040 ± 120
1300 ± 210
1330 ± 100
1320 ± 70
···
1353.1 ± 110

···
···
9.7 ± 1.0
···
4.6 ± 0.7
5.0 ± 1.0
6.2 ± 0.6
5.7 ± 0.4
···
6.9 ± 0.7

···
···

4857.1 ± 0.6
4856.6 ± 0.7
4854.3 ± 0.8
4849.6 ± 2.8
4854.4 ± 0.5
4853.0 ± 0.5
4854.5 ± 5.2
4852.4 ± 1.3

He 1
λ [Å]
FWHM [km s−1 ]
···
···
5880.2 ± 1.2 *2310 ± 210
5864.8 ± 2.3
*1820 ± 50
5867.4 ± 2.1 *1350 ± 190
···
···
5872.1 ± 2.4 *1920 ± 380
5867.1 ± 1.6 *1850 ± 180
···
···
5870.5 ± 0.9
1240 ± 120
5856 ± 12
*1190 ± 1000
5868.1 ± 0.8
*1130 ± 70
5867.3 ± 1.4 *1340 ± 130
5877.7 ± 1.3
870 ± 180
5879.1 ± 0.5
540 ± 70

EW [Å]
···

*8.2 ± 0.7
*6.8 ± 0.6
*5.8 ± 0.9
···

*7.0 ± 1.6
*6.5 ± 0.7
···

5.3 ± 0.7
*3.2 ± 2.3
*4.8 ± 0.3
*5.2 ± 0.5
4.9 ± 1.3
2.9 ± 0.5

λ [Å]
6548.2 ±
6559.7 ±
6559.1 ±
6556.9 ±
···
6559.8 ±
6558.9 ±
6558.5 ±
6556.3 ±
6554.4 ±
6557.1 ±
6558.5 ±
6555.0 ±
6563.2 ±

2.6
0.2
0.2
0.4
0.3
0.3
0.3
0.5
0.5
0.2
0.3
4.5
0.8

···
···
2100 ± 110
1940 ± 120
1410 ± 90
1330 ± 270
1320 ± 70
1460 ± 50
1650 ± 530
1470 ± 140

EW [Å]
···

3.0 ± 1.4
1.0 ± 0.5
1.6 ± 0.8
1.0 ± 0.8
1.1 ± 0.6
1.5 ± 0.5
1.3 ± 0.7
···

1.3 ± 0.7

0.9 ± 0.6
EW [Å]
13.6 ± 5.2
18.5 ± 0.9
30.2 ± 1.7
20.8 ± 2.6
···
···
28.0 ± 2.0
25.3 ± 2.2
15.1 ± 1.5
9.1 ± 2.4
13.8 ± 1.1
14.2 ± 0.8
11.1 ± 6.2
10.2 ± 1.2

Hα
FWHM [km s−1 ]
EW [Å]
2290 ± 180
180 ± 18
1830 ± 20
163.5 ± 3.5
1770 ± 20
174.1 ± 2.8
1720 ± 40
144.7 ± 5.3
···

···

1740 ± 30
1900 ± 30
1910 ± 30
1870 ± 30
1870 ± 40
1920 ± 20
1850 ± 20
2040 ± 190
1970 ± 50

174.7 ± 4.5
196.2 ± 5.5
192.0 ± 5.4
166.1 ± 5.9
166.0 ± 7.0
191.6 ± 3.6
179.2 ± 4.0
117 ± 22
154.7 ± 8.1

Note. With · · · we indicate an epoch in which the line in question could not be fit. For the He I λ5876, the values marked with * are the combination
of the values measured for the narrow and broad component.
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Samenvatting
In het centrum van de meeste sterrenstelsels bevinden zich massieve zwarte gaten,
met massa’s hoger dan 106 maal die van de zon. Wanneer deze zogenoemde superzware zwarte gaten (Engels: supermassive black hole, of SMBH) accretie van
materie ondervinden, dan heten ze actieve galactische kernen (Engels: active galactic nuclei, of AGNs). Als dat niet zo is, dan is het zwarte gat inactief of latent.
AGNs stralen met grote intensiteit over het volledige electromagnetische spectrum en worden gekenmerkt door stochastische variabiliteit, waarbij de helderheid
verandert in de orde van tientallen procenten op een tijdsschaal van enkele jaren.
Een klein percentage van AGNs ondergaan extreme variabiliteit, waarbij heldere
lichtflitsen in sommige gevallen gepaard gaan met dramatische veranderingen in
het spectrum. De precieze aard van deze flitsen staat vooralsnog ter discussie, en
het blijkt lastig om zowel de grote intensiteit als de korte duur te verklaren binnen de
standaardtheorie van accretieschijven rond AGNs.
Een ster in een baan rondom een SMBH kan uit elkaar worden getrokken door het
getijdenveld van het SMBH, wanneer het pericentrum van de sterrenbaan zich binnen de zogenoemde getijdenstraal bevindt. De grootte van de getijdenstraal hangt
af van de straal en massa van de ster en van de grootte van het zwarte gat. Bij deze
uiteentrekking, die in het Engels een tidal disruption event, of TDE wordt genoemd,
accreteert het zwarte gat een deel van het uiteengetrokken stermateriaal, wat resulteert in een korte en heldere lichtflits. TDEs vormen een ongelijksoortige categorie
van vergankelijke bronnen, en worden gezien als belangrijke natuurlijke laboratoria
om de accretiesnelheid van materie op een zwart gat te bestuderen. Deze accretiesnelheid heeft een groot bereik, ten gevolge van de relatief snelle tijdsevolutie en
het grote bereik in de hoeveelheid materie die accreteert. TDEs zijn een cruciaal
middel om inactieve SMBHs te detecteren. De meeste TDEs zijn waargenomen in
inactieve sterrenstelsels, maar TDEs kunnen ook plaatsvinden rond actieve, accreterende zwarte gaten, en kunnen in sommige gevallen de oorzaak zijn van de extreme
variabiliteit in deze objecten.
Dit proefschrift bestaat uit 4 onderzoeksartikelen: twee hiervan tonen nieuwe resultaten over twee TDEs; één een steekproef van hypervariabele AGNs; en één een
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gebeurtenis waarvan de interpretatie als een TDE of als hypervariabele AGN ter
discussie staat.

