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Abstract

Active Galactic Nuclei (AGN) represent a key stage of galaxies’ life cycle, powered by
accretion of matter onto a central supermassive black hole (BH) (Mg ~ 10° — 10" M,).
Featured by high luminosity and strong variability, AGN present the unique property of
leaving imprints over the entire electromagnetic spectrum (from radio to y-rays). As a
consequence, AGN find application in many research areas, from extragalactic astronomy
to cosmology.

In the last three decades, AGN have increasingly become protagonists of galaxy evolu-
tion studies, because of the profound effects an accreting BH can have on its host galaxy
- the so-called AGN feedback. Nowadays, theoretical and numerical works invoke AGN
feedback to reconcile observational results with model predictions, and to explain the
observed co-evolution of BHs with their host galaxies (e.g. Kormendy and Ho 2013). In
particular, AGN feedback is considered to be responsible for the quenching of star for-
mation (SF) in massive galaxies, through multi-phase outflows launched from close to
the accretion disk and extending up to galaxy scales, which may either expel or heat (via
energy injection) the host gas reservoir, eventually halting the formation of new stars.
Although AGN-driven outflows have been extensively observed from low to high redshift,
placing observational constraints on model predictions is challenging, with several ques-
tions still unanswered. For instance, what is the real impact of outflows on their host?
How are outflows accelerated and propagated from nuclear to galaxy scales? What are their
physical properties and how do different gas phases relate to each other?

Besides addressing these questions on AGN outflows, this PhD thesis investigates
standard and novel optical diagnostic methods to get a complete and unbiased census of
AGN from low to high redshift, necessary to properly compare observational results with
theoretical predictions; and also faces AGN variability taking the form of dramatic optical
type transitions - the so-called changing-look AGN - which challenge the standard AGN
unified picture (e.g. Urry and Padovani 1995). To address most of these topics, this thesis
widely employs Integral Field Unit (IFU) observations obtained with several ground-based
facilities, which allow us to detect AGN-driven outflows and faint local signatures of AGN
activity by spatially tracing gas emission and its kinematics.



xviii List of acronyms

In the first science chapter (Chapter 2) we use the optical He 11 diagnostic (Shirazi
and Brinchmann, 2012) to select AGN galaxies in the local IFU MaNGA survey (Bundy
et al., 2015). Compared to standard optical diagnostics (i.e. BPT diagrams; Baldwin et al.
1981), He 11 line emission proves its higher efficiency at unveiling hidden AGN in highly
star-forming galaxies, with important applications at high redshift (e.g. Nakajima and
Maiolino 2022). The second science chapter (Chapter 3) instead faces the variable nature
of AGN, reporting on the recent discovery of optical changing-look (CL) events in the local
AGN galaxy NGC 4156, demonstrating how such unexpected type transitions can make
visible even more elusive AGN. In spite of the increasing number of newly discovered
CL AGN (Ricci and Trakhtenbrot, 2022), the mechanism at their origin is still uncertain.
Important insights into CL events in NGC 4156 might come from our ongoing joint X-ray
and optical monitoring with Swift and the Asiago telescope, respectively.

The remaining science chapters focus on the main topic addressed by this PhD re-
search: the study of AGN outflows using spatially resolved IFU observations, from the
local Universe with the intriguing case of the galaxy merger NGC 6240, to more distant
objects at z ~ 2 - the golden epoch of AGN feedback (e.g. Madau and Dickinson 2014).
For NGC 6240 (Chapter 3), we combine optical MUSE and near-IR KMOS observations
to get an unprecedented panoramic view of ionised and warm molecular phases in this
galaxy, aiming at studying corresponding outflow components as well as gas ionisation
and excitation properties via optical (Baldwin et al., 1981, Veilleux and Osterbrock, 1987)
and near-IR emission-line diagnostics (e.g. Mouri 1994, Riffel et al. 2013). Moving to z ~ 2,
we focus on the ionised phase of AGN outflows traced via rest-frame optical [O 111] 15007
in near-IR SINFONI observations (Chapters 5 and 6). In Chapter 5, we shed light on the
acceleration mechanism of large-scale outflows in two gravitationally lensed quasars, by
studying their link with co-hosted nuclear X-ray winds in the framework of ‘wind feedback’
models (e.g. King and Pounds 2015). Finally, Chapter 6 completes this series of works on
AGN outflows by presenting results on a sample of X-ray bright but optically obscured
AGN from the SUPER survey (Circosta et al., 2018). By comparing outflow and host galaxy
properties, this work provides observational evidence of a more efficient wind accelera-
tion in obscured type-2 objects, thus supporting the ‘blow-out’ evolutionary scenario (e.g.
Hopkins et al. 2006, Menci et al. 2008), where AGN transition through different obscuring
states.

New advanced IFU spectrographs, NIRSpec on JWST and ground-based AO-assisted
facilities like ERIS at the VLT, are opening a new window at high spatial and spectral
resolution on the z > 2 Universe. This will allow us to take the next step to fully understand
feedback mechanisms and AGN evolution at the Cosmic Noon.



Chapter 1

Active Galactic Nuclei

Virtually all massive galaxies are nowadays known to host in their centre a supermassive
black hole (BH) of mass Mgy ~ 10® — 10'° M, including our own Milky Way (Ghez et al.,
1998, Genzel et al., 2003, Gillessen et al., 2009). During their life, BHs occasionally expe-
rience episodes of intense matter accretion from the surrounding medium, which give
rise to a so-called Active Galactic Nucleus (AGN). From an observational perspective, AGN
are the most powerful, non-explosive sources in the Universe, presenting a wide range
of interesting properties. These include: (1) very high luminosities (up to a bolometric
luminosity Lo ~ 10*® erg s7!), which make them detectable up to very high redshifts
(currently z = 10.6 is the highest redshift; Maiolino et al. 2023a); (2) a strong variability (e.g.
Ulrich et al. 1997); (3) unique observational signatures over the whole electromagnetic
spectrum, from radio to y-rays (see Padovani et al. 2017 for a review).

Besides being fascinating sources to study, in the last three decades, AGN have played
a major role in extragalactic astronomy research. Theoretical works and numerical simu-
lations now show the profound effects that AGN potentially have on their host galaxy up
to large scales. This so-called AGN feedback is moreover invoked as a crucial ingredient to
reconcile theoretical predictions on galaxy evolution with observational results, and as
main responsible for the observed growth in symbiosis of supermassive BHs with their
host (e.g. Kormendy and Ho 2013 for a review). On the other hand, high-quality observa-
tions have provided increasing evidence for AGN feedback in galaxies, such as AGN-driven
outflows and radio jets which are routinely detected from low to high redshift.

However, placing observational constraints on AGN feedback must face observational
limits and deal with AGN samples biased against more obscured and/or weaker AGN, es-
pecially at high redshift. Moreover, AGN variability may challenge any proper comparison

of observational results with theoretical predictions, thus complicating the global picture



2 Active Galactic Nuclei

even more. As a consequence, the role of AGN in galaxies’ evolution is an open field of
research, with many questions remaining unanswered.

This PhD thesis uses a great variety of integral field unit (IFU) observations to in-
vestigate AGN-driven outflows in both local and distant (z ~ 2) AGN galaxies, as well as
standard and novel methods to identify AGN galaxies aiming at obtaining complete and
unbiased AGN samples. In doing so, this work also addresses AGN variability, not only in
terms of related issues affecting observational measurements, but also as an intriguing
property which can make unexpectedly visible even more elusive AGN.

This first chapter provides a general introduction to the main scientific topics ex-
amined in this thesis, as well as the basics of IFU spectroscopy; whereas more specific

introductory material can be found at the beginning of individual science chapters.

1.1 AGN structure and multi-wavelength emission

To assist with the understanding of the topics investigated within this thesis, it is useful
to introduce important physical parameters describing the growth of the inner BH (Sect.
1.1.1), as well as to provide an overview on the complex AGN ‘zoo’ (Sect. 1.1.2), showing
how different models can account for it. All this will finally highlight the importance of a
multi-wavelength and multi-epoch search for AGN to get a full picture of their complex
physics (Sect. 1.1.3).