Tidal Disruption Events
In Hoofdstuk 2 bespreken we een analyse van optische waarnemingen van de TDE
iPTF16fnl. Op het moment van waarneming was dit object de minst heldere en
snelst evoluerende TDE kandidaat, die hiermee liet zien dat het gebruikelijke model
van een een vele maanden durend helderheidsverval niet altijd toereikend is. De
relatief lage massa van het zwarte gat, ∼ 3 × 105 M¯ , is ondersteunend bewijs voor
de evenredigheid tussen de massa van een zwart gat en de duur van de lichtflits. In
overeenstemming met andere TDEs laat deze bron een bijna constante temperatuur
van ∼ 1.5 × 104 K zien, alsook een met de tijd afnemende stralingsgrootte, wat kan
worden afgeleid uit het fitten van een zwarte-stralermodel aan de spectrale energiedistributie (SED).
iPTF16fnl was ook een van de eerste TDEs waarin stikstof- en zuurstofemissielijnen werden gedecteerd die ontstaan als gevolg van het Bowen fluorescentiemechanisme. Dit mechanisme bestaat uit een serie van resonante elektrontransities, en
vereist een gas met hoge dichtheid en een zeer heldere UV/Röntgen lichtbron om
dit gas te ioniseren. De waarneming van deze emissielijnen wijst dus indirect op de
aanwezigheid van UV/Röntgenstraling, en gas met hoge dichtheid. De emissielijnen
worden smaller naarmate de helderheid van het object lager wordt, en ontwikkelen zich daarmee zoals gebruikelijk is bij TDEs. We laten zien dat de emissielijnen
ontstaan in een omhulsel van herverwerkte emissie, een van de twee concurrende
modellen om de optische emissie van TDEs te verklaren. In het geval van iPTF16fnl
zijn de emissielijnprofielen sterk beïnvloed door elektronverstrooiing in het omhulsel.
In Hoofdstuk 3 presenteren we de resultaten van een grondige analyse van de
TDE AT2019dsg, met behulp van een grote dataset bestaande uit optische spectra en radio, Röntgen, en UV waarnemingen. De Röntgenstraling van het object
vervalt zeer snel en is ondetecteerbaar na ∼125 dagen, terwijl de optische spectra tekenen van de TDE laten zien tot en met ∼250 dagen na de ontdekking van
de uitbarsting. Het snelle verval van de Röntgenstraling wordt veroorzaakt door het
afkoelen van de accretieschijf, wat kan worden afgeleid uit het modelleren van de
Röntgenspectra. Nadat we het licht van het omringende sterrenstelsel onttrekken
van de optische spectra, laten de resulterende spectra emissielijnen zien van waterstof, zuurstof, helium en ijzer (AT2019dsg is de derde UV/optische TDE waarin
ijzeremissielijnen zijn gedetecteerd), terwijl stikstoflijnen die in eerdere studies aan
de TDE werden toegekend, verdwijnen. De stikstoflijnen lijken daarmee toe te behoren aan het omringende sterrenstelsel en niet aan de TDE. Dit onderstreept het
belang van het waarnemen van de volledige evolutie van een TDE, en de noodzaak
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om data te hebben van het omringende sterrenstelsel, om de spectra op de juiste
manier te kunnen corrigeren.
In onze spectra met medium tot hoge resolutie detecteren we absorptielijnen van
He II en Hγ emissielijnen. We stellen voor dat deze lijnen veroorzaakt worden door
een materiestroom van het niet-geaccreteerde deel van de uiteengetrokken ster, die
het waarnemingsveld onderschept.
We bespreken de waargenomen kenmerken van de TDE in de context van het
in de literatuur voorgestelde unificatieschema van TDEs. Vanwege de waarneming
van Röntgenstraling, geven we de voorkeur aan een model waarin de polen van
de TDE langs onze zichtlijn georiënteerd zijn. We onderzoeken ook de mogelijke
connectie tussen de detectie van zuurstoflijnen en de non-detectie van stikstoflijnen - beiden worden veroorzaakt door het Bowen fluorescentiemechanisme - en de
dichtheid van het gas waarin zij ontstaan. Interessant genoeg is deze eigenschap,
gepaard met de waarneming van Röntgenstraling, een gedeelde eigenschap tussen de drie TDEs met waargenomen ijzerlijnen. Aanvullende quantitatieve analyse
en een waarnemingscampagne die zich richt op het detecteren van Bowentransities met hoge signaal-ruisverhouding zullen nodig zijn om deze connectie verder te
onderzoeken.
Tot slot nemen we waar dat de TDE een straal van materie heeft gelanceerd, wat
kan worden geconcludeerd uit de radio-emissie en de eigenschappen van de emeissielijnen in de optische spectra. De waargenomen radio-observaties zijn consistent
met zowel een subrelativistische uitstroom als een relativistische jet.