1.1.1 The nuclear engine: accreting BHs

According to the AGN standard physical model (Fig. 1.1), the powering engine of AGN is a
central BH which is accreting matter from the surrounding medium. As the BH is being
fed, the gravitational energy lost by in-falling material is converted into radiative energy.

If a BH is growing at an effective mass rate Mgy, the accretion luminosity is given by:

Lacc = N MBHCZ, (1.1)
1-1n

where c is the speed of light, and 1 the mass-to-energy conversion efficiency, defined
with respect to the large-scale mass inflow, with the dividing factor (1 —n) accounting for
radiative losses (e.g. Shankar et al. 2013, Harrison et al. 2018). Typically, n is assumed
to =0.1 (e.g. Soltan 1982), but its value depends on the BH spin and can vary within an
expected range of 7 = 0.05—0.42 (e.g. Kerr 1963, Thorne 1974).

However, supermassive BHs cannot grow indefinitely as fast as they want. There is a

theoretical maximum value of L,., above which the radiation pressure sweeps away the
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in-falling gas, thus stopping accretion. This upper limit is called ‘Eddington luminosity’
(Lgqq) and can be computed by assuming the inward gravitational force to be equal to the
outward radiative force of Lycc:
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where G is the gravitational constant, m, the proton mass, and o the Thomson cross-
section for electron scattering. To compare accretion rates over a wide range of BH
masses, it is useful to consider the ‘Eddington luminosity’ (Agqq), defined as the ratio of
the observed accretion luminosity to the Eddington luminosity (i.e. Agqq = Lacc/Lgdd)-
Large values of Agqq (i.e. Agqq 2 0.1) usually identify systems accreting at a ‘high’ accretion
rate. However, the Eddington parameter is not an insuperable limit: supermassive BHs
can indeed undergo episodic phases of super-Eddington accretion (Agqq 2 1; see Sect.
1.2.2).

1.1.2 The complex AGN zoo

As discussed in this section, AGN are being discovered at all wavelengths and found
exhibiting a large variety of different spectral properties, including a variable behaviour.
We here revise the main empirical classifications based on AGN emission in different
spectral bands (see Padovani et al. 2017 for a review), namely, X-ray, optical and radio
bands.

Starting from high energies, essentially all AGN are selected in the X-rays, but they may
differ in X-ray absorption features, due to a different amount of intervening (absorbing)
material. Usually, X-ray ‘obscured’ sources are those with high hydrogen column densities
(i.e. Ny > 10% cm™2), as opposed to X-ray ‘unobscured’ counterparts (i.e. Ny < 10%2
cm™2). In most cases, such X-ray unobscured and obscured classes correspond to the
optical AGN classification into type-1 and type-2 objects, depending on the presence or
absence, respectively, of broad optical permitted emission lines (see Sect. 1.1.2). Moving
to longer radio wavelengths, AGN appear extremely diverse, with radio luminosities
differing by several orders of magnitude from ‘radio-loud’ compared to ‘radio-quiet’
AGN (e.g. Kellermann et al. 1989, Elvis et al. 1994), and different morphologies of radio
emission. Historically, radio-loud AGN have ratios of radio (5 GHz) to optical (B-band)
flux Fsguz/Fs 2 10 (Kellermann et al., 1989). However, ‘radio-loud’ has increasingly
become a term to refer to AGN particularly luminous at radio wavelengths (e.g. with
radio luminosities at 1.4 GHz L; 41, =, 10> WHz™!; e.g. Best et al. 2005, Tadhunter 2016).
Radio-loudness is also often associated with non-thermal synchrotron emission produced
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Fig. 1.1 Schematic representation (adapted from Urry and Padovani 1995) of the AGN Unified Model, the
currently most accepted model of AGN structure. A central BH surrounded by an accretion disk is enclosed
by a geometrically and optically thick dusty torus. Above and below the accretion disk is a hot corona, while
two distinct emission-line regions extend perpendicularly to the disk: a broad-line region (BLR) on nuclear
scale (~pc), under the gravitational influence of the BH; a narrow-line region (NLR), which extends on galaxy
scales (~1-10 kpc). Collimated radio jets may be also launched close to the accretion disk. AGN Unification’
implies that, depending on the torus inclination to the line of sight, emission from inner AGN regions will be
obscured, hence not observable. In contrast, emission originating on larger scales (e.g. NLR, torus, jets) is less
affected by orientation effects.

by collimated relativistic jets, which are launched close to the accretion disk. In contrast,
radio-quiet AGN are usually dominated by thermal emission originating from compact
sources, whose nature is more uncertain, with a wide range of possible mechanisms (e.g.
Padovani et al. 2017; see Sect. 1.1.2.1).

The rest of this section aims at providing a basic description of the currently most
accepted AGN model - the AGN Unified Model (e.g. Antonucci 1993; Sect. 1.1.2.1), which
reconnects distinct AGN classes to a single ‘unified’ picture of AGN (Fig. 1.1). We will also
discuss strengths and limits of this simplified model, showing how observational evidence
sometimes favours alternative scenarios. Considering the topics addressed by this thesis,
we will focus on galaxy evolutionary models to explain the observed dichotomy between
obscured (type-2) AGN and unobscured (type-1) AGN at high redshift (Sect. 1.1.2.2),
and on a possible combination of variable accretion and obscuration to explain recently
discovered changing-look AGN (Sect. 1.1.2.3).
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1.1.2.1 AGN Unified Model

In the standard AGN model (e.g. Antonucci 1993, Urry and Padovani 1995, Netzer 2015;
Fig. 1.1), the central growing BH is surrounded by an optically thick accretion disk (e.g.
Shakura and Sunyaev 1973), emitting a continuum thermal spectrum at a typical black-
body temperature of = 2 x 10° K, which peaks in the ultraviolet (UV), at A = 10 —400 nm for
a typical AGN (i.e. with My = 108 My and Aggq = 0.1). AGN are expected to emit mostly
in the UV but, unfortunately, UV emission can be hardly detected from the ground due to
atmospheric absorption. Around the accretion disk, an optically thin corona is thought to
originate the X-ray power-law spectrum via inverse Compton scattering of UV photons
produced by the accretion disk. Moreover, X-ray photons can be reflected by the dusty
torus (see below) and/or by the accretion disk, thus resulting in an additional ‘reflection’
component in X-ray spectra (e.g. George and Fabian 1991).

UV photons from the accretion disk are also thought to excite dense (i.e. electron
densities ne = 108 cm™3; Osterbrock and Ferland 2006), high-velocity gas clouds, which
are gravitationally bounded to the BH located on typical scales of a few light-days to
light-months (e.g. Peterson et al. 2004). This region is called broad-line region (BLR), since
its emission consists of extremely broad permitted emission lines (typical full width at
half maximum FWHM > 2000 km s~!; GRAVITY Collaboration et al. 2018, 2020), due to
high-velocity motion of gas near accreting supermassive BHs. Such a broad-line emission
is exclusively observed in type-1 AGN (as mentioned at the beginning of Sect. 1.1.2), and
not in type-2 systems. Forbidden emission lines do not originate from AGN BLR because
of too high densities (n, > 108 cm~3; Osterbrock and Ferland 2006), but can be emitted by
low-density gas (1, < 108 cm™3) extending on larger scales (= 10? — 10 pc), beyond the
inner BLR. This region is referred to as narrow-line region (NLR) as opposed to BLR, since
resulting emission lines have narrower line widths (i.e. 200 < FWHM < 2000 km s™1).

According to the unified model, a geometrically and optically dusty region surrounds
the central AGN region just described, whose inner radius is set by the dust sublimation
temperature. In the standard picture, this region has a torus shape, but its real geometry
is still uncertain and now widely accepted to be clumpy (e.g. Honig et al. 2006, Nenkova
et al. 2008, Tanimoto et al. 2019). Here, the dust absorbs UV photons from the accretion
disk and, then, re-emits thermal radiation in the infrared (IR; A = 1 — 100 um; e.g. Polletta
et al. 2000). An additional mid-IR contribution might be also of non-thermal origin, as
observed in a large fraction of radio-loud AGN (e.g. Dicken et al. 2008).

Finally, AGN radio emission is traditionally associated with strong relativistic jets,
launched close to the accretion disk. However, as discussed at the beginning of Sect. 1.1.2,

radio emission might be produced also by other several mechanisms, acting on different



6 Active Galactic Nuclei

scales: compact radio jets, supernovae, free-free emission from photoionised gas, and
innermost accretion disk coronal activity (e.g. Polletta et al. 2000, Laor and Behar 2008,
Panessa et al. 2019).