Hypervariable Actieve Galactische Kernen
In Hoofdstuk 4 doen we verslag van een analyse van drie door de ruimtetelescoop
Gaia gedecteerde vergankelijke bronnen in galactische kernen, die vergelijkbare fotometrische en spectrale eigenschappen lieten zien. Voor een van de drie objecten,
Gaia16aax, hebben we een uitgebreide dataset tot onze beschikking en daarom
richten we ons voor een groot deel van de analyse op deze bron. Deze flits vond
plaats in een reeds bekende AGN, waarin de helderheid in minder dan een jaar met
meer dan 1 magnitude steeg ten opzichte van het voormalige niveau. De helderheid verviel weer terug naar het oude niveau in de daaropvolgende drie jaar. De flits
werd gedetecteerd in optische, infrarood- en UV-golflengten, en in Röntgenstraling.
De helderheidstoename ging gepaard met spectrale veranderingen, waarin zowel
de Hα als de Hβ emissielijnen een tweede, roodverschoven piek ontwikkelden. De
emissielijnen lieten geen aanzienlijke verdere ontwikkeling zien in onze observationele vervolgcampagne.
De snelle toename tot maximale helderheid en de totale vrijgekomen energie
zijn moeilijk te verklaren, gegeven de hoge SMBH massa van ∼ 3 × 108 M¯ . In onze
analyse sluiten we de volgende scenario’s uit: een supernova-explosie; een gravita-
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tioneel microlenseffect; een dichtheidsverandering van het absorberend materiaal
langs onze zichtlijn; en een interactie tussen een neutronenster en een zwart gat
van enkele zonsmassa’s in de accretieschijf.
We concluderen dat een TDE van een massieve ster of instabiliteiten in de accretieschijf van de AGN de meest plausibele verklaringen zijn voor de waargenomen helderheidstoename en het daaropvolgende verval. In het geval van een TDE
moet de ster een hoge massa hebben, en/of uiteengetrokken worden door een snel
ronddraaiend zwart gat. Een snel ronddraaiend zwart gat zou ook het hoge niveau
van vrijgekomen energie kunnen verklaren, dankzij een hogere accretie-efficientie,
alsook de relatief korte tijdsduur van de helderheidstoename. De overeenkomsten
tussen de drie bronnen, met drie zwarte gaten met verschillende massa’s, trekken dit
scenario echter in twijfel. Een alternatieve verklaring is dat de flitsen worden veroorzaakt door een toegenomen accretiesnelheid van materie op de AGN. Gegeven de
snelle toename tot de piek van de helderheid in alledrie de bronnen, is het lastig om
de waargenomen lichtcurves te vereenzelvigen met de standaardtheorie van accretieschijven. We suggereren dat een magnetische wind in staat zou zijn om over een
voldoende groot gebied genoeg impulsmoment uit de accretieschijf te halen, om zo
de sterke helderheidstoename over de waargenomen tijdsduur te kunnen verklaren.
Tot slot bespreken we in Hoofdstuk 5 de aard van een vergankelijke bron in de kern
van F0 1004−2237, een ultra-helder infraroodstelsel. De waargenomen optische flits
ging gepaard met de verschijning van He I en He II emissielijnen. Twee concurrende
interpretaties zijn eerder in de literatuur verschenen, waarbij een groep de flits interpreteerde als een TDE, terwijl een andere groep de flits interpreteerde als een
periode van toegenomen accretie op de SMBH.
Onze spectroscopische metingen over een periode van 4 jaar laten zien dat de
heliumlijnen met de tijd smaller worden. Dit is wat gebruikelijk bij TDE emissielijnen wordt waargenomen, en tegengesteld aan wat normaal wordt gemeten bij AGN
accretieschijven.
Interessant is dat de heliumlijnen smal zijn vergeleken met een verzameling andere TDEs, en dat er nog steeds tekenen van de flits te zien zijn ∼15 jaar na de
helderheidspiek. Als deze bron inderdaad een TDE is, laat dit zien dat parameterruimte van TDE-modellen nog openstaat voor verdere ontdekkingen.