The main idea of AGN unification models is that the large empirical diversity of AGN is
only partially related to intrinsic differences between AGN, but primarily due to secondary
effects. In the standard unification scheme (e.g. Antonucci 1993, Urry and Padovani
1995; Fig. 1.1), distinct AGN classes are the result of a different inclination of the torus
to the line of sight. In the case of nearly edge-on inclinations, the dusty torus shields
emission from the inner AGN region (i.e. BLR, X-ray corona and accretion disk), thus
leading to optical type-2 and X-ray obscured AGN classes. On the contrary, inner AGN
emission remains visible in type-1 and X-ray unobscured AGN, which are assumed to
be nearly face-one systems in this picture. Optical intermediate types can then result
from a combination of viewing angles and a clumpy distribution of the obscuring material
with different optical depths (Goodrich, 1989). A similar unification can be applied to
radio-loud and radio-quiet AGN as well (e.g. Antonucci 2012), with extended jet-like radio
structures preferentially observed for high inclination angles.

In spite of the success of the standard model in explaining a wide range of AGN
observed properties, observations provide increasing evidence for phenomena which do
not fit into this unified picture, thus leading to consider alternative models (see Sects.
1.1.2.2,1.1.2.3).

1.1.2.2 Evolutionary models of active galaxies

According to an alternative, competing paradigm, AGN classes exhibiting a different level
of obscuration might reflect a distinct life stage in galaxies’ evolution (Fig. 1.2), at least at
higher redshift (z > 1). Evolutionary models (e.g. Hopkins et al. 2006, Menci et al. 2008)
indeed predict AGN galaxies to experience a first phase featured by rapid BH growth and
intense star formation (SF), during which the central AGN is enshrouded in a dusty and
dense environment. All this sets the optimal conditions for the short-lived (a few tens of
Myr) ‘blow-out’ phase (Hopkins et al., 2008), during which powerful AGN-driven outflows
clear out the obscuring material and make the AGN visible and definitely unobscured.
Such an evolutionary scenario was proposed to explain the observed dichotomy be-
tween red and blue quasars1 (e.g. Klindt et al. 2019, Perrotta et al. 2019, Fawcett et al. 2023;
Fig. 1.2), with the former representing the brief transitional phase during which strong

winds blow out the obscuring dust, and ultimately reveal an unobscured blue quasar.

The term ‘quasar’ originally stands for ‘Quasi-Stellar Radio Source’, but now is commonly used to refer to
very luminous AGN (i.e. bolometric luminosities of Ly, = 10*° erg s™!), irrespective of their radio properties.
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Fig. 1.2 Red (left) and blue quasars (right), as distinct phases in galaxy evolution. Red quasars are the
short-lived (a few tens of Myr) phase, featured by intense star formation (SF) and BH growth, where the AGN
is enshrouded in gas and dust. This so-called ‘blow-out’ phase triggers the launch of strong outflows and
powerful jets, which sweep away the obscuring gas and dust, and ultimately reveal an unobscured blue quasar
Artist’s impression by S. Munro (visit https://ras.ac.uk/media/286), licensed under CC BY 4.0.

Whereas orientation effects might drive the observed AGN classification at low redshift,
as suggested by several studies on large AGN samples (e.g. Vaona et al. 2012, Mullaney
et al. 2013, Bae and Woo 2014, Shen et al. 2016, Rakshit and Woo 2018, Rojas et al. 2020),
they might play a minor role in more distant objects, especially at crucial epochs for galaxy
formation and evolution (i.e. z ~ 2; see Sect. 1.2), where other complex mechanisms
are likely involved. For this reason, X-ray bright but optically obscured (type-2) AGN at
z = 1-3 have been deeply investigated as optimal candidates to be experiencing the
blow-out phase (e.g. Brusa et al. 2010, 2016, Cresci et al. 2015a, Perna et al. 2015a,b), hence
presenting the best conditions to catch AGN feedback and outflows in action.

1.1.2.3 The restless nature of AGN: variability and changing-look events

Despite not being primarily addressed by this thesis, the strong variability of AGN is an un-
avoidable property to deal with in almost all AGN studies. It was one of the first recognised
properties of AGN (Matthews and Sandage, 1963, Smith and Hoffleit, 1963b,a), and now
AGN are known to show flux variations across the entire electromagnetic spectrum (e.g.
Vanden Berk et al. 2004, Uttley et al. 2005), with typical timescales ranging from minutes
to years (Ulrich et al., 1997).

The minimum variability timescale measured in a certain band gives an estimate of
the linear size of the source emitting at those specific wavelengths (e.g. Terrell 1967).

The most rapid (~minutes, hours) and largest-amplitude flux variations are observed at
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X-ray energies, and they are believed to originate in the innermost accretion flow (hot
corona and inner accretion disk), as well as to drive part of the variability from the outer
accretion disk, observed at longer wavelengths (UV and optical). Substantial contributions
to variability observed in radio and y-ray bands may also come from jet activity (e.g. Max-
Moerbeck et al. 2014), via shock formation or injection of new particles (Marscher and
Gear, 1985, Bottcher and Dermer, 2010).

AGN variability can be also indirectly probed on longer timescales by studying ex-
tended emission line regions, which are affected by lagged effects of past events. In this
way, it is possible to trace the history of AGN emission over timescales of 10* — 10° years,
the typical light travel time from the nucleus to the gas within the emitting-line regions (e.g.
Dadina et al. 2010, Keel et al. 2012, Gagne et al. 2014, Davies et al. 2015). As shown later
in this thesis, the comparison of phenomena related with AGN activity, but occurring on
different spatial scales (i.e. nuclear versus galactic scales) can shed light on AGN accretion
history, possibly revealing differences between the past and present activities.

While this ‘ordinary’ variability is usually erratic and stochastic, with a typical am-
plitude of optical continuum variations of tens per cent (Vanden Berk et al., 2004), in
recent years an increasing number of AGN have been discovered to experience much
more dramatic and coherent changes in their spectral properties, over timescales of a few
years or even several months. The events are usually referred to as changing-look (CL)
AGN (see Ricci and Trakhtenbrot 2022 for a review) because of their varying appearance,
observed in both X-ray and optical/UV bands with a possible different origin. In the fol-
lowing, we introduce the two main classes of CL events (Fig. 1.3), which feature different
observational signatures and are thought to have a distinct physical origin. However, as
shown within this thesis itself, a clear distinction between these two categories can be
done only in case of intense multi-wavelength monitoring campaigns, otherwise being

usually hard to distinguish between them.

Changing-obscuration AGN. Repeated X-ray observations of nearby AGN carried
out with XMM-Newton, NuSTAR, RXTE, Swift and Suzaku have discovered a growing
number of CL AGN due to a variable obscuration by neutral intervening gas, as a result of
changes in the hydrogen column density (Vi) along the line of sight. These objects are
usually known as changing-obscuration (CO) AGN (Mereghetti et al., 2021), and appear as
X-ray transitions from a (high) unobscured state to a (low) heavily obscured, Compton-
thick state (Fig. 1.3, left panel), as Ny increases and the re-processed X-ray radiation
becomes dominant over the primary suppressed X-ray corona continuum. Such a Ny

variability is often consequence of the clumpy obscuring material (associated with either
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Fig. 1.3 Typical spectral variations of X-ray and optical changing-look (CL) AGN. Left. In the X-ray, CL events
usually consist of variations from an unobscured state (blue line) to a heavily obscured, Compton-thick state
(red line). Right. In the optical band, CL AGN are generally identified as type transitions, from a type-1 (blue
line) to a type-2 (red line) AGN as the blue continuum and the broad BLR line components disappear. Figure
adapted from Ricci and Trakhtenbrot (2022).

the BLR or the dusty torus; Risaliti et al. 2002), which may generate eclipses of the central
X-ray source over timescales of a few hours?. Other possible explanations are: a variable
ionised absorbing gas along the line of sight (e.g. Kaastra et al. 2014, Beuchert et al. 2015,
Mehdipour et al. 2017, Kara et al. 2021), associated with outflows detected in X-ray/UV
regimes (King and Pounds 2015; see Sect. 1.2.3.1); or an enhancement in the ionisation
state of the obscuring gas produced by an increased AGN luminosity, which leads to an
apparent variation of Ny (e.g. Yaqoob et al. 1989). In most extreme cases, CO AGN may
be even associated with a switch off/on of the AGN (e.g. Guainazzi et al. 1998, Gilli et al.
2000).

Changing-state AGN. In the optical, CL AGN often show strong flux variations, with
optical blue continuum and BLR broad-line emission appearing (disappearing) in pre-
viously known type-2 (type-1) AGN (e.g. Gregory et al. 1991, Tran et al. 1992, Storchi-
Bergmann et al. 1993, Aretxaga et al. 1999, Eracleous and Halpern 2001; Fig. 1.3; Fig. 1.3,
right panel). These CL events - known as changing-state (CS) AGN (Graham et al., 2020)
- occur over timescales of a few years (e.g. Lawrence et al. 2016, Rumbaugh et al. 2018,
Trakhtenbrot et al. 2019, Shen 2021), and are typically driven by rapid changes in the
intrinsic AGN luminosity (e.g. Guolo et al. 2021). In particular, increased luminosities
might be consequence of AGN feeding processes, which not only boost the BH accretion
rate, but also gather gas to form new stars (see Storchi-Bergmann and Schnorr-Miiller

2019 for a review on BH feeding), thus explaining why young to intermediate-age stars are

2Among main identified cases of eclipses, there are NGC 1365 (Iyomoto et al., 1997, Risaliti et al., 2000,
2005, 2007, 2009), NGC 4388 (Elvis et al., 2004), and NGC 4151 (Puccetti et al., 2007).
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often observed in association with luminous AGN (e.g. Riffel et al. 2023). A few CS AGN
have been also observed to undergo a full cycle, transitioning twice over a few decades®.
Therefore, it was proposed that intrinsic BLR emission evolves along the optical clas-
sification sequence (i.e. from type-2 to type-1, passing through intermediate types) as
AGN luminosity increases (Elitzur et al., 2014). In the X-rays, most CS AGN present flux
variations correlated with the optical ones (e.g. Krumpe et al. 2017, Parker et al. 2019,
Jana et al. 2021), with X-ray flux varying up to factors of a few tens. CS AGN are generally
independent from CO AGN (LaMassa et al., 2015, Ricci et al., 2020), as supported by longer
timescales (2 10 years) and unobscured spectral appearance (e.g. LaMassa et al. 2015,
Husemann et al. 2016, MacLeod et al. 2016, Sheng et al. 2017, Yang et al. 2018, Ricci et al.
2020).

1.1.3 The complete AGN census: a multi-wavelength search

As shown previously throughout this section, AGN emit over the entire electromagnetic
spectrum and exhibit a variety of spectral features in their both continuum and line
emission. As a consequence, several techniques have been developed to identify galaxies
hosting AGN, depending on the observing waveband and with their own advantages and
disadvantages, such as a selection bias towards/against objects with specific properties. In
the following, we describe the most common techniques adopted to select AGN galaxies
in X-ray, optical/UV, IR, and radio bands. Whereas this thesis makes direct use of optical
and IR diagnostics, and more indirectly of X-ray AGN selection, it does not deal with
radio observations. However, being a characteristic spectral band for AGN emission and
properties, it is worth mentioning it since radio observations contribute to drawing a
complete picture of the global AGN population, supporting the need for multi-wavelength
surveys to fully understand AGN phenomenology and physics.

X-ray. AGN have been known to be strong X-ray emitters for several decades (Elvis
et al., 1978), and X-ray surveys have soon become a successful method to search for AGN
galaxies. At X-ray 2-10 keV luminosities of Ly_1 xev = 10%? erg s™!, AGN are dominant over
all other possible contributions to the observed X-ray emission (e.g. hot gas, X-ray binaries
and SF); however, at all luminosities, different spectral slopes and X-ray-to—optical flux
ratios usually allow to distinguish among X-ray sources of different nature (e.g. Steffen
et al. 2006, Lehmer et al. 2010). Compared to optical and UV energies, X-ray photons are

3Full transitions were observed, for instance, in Mrk 1018 (Cohen et al., 1986, McElroy et al., 2016), NGC
1566 (Alloin et al., 1986, Oknyansky et al., 2019), NGC 4151 (Penston and Perez, 1984, Shapovalova et al.,
2010), Mrk 590 (Denney et al., 2014), and NGC 3516 (1li¢ et al., 2020).
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much less affected by obscuration effects and, therefore, they can unveil AGN even in
dusty obscured environments, except for the most heavily obscured sources (with column
densities Ny > 1024 cm™2; e.g. Daddi et al. 2007, Kocevski et al. 2015).

Optical/UV. In the optical/UV, AGN and non-active galaxies appear remarkably dif-
ferent. Historically, colour diagnostics were the first widely used method to identify AGN
in photometric surveys (Schmidt and Green, 1983, Boyle et al., 1990), but work well only
with the more luminous AGN, where the stellar contamination is negligible. On other
hand, optical spectroscopy has allowed to identify thousands of AGN at low redshifts (e.g.
the Sloan Digital Sky Survey; SDSS; York et al. 2000), via optical emission lines: either
through the detection of extremely luminous or broad (i.e. FWHM=>2000 km s~ ) profiles,
which are not typical of non-active, star-forming galaxies; or using emission-line ratios.
Whereas type-1 AGN are the easiest systems to identify thanks to the well visible broad-line
emission typical of AGN BLR, narrow emission-line flux ratios and diagnostic diagrams
represent a widely used method to identify luminous type-2 AGN using optical spectra
(Kewley et al., 2001, 2006, Kauffmann et al., 2003). Among these, a commonly used optical
diagnostic is the Baldwin, Phillips & Terlevich (BPT) diagram (Baldwin et al., 1981), which
combines [O 111]/Hp and [N 11]/Ha narrow-line? ratios to distinguish between AGN and
SF as the main ionisation source. Alternative versions of BPT diagrams have been also
developed, employing either [S1I]/Ha or [O 1]/Ha (Veilleux and Osterbrock, 1987) instead
of [N11]/Ha, to further separate between these two ionisation mechanisms, and also to
identify possible low-ionisation nuclear emission-fine regions (LINERs), whose ionisation
is mainly due to shocks. More recently, UV diagnostics have been developed as a valuable
alternative to distinguish between AGN and SF activity at high redshift (e.g. Feltre et al.
2016, Nakajima et al. 2018, Nakajima and Maiolino 2022, Mingozzi et al. 2023). Also, high-
ionisation UV/optical emission lines (e.g. C1vA1549, [Ne V]AA3346,3426, [Fe X] 16374, or
[Fe X1]17892) require a harder ionising continuum, which can hardly be produced by stars
and, therefore, is likely to imply AGN activity (e.g. Mignoli et al. 2013, 2019, Feltre et al.
2016).

Although BPT diagrams have been leading the optical search for AGN at low redshift,
there are important limitations to this method, related to its efficiency in unveiling AGN
residing in star-forming galaxies. This becomes fundamental at high redshift, where
galaxies form stars at a higher rate and more complex mechanisms may take place. As a
consequence, developing novel emission-line diagnostics alternative to BPTs is necessary
to make a complete census of AGN, with important implications on the role of AGN in

4The broad-line emission due to AGN BLR is excluded from these line ratios.
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Fig. 1.4 Three main versions of BPT diagrams obtained for SDSS galaxies. From left, [O 1111/Hp ratio is shown
as a function of IN11]/He, [S11]/Ha and [0 1]/Ha, respectively. Overall these diagrams distinguish among
different ionisation mechanisms, namely: AGN (or Seyfert), SF (i.e. H11 regions where stars form), shocks (i.e.
low-ionisation nuclear emission-line region; LINER), or a ‘composite’ ionisation due to a possible mix of AGN
and SE Figure from Kewley et al. (2006).

driving galaxy evolution (see Sect. 1.2). This topic will be the subject of Chapter 2, and
optical diagnostics are used also in Chapters 3 and 4.