Toekomstperspectief
Het TDE-onderzoeksveld groeit op dit moment snel. Dankzij de opkomst van nieuwe
survey telescopen, die met een groot waarnemingsveld op snelle wijze de hemel
kunnen scannen, zal het in de nabije toekomst nog verder groeien.
Vanwege de steeds grotere hoeveelheid vergankelijke bronnen, die dankzij deze
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survey telescopen kunnen worden gedetecteerd, zal het steeds noodzakelijker worden om manieren te vinden om op snelle wijze TDEs van andere vergankelijke bronnen te kunnen onderscheiden. Dit is een moeilijke opgave, omdat TDEs een diverse
en ongelijksoortige categorie vormen, onder andere door grote verschillen in de elementen die worden gedetecteerd via emissielijnen, de hoogte van de helderheidspiek, en de duur van het helderheidsverval. Het is daarom belangrijk om goed na
te denken over selectie-effecten, en daarnaast om een representatieve steekproef
van TDEs samen te stellen en uiteindelijk in te schatten hoe vaak ze voorkomen, wat
verband houdt met de distributie van SMBHs en hun spin.
Vaker waarnemen met hoge resolutie optische spectrografen kan leiden tot gedetailleerdere analyses van smalle emissielijnen. Het volgen van de evolutie van
absorptielijnen in de optische spectra, in combinatie met stralingstransportmodellen,
kan gebruikt worden om de eigenschappen en de beweging van het uiteengetrokken
stermateriaal te bestuderen.
In het algemeen zijn er meer hoge-resolute optische spectra met goede signaalruisverhouding nodig om lijnprofielen en hun evolutie te kunnen bestuderen. De verhoudingen tussen verschillende waterstof-, helium- en Bowenemissielijnen, en hoe
zij zich ontwikkelen door de tijd, kunnen ons meer inzicht geven in de eigenschappen
van het stralende materiaal. Daarnaast stelt het ons in staat om ontaardingen op te
lossen in de orientatie-gebaseerde unificatieschemas, en om af te leiden welke van
de twee in de literatuur voorgestelde mechanismes de optische emissie domineert
gedurende de verschillende fases van de uiteentrekking van de ster.
Het hypervariable AGN-onderzoeksveld daarentegen heeft niet te lijden onder een
gebrek aan waarnemingen, en vele verzamelingen van zulke AGNs zijn beschikbaar
in de literatuur. Alhoewel er consensus is over het feit dat de meeste flitsen worden
veroorzaakt door instabiliteiten in de acretieschijf, waardoor meer gas op het zwarte
gat accreteert, staat de exacte aard van deze instabiliteiten nog ter discussie. Meer
theoretisch onderzoek is nodig om de viscositeit in de accretiestroom beter te begrijpen.
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The most massive black holes (BHs), with masses above 106 M¯ , are thought to
occupy the centre of most galaxies. If these supermassive BHs (SMBHs) are undergoing accretion, they are called active galaxy nuclei (AGNs), otherwise, they are
inactive, or dormant. AGNs emit at high luminosities over the whole electromagnetic
spectrum and are characterised by stochastic variability, typically of a few 10% over
timescales of years. A small fraction of AGNs has been observed to undergo an
extreme degree of variability, with rapid flares accompanied, in some cases, by dramatic spectral changes. The nature of these flares is still debated and understanding
both the luminosity and the timescales of such events in the standard accretion theory has proven difficult.
It can happen that a star, in orbit around the SMBH, gets ripped apart by the tidal
field of the SMBH, if the pericenter of the orbit lies inside the tidal radius, a quantity
that depends on the radius and mass of the star and the size of the BH. During this
tidal disruption event (TDE), part of the stellar gas will be accreted by the BH, giving
rise to a rapid and luminous flare. TDEs are a heterogeneous class of transients and
are thought to be important natural laboratories to study accretion over a wide range
of rates, due to their relatively fast evolution and the large Ṁ range they cover. TDEs
are of key importance to detect dormant SMBH. Most TDEs have been observed in
otherwise inactive galaxies, but TDEs can happen also around an accreting SMBH
and, in some cases, be the cause of the extreme variability observed.
This thesis comprises 4 research articles, two of which report new results on
two TDEs, one on a sample of hypervariable AGNs and one on an event where the
interpretation as either a TDE or as a hypervariable AGN is highly debated.