IR. AGN can also be identified in the IR band, thanks to bright IR emission from
warm dust heated by AGN radiation field (described in Sect 1.1). There are several IR
methods to identify AGN: mid-IR and near-IR colour diagnostics, extensively applied
to IR photometric surveys (e.g. Stern et al. 2005, 2012, Donley et al. 2008, 2012); mid-
IR spectroscopy revealing characteristic continuum emission as well as high-excitation
emission lines (e.g. Weedman et al. 2005, Goulding and Alexander 2009); IR emission-line
ratio diagnostics (e.g. Ramos Almeida et al. 2009, Riffel et al. 2013, 2020, Colina et al. 2015,
Ferndndez-Ontiveros et al. 2016, 2017, Feltre et al. 2023). In particular, near-IR emission-
line diagnostics allow to distinguish among different gas excitation mechanisms, and to
identify the presence of shocks (Mouri, 1994, Larkin et al., 1998, Riffel et al., 2013, Colina
etal., 2015). Near-IR diagnostics will be used in Chapter 4 to study the excitation properties
of warm molecular and ionised gas in NGC 6240, a local gas-rich galaxy merger, hosting
a double AGN. The main advantage of using mid-IR emission is that it should be visible
for all viewing angles according to AGN unified models (Sect. 1.1.2.1; Fig. 1.1), therefore
it can be used to trace more dust-obscured AGN, which are missed by even the deepest
X-ray surveys. IR emission might have significant contributions from stars, especially in
galaxies undergoing intense SE In such cases, the most suitable technique to disentangle

SF and AGN IR emission is a multi-component fitting to the spectral energy distribution
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(SED) using photometric data from distinct bands at mid-IR and far-IR wavelengths (e.g.
Mullaney et al. 2011).

Radio. Radio emission from AGN can be due to several physical mechanisms (Sect.
1.1.2.1). Indeed for decades, radio surveys have been used to build up AGN samples
(e.g. Laing et al. 1983, Becker et al. 1995, Condon et al. 1998, Bock et al. 1999), resulting
particularly useful in the search for low-accretion, radio-loud AGN, typically exhibiting
extended radio jets, which can be hardly selected with other methods (e.g. Heckman
and Best 2014). Instead, radio emission in the radio-quiet AGN population can have a
more ambiguous origin and be easily due (at least in part) to SF processes. However, by
comparing radio observations with results from SED fitting, some galaxies are found to
show a ‘radio excess’ with respect to radio emission expected from SF (e.g. Del Moro et al.
2013), likely pointing to the presence of an AGN.

1.2 Therole of AGN in galaxy evolution

As mentioned at the beginning of this chapter, AGN are widely accepted to play a key
role in shaping galaxy evolution, as a consequence of the enormous amount of energy
released by an accreting supermassive BH. The process by which this occurs is known as
AGN feedback and it can be demonstrated by means of simple energetic considerations

(see e.g. Fabian 2012). Given the velocity dispersion osp and the mass Mgy, of the galaxy

2
sph*

The energy produced by an active BH of mass Mgy can be instead approximated to

spheroid, its binding energy can be estimated via the virial theorem as Espp & Mspho

~ 0.1 Mgy c?, assuming a typical radiative efficiency of 10% (Soltan, 1982). From the
observed correlation between Mgy and Mgy, (i.e. Mgy ~ 10‘3Msph, ; see Sect. 1.2.1),
it follows Egp/Esph ~ 107*(¢/0spn)?. Then, considering typical values of o, < 400 km
s7!, we get Epy/ Egph 2,50, which means that the BH energy output exceeds the binding
energy of the galaxy spheroid of a large factor. Therefore, if even a small fraction of Egy is
transferred to the surrounding medium, this will profoundly affect the host galaxy.

The major role played by AGN feedback in galaxy evolution is supported by observa-
tional evidence (described in Sect. 1.2.1), which has led to include it in both theoretical
and numerical studies (e.g. Haehnelt and Kauffmann 2000, Di Matteo et al. 2005, Springel
et al. 2005, Bower et al. 2006, Croton et al. 2006, Hopkins et al. 2006, Ciotti et al. 2010), as a

crucial ingredient to reconcile model predictions with observations.
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Fig. 1.5 Colour-mass diagram from Schawinski et al. (2014), for a local sample of about 47700 galaxies.
Galaxies lie in two main regions of the plane: the ‘blue cloud,, a diffuse blue region occupied by star-forming
galaxies, and the ‘red sequence, a narrow band region where are found quiescent galaxies. For at least more
massive galaxies, AGN feedback is thought to be the main driver of galaxies’ evolution from star-forming to
quiescent systems, passing through the intermediate ‘green valley’ region.

1.2.1 The need for AGN feedback

Optical surveys (Strateva et al., 2001, Baldry et al., 2004, 2006) have revealed a bimodal
distribution of galaxies in colour-mass diagrams (e.g. Schawinski et al. 2014; see Fig. 1.5),
pointing that galaxies follow an evolutionary track across the plane, as SF is progressively
quenched. They are thought to evolve from the so-called ‘blue cloud’, occupied by star-
forming systems, passing through the intermediate ‘green valley’ region, to finally reach
the ‘red sequence’, where galaxies no longer form stars. As shown in this section, obser-
vational evidence suggests AGN feedback as main driver of such an observed evolution
for (at least) more massive galaxies. In fact, it is included in theoretical, semi-analytic
and numerical works (e.g. Haehnelt and Kauffmann 2000, Kauffmann and Haehnelt 2000,
Granato et al. 2004, Di Matteo et al. 2005, Springel et al. 2005, Bower et al. 2006, Croton et al.
2006, Hopkins et al. 2006, 2018, Ciotti et al. 2010, Scannapieco et al. 2012, Vogelsberger
et al. 2014, Schaye et al. 2015, Sijacki et al. 2015) as a key mechanism to explain several
observed properties of galaxies, which models otherwise can hardly account for.

A first observational evidence supporting the need for AGN feedback is the discrepancy
between the observed stellar mass function of galaxies (i.e. the number density of galaxies
with a certain stellar mass) and that predicted by ACDM models of galaxy evolution (e.g.
see Kormendy and Ho 2013 for a review). As shown in Fig. 1.6, at both low and high masses

models predict a larger number of galaxies than those actually observed. The accordance
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Fig. 1.6 Galaxy (baryonic) mass function from Read and Trentham (2005), inferred for all galaxies (black
points) and elliptical galaxies only (red line), fitted with a Schechter (1976) function (Bell et al. 2003; dotted
line) and compared with: the mass spectrum of cold dark matter (DM) resulting from numerical simulations
(Weller et al., 2005); and with the same DM mass function but multiplied by the universal baryon fraction
0f 0.163 (Hinshaw et al., 2013). Green and blue arrows indicate stellar (SN) and AGN feedback, the missing
crucial ingredients to include in theoretical and numerical studies to reproduce the observed galaxy mass
function at low and high masses, respectively. Figure from Kormendy and Ho (2013).
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Fig. 1.7 Observed scaling relations between BH masses and host galaxy spheroid properties, namely: K-
band luminosity (left), stellar velocity dispersion (middle), and mass (right). Red and black points indicate
measurements for classical spheroids and elliptical galaxies, respectively, whereas the black line is the best-fit
to the data, with 1o uncertainties (grey shading). Figure from Kormendy and Ho (2013).

of theoretical predictions with observations at low masses is recovered by including in
models stellar feedback due to supernovae (Dekel and Silk, 1986), acting through winds
able to heat and sweep the gas out of the galaxy, thus preventing gas from collapsing to
form new stars. Compared to AGN feedback, stellar feedback involves smaller energies and
masses. In fact, it is believed to be effective in low-mass galaxies and becomes inefficient
at higher masses up to M ~ 3 x 10!° M, where we observe the minimum discrepancy
between the observed mass function and the ACDM prediction. Above this critical mass,
the observed galaxy mass function steeply decreases and departs again from the predicted
trend. At the high-mass end (i.e. M > 10!! ;) - the mass regime investigated within this
thesis - extremely energetic processes are expected to take place and efficiently quench SE
thus explaining the lack of observed high-mass galaxies. Suck kind of powerful mechanism
has been widely identified in AGN feedback, acting in the form of outflows and jets, which
suppress SF in the host galaxy via either ejecting or heating the gas available to form stars.

Another strong piece of evidence of the key role played by AGN feedback in galaxy evo-
lution comes from the discovery of scaling relations between BH masses and properties of
their host galaxy spheroids®. Over the years, such relations have been deeply investigated
and constrained by employing larger and larger samples of galaxies and better-quality

observations. In particular, BH masses are observed to correlate with the following prop-

SHere, the term ‘spheroid’ indicates both the spheroidal component in disk galaxies and the entire galaxy
itself in case of elliptical galaxies.
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erties of the host spheroid: the luminosity (Mpy ~ L;blh)ﬁ, the mass (Mgy ~ 10_3Msph)7,
4—5)8
sph

are firmly established over several orders of magnitude in mass, luminosity and veloc-

and the stellar velocity dispersion (Mpy ~ o . Nowadays these BH-galaxy correlations
ity dispersion. They also represent strong observational proof that supermassive BHs
and their host galaxies do not evolve separately, but they mutually influence each other
and co-evolve hand in hand. The mechanism responsible for the observed BH-galaxy
co-evolution cannot be due to BH gravitational effects, since its sphere of influence is
too small compared to the size of the host spheroid (i.e. by about a factor ~5 x 1073). On
the other hand, AGN feedback processes are the best candidates to establish a strict link
between nuclear activity and host galaxy properties. In particular, these scaling relations
naturally arise from simple models of AGN feedback (e.g. King and Pounds 2015), as the
resulting effect of AGN-driven outflows (see Sect. 1.2.2.1).

Also, the observed cosmic histories of BH accretion and SF support the parallel evolu-
tion of BHs with their host galaxies. As shown in Fig. 1.8 (from Aird et al. 2015), BH growth
and SF histories exhibit very similar trends over cosmic time®, both reaching the peak of
their activity around z ~ 2 (e.g. Madau et al. 1996, Lilly et al. 1999, Madau and Dickinson
2014). This cosmic epoch is usually known as ‘Cosmic Noon’, and more generally is used
to indicate the range of redshift z ~ 1 — 3, where the bulk of both SF and BH accretion oc-
curred (e.g. Ueda et al. 2003, Marconi et al. 2004, Shankar et al. 2009, Aird et al. 2010, 2015).
All this strongly points to AGN feedback as the key self-regulating mechanism responsible
for the coupling of two processes, hence for their observed symbiotic evolution. Being
the epoch exhibiting simultaneously the most intense SF and BH growth, the Cosmic
Noon is considered the golden epoch of AGN feedback, where more effective and powerful

mechanisms are expected to take place.

6E.g. Kormendy 1993, Magorrian et al. 1998, Ho 1999, Merritt and Ferrarese 2001, Laor 2001, Kormendy
and Gebhardt 2001, McLure and Dunlop 2002, Marconi and Hunt 2003, Ferrarese and Ford 2005, Graham
2007, Giiltekin et al. 2009, Sani et al. 2011, Kormendy and Bender 2011, Vika et al. 2012, Graham and Scott
2013, McConnell and Ma 2013.

E.g. Merritt and Ferrarese 2001, Kormendy and Gebhardt 2001, McLure and Dunlop 2002, Marconi and
Hunt 2003, Haring and Rix 2004, Kormendy and Bender 2009.

8E.g. Ferrarese and Merritt 2000, Gebhardt et al. 2000, Merritt and Ferrarese 2001, Kormendy and
Gebhardt 2001, Tremaine et al. 2002, Marconi and Hunt 2003, Ferrarese and Ford 2005, Graham 2007, 2008,
Giiltekin et al. 2009, Greene et al. 2010, Graham et al. 2011, Sani et al. 2011, Kormendy and Bender 2011,
Graham and Scott 2013, McConnell and Ma 2013, Kormendy and Ho 2013.

9In Fig. 1.8, BH accretion history has been multiplied by a factor ~1500 to match the SF history, which is
consistent with the ~ 1073 factor of the Mgy — Mgph scaling relation.
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Fig. 1.8 Total star formation rate (SFR) and BH accretion densities over cosmic time. The dashed red line
shows the best fit to the SF history from Madau and Dickinson (2014), considering measurements based
on rest-frame UV (blue diamonds) and IR (orange crosses) observations. The black line represents the BH
accretion history estimated by Aird et al. (2015), re-scaled by a factor of 1500 and shown with a 99% confidence
interval (grey shading). Both histories reach the peak of their activity at z ~ 2, that is the so-called ‘Cosmic
Noon’ epoch. Figure from Aird et al. (2015).

1.2.2 The radiative mode: AGN-driven outflows

Schematically, AGN feedback is split in two possible main modes (Alexander and Hickox
2012, Heckman and Best 2014; Fig. 1.9), depending on the form it takes. These are:

* Radiative mode (also known as quasar or superwind mode), where the AGN radia-
tive output drives wide-angle, sub-relativistic outflows, potentially able to eject the

gas out of the galaxy.

* Kinetic mode (often referred also as radio or maintenance mode), acting as rela-
tivistic, highly-collimated jets, launched from the inner accretion flow and typically
detected in the radio band, which keep the gas in the galactic halo hot, thus prevent-
ing re-accretion on the galaxy and formation of new stars.

These two main forms of AGN feedback can be considered as typical of two distinct life
stages of AGN, though they can also co-exist in some galaxies (e.g. Venturi et al. 2021). The
radiative mode is expected to take place during bright, short-lived phases, featured by high
accretion rates close to (or even above) the Eddington limit. On the other hand, kinetic
feedback usually acts on longer timescales, in a later stage when the AGN is accreting at

low rates.
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Fig. 1.9 Schematic diagrams illustrating the two main modes of AGN feedback: radiative (or superwind)
mode, acting as wide-angle outflows capable of expelling gas out of the galaxy; and kinetic (or radio) feedback,
which takes the form of collimated, relativistic jets, typically observed in low-accretion rate AGN. Figure from
Alexander and Hickox (2012).

This thesis focuses on the study of AGN-driven outflows typically associated with
radiative-mode feedback (Fig. 1.9), aiming at investigating their properties as well as
their potential impact on the host. Proposed for the first time by Silk and Rees (1998) as
main feedback channel of highly luminous AGN, radiative outflows are now routinely
observed from low (e.g. Feruglio et al. 2010, 2013, Rupke and Veilleux 2011, Cicone et al.
2012, 2014, Miller-Sanchez et al. 2018, Venturi et al. 2018, Marasco et al. 2020, Vittoria
Zanchettin et al. 2023) to high redshift (e.g. Maiolino et al. 2012, Cano-Diaz et al. 2012,
Forster Schreiber et al. 2014, Carniani et al. 2015, Cresci et al. 2015a, 2023, Perna et al.
2015a, Brusa et al. 2016, 2018). However, whereas AGN-driven outflows are investigated in
detail in low-redshift AGN, higher-redshift studies are usually biased to more luminous
sources, with most of the search focusing on around the Cosmic Noon (i.e. z ~1-3;
see Sect. 1.2.1 and Fig. 1.8), where AGN feedback and outflows are expected to be more

powerful and effective (see Sect. 1.2.1).

1.2.2.1 Acceleration mechanisms of AGN winds

To understand how significant the impact of large-scale AGN outflows may be on their host
galaxy, it is important to investigate first how they are accelerated and propagated across
the galaxy up to kpc scales, where feedback is expected to take place. Models predict two
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main mechanisms of wind propagation, namely: 1) the so-called ‘wind’ feedback, which
may act under two distinct regimes (i.e. momentum-driven or energy-driven outflows);
and 2) radiation pressure-driven outflows, directly accelerated by AGN radiation pressure
on dust grains. In the following, we provide details on these wind acceleration modes.

Momentum-driven and energy-driven outflows. According to wind feedback mod-
els (e.g. King 2010, King and Pounds 2015), mildly relativistic winds (~ 0.01 —0.1c¢), accel-
erated on nuclear scales by AGN radiation pressure, are the powering engine of massive
outflows observed on galaxy scales. These inner winds are indeed expected to impact
the galactic interstellar medium (ISM) and generate a shock, which consequently accel-
erates the swept-up gas of the host galaxy. Then, depending on the cooling efficiency in
the shocked gas shell via mostly Inverse Compton, large-scale outflows may propagate
according to two main modes. If radiative cooling in the shocked gas shell is effective”,
most of the pre-shock kinetic energy gets lost and, therefore, the galactic ISM receives
only the inner wind momentum via its ram pressure. Feedback effects associated with
this ‘momentum-driven’ regime are expected to have a low impact on the host (King and
Pounds, 2015), since the masses and energies typically involved are quite small. On the
other hand, if cooling is negligible, the accelerated ISM receives all the kinetic energy of
the inner wind and expands adiabatically in an energy-driven scenario. In this picture,
massive outflows are expected to be powered on galaxy scales, able to effectively sweep
up a significant amount of gas out of the host galaxy.