Tidal Disruption Events
In Chapter 2, we discuss the results of the analysis of optical data of the TDE
iPTF16fnl. This object proved to be, at the time, the faintest and most rapidly evolving TDE candidate observed, proving how the canonical understanding of a decay
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lasting many months is somewhat limited. The relatively low BH mass measured, of
∼ 3 × 105 M¯ , is supporting evidence of the proportionality between black hole mass
and duration of the flare. In line with other TDEs, the source shows a nearly constant
temperature of ∼ 1.5 × 104 K, from a black body fit to the spectral energy distribution,
while the emitting radius declines with time. iPTF16fnl was also one of the first TDEs
in which nitrogen and oxygen emission lines due to the Bowen fluorescence mechanism were detected. This mechanism consists of a series of resonant transitions
that require an extreme−UV/X-ray ionising source and a dense gas. The detection
of these lines therefore can reveal a high energy emission, even if it is not directly
detected, and is a signpost of the presence of a dense medium. The evolution of
the emission lines follows the typical behaviour of TDEs, with the lines narrowing as
the emission fades. We discuss that the lines originate in a reprocessing envelope,
which is one of the two competing models to explain the optical emission from TDEs.
In the case of iPTF16fnl, the line profile is heavily influenced by electron scattering
in the envelope.
In Chapter 3, we present the results of a thorough study of the TDE AT 2019dsg,
with a large data-set comprising optical spectra and radio, X-ray and UV observations. The X-ray emission of the object declines very rapidly, becoming undetected
after ∼125 days, while the optical spectra show signatures of the TDE up until ∼250
days after the discovery of the transient. The rapid decay of the X-ray light is caused
by disk cooling, as shown by the modelling of the X-ray spectra. We perform subtraction of the host galaxy light from the optical spectra which, after this procedure,
show emission lines of hydrogen, oxygen, helium and iron (AT 2019dsg is the third
UV/Optical TDE ever observed to show iron lines), while nitrogen lines, associated
with the TDE in previous works, disappear and are therefore thought to be due to the
host galaxy. This underlines the importance of following the evolution of these objects until their end and of having data of the host galaxy, to perform the subtraction
of the host galaxy light. In our medium-high resolution spectra, we detect absorption
lines in the He II and Hγ emission lines, that we propose are caused by part of the
debris stream intercepting our line of sight.
We discuss the observed properties in terms of the unification scheme proposed
for TDEs, favouring a more polar view to the system, due to the detection of Xray emission. We also investigate the possible connection between the detection of
oxygen lines and the non detection of nitrogen lines - both due to the Bowen fluorescence mechanism - and the density of the gas where they originate. Interestingly,
this, coupled with the detection of X-ray emission, is a common trait of the three
TDEs that showed iron lines. Additional quantitative analysis and an observational
campaign focused on detecting the Bowen transitions at high SNR are needed to investigate this connection further. Finally, the TDE has launched an outflow, traced by
the radio emission and by the properties of the emission lines detected in the optical
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spectra. The observed radio properties are compatible with both a sub-relativistic
outflow and a relativistic jet.

Hypervariable Active Galactic Nuclei
In Chapter 4 we report on the results of the analysis of three nuclear transients,
detected by the Gaia satellite, that showed very similar photometric and spectral
properties. Between these, for one object, Gaia16aax, we have an extensive dataset
and therefore we focus the majority of the work on this source. The transient happened in a known AGN and the luminosity rose by more than 1 magnitude, in less
than a year, with respect to the baseline level of emission. The flare went back to the
pre-outburst luminosity over the subsequent three years. The flaring activity was observed in the optical, IR, UV and X-rays. This was accompanied by spectral changes,
with both the Hα and the Hβ emission lines developing a secondary, redshifted peak.
The emission lines do not show significant evolution over the course of our follow-up
campaign.
Given the high SMBH mass of ∼ 3 × 108 M¯ , the fast rise to peak emission and
the total energy output of the event are the two most challenging features to explain.
We exclude an SN explosion, a microlensing event, a change in absorption in the
line of sight and the encounter between a neutron star and a stellar mass BH in the
accretion disk, as possible scenarios.
We find that a TDE of a massive star or instabilities in the AGN accretion disk are
the most plausible causes. For a TDE to happen, due to the high BH mass, it must
involve a massive star and/or a rapidly spinning BH. A rapidly spinning BH could
also help explain the high total energy radiated - due to the increased efficiency of
accretion - and the short timescale of the events. The similarities between the three
events, happening around BHs with different masses, cast doubts on the validity of
this scenario. Alternatively, the flares could have been caused by enhanced accretion in the AGN. Given the fast rise to peak emission showed by all three transients,
we outline the difficulties in reconciling the observed flare with standard accretion
disk theory. We propose that a magnetic wind can remove enough angular momentum on a sufficiently large spatial scale to cause the observed high-amplitude flare
on the observed timescales.
Finally, in Chapter 5, we discuss the nature of a known nuclear transient observed
in F0 1004−2237, an ultra-luminous infrared galaxy. The observed optical flare was
accompanied by the appearance of He I and He II emission lines and two competing
interpretations have been presented in the literature, with one group interpreting the
event as a TDE, while another group favoured an interpretation where the event is
caused by an episode of enhanced accretion onto the SMBH.
Our 4-year long spectroscopic monitoring reveals that the helium lines becomes
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narrower with time, as their equivalent width decreases, behaviour that is typically
seen in TDEs emission lines but opposite to that measured from reverberation mapping in AGNs.
Interestingly, the helium lines are narrow, when compared to the sample of TDEs,
and the observational signatures are present ∼15 years after the peak emission,
showing how the parameter space of TDEs is still open to further exploration if this
source is indeed a TDE.