According to a widely accepted picture, the observed BH-galaxy scaling relations are
the result of AGN feedback acting through two subsequent phases (e.g. Fabian 2012,
Zubovas and King 2012, King and Pounds 2015): a first momentum-driven phase, poorly
affecting the surrounding gas, during which the BH keeps growing, while the outflow is
confined within ~1 kpc from the central BH; then, a second energy-driven phase after
the BH reached the Mgy — 0pp, relation, during which the outflow can propagate beyond
1-kpc scales. However, as it will be shown in this thesis, distinguishing between these two
mechanisms clearly may be a hard task, with observations suggesting that other complex
processes might be at play, as well as a possible poor coupling of the energy released by
the BH with the galactic ISM.

Radiation pressure-driven outflows. Another viable channel to accelerate large-
scale outflows is direct AGN radiation pressure on ISM dust grains (e.g. Fabian 1999,
Ishibashi and Fabian 2012, 2015, Thompson et al. 2015, Ishibashi and Fabian 2018, Ishibashi

10To be effective, radiative cooling must occur on a timescale shorter the flow time.
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et al. 2021). As mentioned in Sect. 1.1.2.1, a considerable fraction of AGN emission is
in the form of UV radiation, which may be efficiently absorbed by dust, if present. As a
consequence, dust grains get partially ionised and are pushed away, dragging the gas with
them. Compared to Thomson scattering, dust absorption has a cross-section which is
about 1000 times larger than ot (Fabian et al., 2008), thus resulting in a far smaller critical
luminosity L% 4q G-e L;: ad ™ 1073 Lgqq; see Eq. 1.2). This implies that an AGN emitting at
Lgqq (i.e. Eddington limit for ionised gas) corresponds to an object ~1000 times more
massive, with an effective Eddington limit L, , for dusty gas (e.g. Fabian 2012). This 1000
factor of difference is equal to the observed ratio between BH and galaxy bulge masses
(i.e. My ~ 10_3Msph; see Sect. 1.2.1), suggesting this mechanism might directly affect the
galaxy spheroid and determine the observed Mgy — Msp, relation. According to models,
direct radiation pressure on dust can drive outflows on kpc scales (e.g. Ishibashi and
Fabian 2012, 2015). Whereas for low IR optical depths (i.e. in single scattering limit)
radiation pressure on dust can naturally explain outflow energetics compatible with a
momentum-driven regime (i.e. in single scattering limit), it usually requires stronger
assumptions (e.g. IR radiation trapping, AGN luminosity evolution; Ishibashi and Fabian
2018, Ishibashi et al. 2021) to account for more energetic outflows, such as those consis-
tent with energy-driven predictions. Dust might play a major role in driving large-scale
outflows in obscured AGN (e.g. Perrotta et al. 2019).

1.2.2.2 Negative or positive feedback?

As already discussed in previous sections, AGN-driven outflows are mostly expected to
have a ‘negative’ impact on galactic SE by reducing or even suppressing the formation
of new stars. These may happen by: either ejecting the gas out of the host galaxy, thus
reducing the host gas reservoir available for SF; or injecting energy into the galactic ISM
(similarly to jets), which prevents gas from cooling and forming new stars. To date, one
of the strongest observational evidence of negative feedback in action comes from a few
AGN at z~2 (Cano-Diaz et al., 2012, Carniani et al., 2015, 2016, Cresci et al., 2015a). In
these sources indeed, high-velocity [O 111] emission associated with ionised outflows has
been found to be spatially anti-correlated with narrow Ha line emission, tracing SF within
the host galaxy. However, these outflows seem to affect the gas reservoir only along their
path, with no significant impact on the overall galaxy SE which remains globally high, with
star formation rates (SFRs) of about ~100 M@yr_l. Moreover, the claimed outflow-SF anti-
correlation has been recently questioned by Scholtz et al. (2020), as a possible result of dust
effects shielding faint narrow Ha emission in more extincted regions of the galaxy. One
of the candidate quasars to exhibit negative feedback in action (i.e. XID2028; Cresci et al.
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2015a) has been recently observed with the near-IR IFU NIRSpec on JWST. Unfortunately,
not even such new high-quality data have definitely confirmed (or disproved) the outflow-
SF anti-correlation (Cresci et al., 2023, Veilleux et al., 2023), showing how still challenging
this research topic is. Therefore, the search for conclusive observational proof of ongoing
negative feedback is still open.

In addition to their traditional negative "flavour", AGN-driven outflows may have a
positive effect on SE Recent models indeed predict that the over-compression of molecular
gas in the ISM due to outflow outward thrust may trigger SF (e.g. Silk and Norman
2009, Nayakshin and Zubovas 2012, Silk 2013, Zubovas et al. 2013a, Zubovas and Bourne
2017, Cresci and Maiolino 2018). Some observational evidence of positive feedback by
AGN outflows was found at both low (Cresci et al., 2015b, Shin et al., 2019, Perna et al.,
2020) and high redshift (Cresci et al., 2015a, Carniani et al., 2016). Interestingly, hints at
possible ongoing positive feedback were found also in objects already showing signatures
of negative feedback (e.g. Cresci et al. 2015a, Perna et al. 2020). This overall points to
the picture where a single expanding outflow may have simultaneously both negative
and positive effects: whereas SF is quenched in the outflow region, it is boosted in the
over-compressed ISM region located at the outflow edges.

Recent models also predict that SF may be activated within galactic outflows them-
selves, as a consequence of compression, cooling and fragmentation of the outflowing gas
(e.g. Ishibashi and Fabian 2012, 2014, Ishibashi et al. 2013, Zubovas et al. 2013b, Zubovas
and King 2014). Observations point to outflows as a potentially ideal environment to
host SE being composed of a significant component of molecular outflowing gas (e.g.
Cicone et al. 2014, Fiore et al. 2017, Fluetsch et al. 2019; see Sect. 1.2.3), which may be as
dense (n ~ 10° cm™3) and clumpy as typical star-forming molecular clouds (e.g. Aalto et al.
2015, Pereira-Santaella et al. 2016). Observational signatures of SF taking place within
AGN-driven outflows were found in local AGN by Maiolino et al. (2017) and Gallagher et al.
(2019), both studies employing spatially-resolved data.

1.2.3 Multi-phase and multi-scale AGN outflows

As described in Sect. 1.2.2, AGN feedback models predict the launch of fast radiative
outflows from the AGN nuclear (~subpc-pc) region, which can extend up to galactic (~1-
10 kpc) scales via different acceleration mechanisms (Sect. 1.2.2.1). Whereas radio jets
have been observed for years up to high redshift (i.e. z ~2—7; e.g. McGreer et al. 2006,
Stern et al. 2007, Nesvadba et al. 2008, 2011, Fu and Stockton 2009, Willott et al. 2010,
Belladitta et al. 2020, Bafiados et al. 2021), radiative outflows have been more elusive to

detect over the years, since they require an accurate study of local gas kinematics. Only in
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Fig. 1.10 Artistic view and observational evidence of multi-phase AGN outflows, accelerated by the central
engine (<1 pc; a), and then propagating through the surrounding ISM (1-1000 pc; b), out to galaxy edge (> 10
kpc; ¢). Lower panels show AGN outflows detected in different gas phases in three well studied nearby AGN:
the highly ionised, X-ray ultrafast outflow in PDS 456 (Nardini et al. 2015; d); the neutral outflow in both
atomic and molecular phases, observed in Mrk 231 (Cicone et al. 2012, Morganti et al. 2016; e); the ionised

outflow in NGC 1356, extending over kpc-scales (Venturi et al. 2018; f). Image from Cicone et al. (2018).
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more recent years spatially resolved spectroscopic studies, enabled by advanced optical,
IR and mm facilities, have provided conclusive evidence of their existence. AGN-driven
outflows are now routinely observed both locally (e.g. Feruglio et al. 2010, Rupke and
Veilleux 2011, Cicone et al. 2014, Crenshaw et al. 2015, Nardini et al. 2015, Venturi et al.
2018, Revalski et al. 2021, Zanchettin et al. 2021; see also references in Sect. 1.2.2) and in
more distant AGN (e.g. Harrison et al. 2012, Cano-Diaz et al. 2012, Carniani et al. 2015,
Brusa et al. 2018, Chartas et al. 2021, Cresci et al. 2023; see also references in Sect. 1.2.2).
Thanks to the Atacama Large Millimeter/submillimeter Array (ALMA) and the James Webb
Space Telescope (JWST), the hunt for AGN outflows has now been pushed to very high
redshift, with detections at z > 3 (e.g. Carniani et al. 2023, Marshall et al. 2023, Perna et al.
2023, Ubler et al. 2023).