Future prospects
The TDE field is growing fast, and with new wide-field surveys that are starting
presently and in the near future, it is bound to grow even more.
Given the rapidly increasing number of transients detected, it will be necessary
to find ways to rapidly distinguish TDEs from other transients. This is especially difficult given that TDEs are a relatively heterogeneous class, in terms of, for example,
elements detected in emission, peak luminosity and decay rate. Understanding the
selection effects we put in place is important in this regard and, moreover, it is important to create a representative sample of these objects and ultimately to estimate
the rate at which they happen, which is connected to the distribution of SMBHs and
their spin.
More frequent use of high-resolution spectrographs for optical spectroscopy can
lead to the investigation of narrow features. Detecting absorption lines in the optical
spectra and studying their evolution with time, coupled with radiative transfer calculations, can potentially be used to study the properties and dynamics of the disrupted
material.
Overall, there is a need for high-resolution optical spectra with good SNR, to better determine the line profiles and their evolution. The relative strength and evolution
of hydrogen, helium and Bowen emission lines can give insight into the properties of
the emitting material, possibly solve degeneracies in the orientation-based unification
schemes and ultimately point at which of the two proposed mechanism dominates
the optical emission at which phase of the disruption.
Conversely, the field of hypervariable AGNs is not suffering from a lack of observations and many samples of such AGNs are available in the literature. While there is
agreement that most of the flares are caused by instabilities in the accretion disk that
give rise to enhanced accretion, the physics behind these instabilities is still under
debate. Theoretical work on the viscosity mechanisms that act on the accretion flow
is required to further the understanding of these objects.
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Sommario
Una importante scoperta dell’astrofisica moderna è la constatazione che al centro
della maggior parte delle galassie si trovi un buco nero supermassiccio, ossia con
massa superiore a 106 M¯ (dove con M¯ si indica la massa del Sole). Se questi buchi
neri supermassicci sono in una fase di accrescimento (un processo durante il quale del gas circostante "cade" nel buco nero, con un conseguente rilascio di energia
sotto forma di radiazione elettromagnetica) si parla di nucleo galattico attivo, altrimenti si dice che il buco nero è inattivo o dormiente. I nuclei galattici attivi emettono
radiazione ad alta luminosità e su tutto lo spettro elettromagnetico. Questa emissione è caratterizzata da una variabilità di natura stocastica, tipicamente di circa il
20% del flusso lungo un periodo di qualche anno. Alcuni nuclei galattici attivi hanno
mostrato un livello di variabilità più intenso, con forti aumenti di luminosità accompagnati, a volte, da cambiamenti delle caratteristiche dei loro spettri. La natura di
questi nuclei galattici attivi ipervariabili è dibattuta e la comprensione sia dell’intensità, che della durata di questi eventi si è dimostrata difficile nell’ambito della teoria
dell’accrescimento.
Se il pericentro dell’orbita di una stella, in orbita attorno a un buco nero supermassiccio, si trova all’interno del raggio mareale, quantità che dipende dalla massa
e dalle dimensioni della stella e del buco nero, può succedere che tale stella venga
distrutta dalle forze mareali del buco nero. Durante questo evento di distruzione mareale, l’accrescimento del materiale stellare da parte del buco nero provocherà un
rapido e luminoso bagliore.
Gli eventi di distruzione mareale sono una classe di eventi transienti eterogenea
e, data la loro evoluzione relativamente rapida e l’ampia gamma di valori di Ṁ (i.e., la
quantità di massa che viene accresciuta al secondo) che essi coprono, sono ritenuti
importanti per lo studio dell’accrescimento a vari livelli di intensità.
Gli eventi di distruzione mareale sono di cruciale importanza per la rivelazione
di buchi neri supermassicci dormienti, perché permettono di osservare radiazione
elettromagnetica proveniente da un buco nero altrimenti invisibile. La maggior parte
di questi eventi è stata osservata in galassie inattive, ma possono avere luogo anche
in presenza di un nucleo galattico attivo e, in taluni casi, possono essere la causa
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della intensa variabilità osservata in alcuni di questi.
Questa tesi consta di quattro articoli di ricerca scientifica, due dei quali riportano nuovi risultati ottenuti su due distinti eventi di distruzione mareale, un articolo
riguarda un gruppo di nuclei galattici attivi ipervariabili e, infine, nell’ultimo articolo, si
discute di un evento transiente la cui attribuzione a un evento di distruzione mareale
o a un episodio di ipervariabilità di un nucleo galattico attivo è incerta e dibattuta.

Eventi di Distruzione Mareale
Nel Capitolo 2, vengono discussi i risultati dell’analisi dell’emissione ottica dell’evento di distruzione mareale iPTF16fnl. Al momento della sua scoperta, tale oggetto ha
rappresentato l’evento di distruzione mareale più debole e con l’evoluzione più rapida mai osservato. Questo dimostra quanto rischi di risultare limitante l’idea canonica
in base alla quale questi eventi sono caratterizzati da una durata di molti mesi. La
massa del buco nero risulta essere di sole ∼ 3 × 105 M¯ ; questo valore relativamente basso supporta l’idea di una proporzionalità tra massa del buco nero e durata
dell’evento. Come altri eventi di questa classe, la sorgente mostra una temperatura
costante di circa ∼ 1.5 × 104 K, ottenuta ipotizzando che l’emissione sia quella di un
corpo nero, mentre il raggio di emissione diminuisce con il tempo.
iPTF16fnl ha rappresentato inoltre uno dei primi eventi di distruzione mareale nel
quale sono state osservate righe di emissione di azoto e ossigeno causate da un
meccanismo chiamato fluorescenza di Bowen. Questo fenomeno consiste in una
catena di transizioni in risonanza che viene provocata da una sorgente ionizzante di
raggi X o estremo ultravioletto e avviene in un gas relativamente denso. La presenza di queste righe di emissione può dunque rivelare l’esistenza di una sorgente di
radiazione ad alta energia, anche quando questa non dovesse essere direttamente
osservabile, ed è indicativa della presenza di materiale ad alta densità. L’evoluzione
delle righe di emissione segue un comportamento tipico degli eventi di distruzione
mareale: mentre la luminosità dell’evento diminuisce, le righe diventano più sottili.
Si ipotizza che queste righe siano emesse in un guscio di materiale, nel quale la
radiazione ad alta energia dovuta all’accrescimento viene assorbita e poi riemessa
nella banda ottica, in concordanza con uno dei due modelli proposti in letteratura
che provano a spiegare l’emissione ottica osservata in questi eventi. Nel caso di
iPTF16fnl, l’evoluzione e la forma delle righe di emissione sono fortemente influenzate dallo scattering degli elettroni in questo guscio di materiale.
Nel Capitolo 3, si presentano i risultati di un ampio studio dell’evento di distruzione mareale AT 2019dsg, ottenuti grazie a un esteso set di dati che comprende osservazioni nella banda ottica, nel radio e nei raggi X. L’emissione X della sorgente
diminuisce molto rapidamente, fino a diventare non rivelabile dagli strumenti circa
125 giorni dopo l’individuazione dell’oggetto transiente. Come mostrato dall’analisi
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degli spettri X, questo rapido decadimento è causato dal raffreddamento del disco
d’accrescimento. Gli spettri ottici mostrano invece tracce dell’evento fino a circa 250
giorni dopo l’individuazione dell’evento. Da questi spettri è stato sottratto il contributo
dovuto all’emissione della galassia e, a seguito di questa procedura, negli spettri risultanti sono state osservate righe di emissione di idrogeno, elio e ferro (AT 2019dsg
è il terzo evento di distruzione mareale che mostra righe di emissione del ferro).
Inoltre, non sono più risultate visibili le righe di emissione di azoto che in lavori precedenti erano state attribuite all’evento di distruzione mareale e che sono invece da
attribuire alla galassia ospitante. Quest’ultima osservazione sottolinea l’importanza
che rivestono sia il monitoraggio di questi eventi fino alla loro fine che l’effettuazione
della sottrazione della luce galattica. Negli spettri a medio-alta risoluzione, si osservano infine righe di assorbimento sovrapposte alle righe di emissione di He II e
Hγ. Queste righe di assorbimento sono dovute alla presenza di filamenti di materiale
stellare che intercettano la linea di vista.
L’emissione osservata viene discussa nei termini di uno schema di unificazione
basato sull’inclinazione del sistema rispetto all’osservatore: la presenza di emissione X, osservata direttamente, suggerisce un angolo di vista vicino ai poli del sistema.
Nel capitolo si discute anche di una possibile connessione tra la presenza di righe di
emissione di ossigeno e l’assenza di righe di emissione di azoto - entrambe dovute
alla fluorescenza di Bowen - e la densità del gas dove queste righe vengono prodotte. Quanto sopra, assieme alla presenza di emissione X osservabile, costituisce una
caratteristica comune ai tre eventi di distruzione mareale che hanno mostrato righe
di emissione del ferro. Per studiare questa eventuale connessione, si ritiene saranno
necessarie analisi quantitative e campagne osservative di alta qualità, mirate allo
studio delle transizioni di Bowen. Infine, in questo evento è stata rilevata la presenza
di materiale eiettato dal sistema, la cui espansione viene tracciata dall’emissione radio e dalle righe di emissione presenti negli spettri ottici. Le proprietà osservate sono
compatibili sia con un espansione a velocità sub-relativistica che con la presenza di
un getto relativistico.

Hypervariable Active Galactic Nuclei
Nel Capitolo 4, si discutono i risultati dell’analisi di tre transienti nucleari (ossia associati con il centro di una galassia), scoperti dal satellite Gaia e che hanno caratteristiche molto simili tra loro, sia in termini fotometrici che spettroscopici. Tra questi,
solo per la sorgente Gaia16aax è disponibile un esteso set di dati; tale disponibilità di
dati è alla base della concentrazione della maggior parte dell’analisi su quest’oggetto. Analizzando dati d’archivio, si evince che il transiente è avvenuto in una galassia
che ospita un nucleo galattico attivo. La luminosità è aumentata di una magnitudine
in meno di un anno ed è poi diminuita durante i successivi tre anni, fino a tornare al
livello di emissione precedente al fenomeno transiente.
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L’aumento di luminosità è stato osservato nell’ottico, nei raggi X, nell’ultravioletto
e nell’infrarosso. In concomitanza a questo aumento di luminosità, sono stati osservati cambiamenti negli spettri ottici: le righe di emissione Hα e Hβ hanno entrambe
sviluppato un picco secondario, spostato verso il rosso (ossia, verso lunghezze d’onda maggiori). Le proprietà delle righe di emissione non sono cambiate in maniera
significativa nel corso della campagna osservativa. Data l’elevata massa del buco
nero, di circa 3 × 108 M¯ , il rapido incremento di luminosità e l’energia irradiata durante l’evento si rivelano essere le caratteristiche la cui spiegazione è più complessa.
Dalle possibili cause si escludono le seguenti: una Supernova, una lente gravitazionale, un cambiamento nell’assorbimento della radiazione lungo la linea di vista o
lo scontro tra una stella di neutroni e un buco nero di massa stellare, avvenuto nel
disco di accrescimento.
I due scenari più plausibili sembrerebbero invece essere un evento di distruzione
mareale di una stella massiccia oppure una instabilità nel disco di accrescimento,
con un conseguente aumento della quantità di gas accresciuto dal buco nero. Affinché un evento di distruzione mareale possa avere luogo, data la massa del buco
nero, è necessario che la stella sia particolarmente massiccia e/o che il buco nero
stia ruotando rapidamente. La rapida rotazione del buco nero attorno al proprio asse
potrebbe inoltre spiegare la rapidità dell’evento e la quantità di energia irradiata, dato
che, in questo caso, l’efficienza del processo di accrescimento nel generare radiazione è maggiore. Le similitudini riscontrate nei tre eventi, che sono avvenuti attorno
a buchi neri di masse differenti, mettono però in dubbio la validità di questo scenario.
Alternativamente, gli eventi potrebbero essere dovuti a un aumento della quantità
di materiale accresciuto dal buco nero. Dato il rapido incremento della luminosità,
risulta complicato conciliare i dati osservativi con la teoria standard dell’accrescimento. Viene quindi discussa la possibilità che una specifica conformazione del campo
magnetico possa causare l’eiezione di materiale e la rimozione di una quantità di
momento angolare sufficiente a causare un aumento del tasso di accrescimento e
dunque l’elevato incremento di luminosità, con un tempo compatibile con quello osservato.
Infine, nel Capitolo 5, si discute della natura di un già noto transiente nucleare,
osservato in F0 1004−2237, una galassia infrarossa ultra-luminosa. In concomitanza
con l’aumento di luminosità, negli spettri ottici sono apparse righe di emissione di He I
e He II. In letteratura sono state proposte due interpretazioni contrastanti: la prima
interpreta le proprietà osservate come dovute a un evento di distruzione mareale, la
seconda associa l’evento transiente a un episodio di elevato accrescimento sul buco
nero.
Grazie a una campagna osservativa durata 4 anni, è stato rilevato che le righe
di emissione dell’elio diventano più sottili nel tempo. Questo comportamento è tipico
degli eventi di distruzione mareale, mentre è opposto a ciò che si osserva nei nuclei
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galattici attivi. Le righe di emissione dell’elio sono più sottili di quelle che vengono
tipicamente osservate negli eventi di distruzione mareale e sono presenti circa 15
anni dopo il picco dell’emissione. Se l’episodio transiente è effettivamente dovuto
a un evento di distruzione mareale, un tale discostamento dalle proprietà tipiche di
questi eventi mostrerebbe come le caratteristiche osservative di questi eventi siano
un campo ancora da esplorare.

Prospettive Future
La ricerca relativa al campo degli eventi di distruzione mareale è in rapido sviluppo
e, grazie allo sviluppo di nuove campagne di osservazione in grado di coprire ampie sezioni di cielo, è destinato a espandersi ulteriormente. Considerando il numero
sempre maggiore di questi eventi, sarà dunque necessario sviluppare metodologie in
grado di distinguere questi oggetti da altri tipi di fenomeni transienti. Tale distinzione
è resa particolarmente difficile dal fatto che questi eventi sono molto eterogenei nei
termini delle loro caratteristiche osservabili (a titolo di esempio: le righe di emissione
di vari e diversi elementi chimici, la massima luminosità emessa e la loro durata).
Importante sarà quindi sia stabilire i criteri di selezione di tali oggetti, che la creazione di un loro campione rappresentativo, al fine di calcolarne la frequenza, quantità
direttamente collegata alla distribuzione dei buchi neri supermassicci nell’universo e
al loro grado di rotazione attorno al proprio asse.
Un maggiore utilizzo della spettroscopia ad alta risoluzione renderà possibile lo
studio di righe spettrali più sottili. La rivelazione di righe d’assorbimento e lo studio
della loro evoluzione nel tempo, grazie a modelli di trasporto radiativo, potrebbero permettere inoltre di tracciare le proprietà e la dinamica del materiale stellare,
successivamente alla distruzione della stella.
In generale vi è bisogno di spettri ottici ad alta risoluzione e con un alto rapporto segnale-rumore, al fine di studiare al meglio i profili di riga e la loro evoluzione.
L’intensità relativa delle righe di idrogeno, elio e di quelle dovute alla fluorescenza
di Bowen può fornire indicazioni sulle proprietà del materiale ove queste righe sono emesse e può aiutare a risolvere l’ambiguità di alcuni parametri dello schema di
unificazione basato sull’angolo di vista sul sistema. Infine, tale studio può aiutare a
comprendere quale dei due scenari proposti per spiegare l’emissione ottica di questi
eventi sia dominante durante le varie fasi del fenomeno.
Non vi è, al contrario, carenza di osservazioni nel campo dei nuclei galattici attivi
ipervariabili, oggetti per i quali c’è quindi ampia disponibilità di campioni statistici.
Nonostante vi sia consenso attorno all’ipotesi che la maggior parte dei brillamenti
osservati sia dovuta a instabilità del disco di accrescimento, che causano un aumento del tasso di accrescimento sul buco nero, la natura di queste instabilità e i processi
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che le governano sono ancora dibattuti. Al fine di comprendere meglio questi fenomeni, sarà necessario sviluppare modelli teorici riguardanti i meccanismi di viscosità
che operano nel flusso di accrescimento.
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