However, in spite of their ubiquitous presence, we still miss crucial observational
constraints on their real impact on the host galaxy, as well as on how the energy released
by an accreting BH on nuclear scales couples to the galactic ISM, and consequently drives
powerful galaxy-scale outflows. Understanding how efficient such coupling is allows
us to assess the role of AGN outflows in galaxies’ evolution, and requires an accurate
comparison of observational results with theoretical predictions. Yet, such a comparison
might be not particularly straightforward (Harrison et al., 2018), since observations usually
trace a specific gas phase, depending on the adopted waveband; whereas models and
simulations usually consider the whole outflowing material (i.e. composed of multiple
gas phases).

Therefore, multi-wavelength observations are required to map all gas phases of AGN-
driven outflows (e.g. Fiore et al. 2017, Cicone et al. 2018), each typical of certain spatial
scales, hence representative of a particular stage in outflow propagation across the host
galaxy (Fig. 1.10). In the following, we outline the main observational properties of AGN
outflows detected in distinct gas phases, from subpc to kpc scales.

1.2.3.1 Highly ionised outflows

Observational signature of disk accretion winds, as predicted by models (see Sect. 1.2.2.1),
have been found in AGN X-ray spectra, showing blueshifted absorption lines (Fig. 1.10,
panel d) produced by outflowing gas intervening along the line of sight. The most extreme
winds are the so-called ‘ultrafast outflows’ (UFOs; e.g. Cappi et al. 2009, Reeves et al. 2009,
Nardini et al. 2015, Chartas et al. 2016, 2021), which feature mildly relativistic velocities
(~0.1¢), large column densities (N ~ 10?2 —10%* cm™2) and high ionisation parameters
(logé ~3—6 erg s~! cm), being indeed typically traced by highly ionised metals (e.g. Fe,
C, N, 0). Originating on subpc scales close to the BH (e.g. Crenshaw et al. 2003, Tombesi
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et al. 2012), UFOs are observed in about 40% of nearby AGN (Tombesi et al., 2010, 2011,
Gofford et al., 2013), with typical mass outflow rates of ~0.01-1 Mg, yr‘1 and kinetic powers
of logEy ~ 42 — 45 erg s~! (Tombesi et al., 2012). Such a kinetic power is higher than the
minimum required by simulations for AGN winds to be effective in quenching SE that is
about 0.5-5% of AGN luminosity (e.g. Di Matteo et al. 2005, Hopkins and Elvis 2010).

UFOs are optimal candidates as primary driver of galaxy-scale (~ 1 — 10 kpc) outflows,
propagating according to momentum-driven or energy-driven regimes (see Sect. 1.2.2.1).
Among the AGN currently known to host both UFOs and large-scale outflows, some of
them resulted to be consistent with a momentum-driven propagation (e.g. Marasco et al.
2020, Zanchettin et al. 2021), other with an energy-driven regime (e.g. Tombesi et al. 2015,
Feruglio et al. 2015). To date, there are however only few AGN with detection of both UFOs
and galaxy-scale outflows, with the latter usually traced in only one (i.e. either molecular
or ionised) and large uncertainties which prevent from an accurate distinction between
the two proposed regimes. Moreover, UFO detection is mostly limited to the low-redshift
Universe (e.g. Nardini et al. 2015, Matzeu et al. 2023, Mehdipour et al. 2023), due to the
faintness of their X-ray signatures. As a consequence, a clear observational proof of the
connection between UFOs and large-scale feedback is still lacking and the topic under
debate.

In addition to X-ray UFOs, a different kind of disk accretion winds are detected via
broad, blueshifted UV absorption features of highly ionised metals (e.g. C1v, NV), in
the so-called ‘broad absorption line’ (BAL) quasars (typical FWHM>2000 km s~ !; e.g.
Weymann et al. 1991, Ganguly et al. 2007, Chartas et al. 2009a). These absorption features
indicate wind velocities up to ~30,000 km s~!. UV winds are detected also in ‘narrow line
absorption’ (NAL, FWHM<500 km s™!; e.g. Chartas et al. 2009a), indicating velocities
comparable with those measured in BAL quasars.

In literature, there are very few examples of NAL quasars with X-ray UFOs detected (e.g.
HS 1700+6416, Lanzuisi et al. 2012; HS 0810+2554, Chartas et al. 2014, 2016). This might
be consequence of the fact that UV and X-ray absorption lines originate from different
outflow regions, with X-ray absorption produced closer to the continuum source than
UV counterparts, which indeed exhibit a lower ionisation. Figure 1.11 (from Chartas et al.
2014) displays a schematic representation of a plausible geometry of the inner AGN region,
showing how X-ray and UV absorption features can be both detected or not, depending
on the inclination to the line of sight. For small inclinations angles of the obscuring,
outflowing gas to the accretion disk, X-ray emission (long-dashed lines) from the hot
corona does not intercept the shielding material (grey shaded regions), as opposed to UV

disk emission (short-dashed lines), which hence produces UV NAL absorption.
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accretion disk

Fig. 1.11 Schematic structure of a plausible geometry for the accretion disk, illustrating how nuclear winds can
produce X-ray and/or UV absorptions. For small inclinations to the accretion disk, the shielding, outflowing
gas (grey shaded regions) intercepts only UV emission from the accretion disk (short-dashed lines), but not
X-ray emission from the hot corona (long-dashed lines). Image from Chartas et al. (2014).

1.2.3.2 Ionised outflows

Galaxy-scale ionised outflows in AGN are usually detected through prominent asymmetric
wings in optical emission-line profiles. Detected wings are found to be preferentially
blueshifted, indicating approaching material along the line of sight. Such an observed fea-
ture is commonly interpreted as a combination of system geometry and dust obscuration.
Considering a bi-conical outflow, the approaching side of the outflow lies above the galaxy
disk, as opposed to the receding (redshifted) component, which is found preferentially
below the disk and, therefore, is likely to be more affected by dust extinction. The most
commonly adopted tracer of AGN ionised outflows is [O 111] 15007 (hereafter [O 111]): being
a forbidden transition, it can be produced only by regions with a gas density low enough
(i.e. e < 10% cm™3) to allow the collisionally-excited upper level to undergo radiative
de-excitation. Therefore, it cannot originate from high-density gas of AGN BLR, thus
resulting in an optimal tracer of ionised gas emission extended on AGN NLR scales (i.e.
1-10 kpc).

[0 111] has been extensively employed to trace ionised outflows in large AGN samples
(e.g. Weedman 1970, Heckman et al. 1984, Veilleux 1991, Boroson 2005, Komossa et al. 2008,
Zhang et al. 2011, Bae and Woo 2014, Zakamska and Greene 2014, Balmaverde et al. 2016,
Perna et al. 2017b), revealing that ionised outflows are a widespread phenomenon in AGN,
with velocities up to few ~1000 km s 1. In particular, such [O 111]-based studies, mainly
based on data from the Sloan Digital Sky Survey (SDSS), have pointed out the greater
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incidence of ionised outflows at increasing AGN luminosities and/or Eddington ratios (e.g.
Mullaney et al. 2013, Bae and Woo 2014, Zakamska and Greene 2014, Balmaverde et al.
2016, Woo et al. 2016, Harrison et al. 2016, Perna et al. 2017b). Moreover, X-ray bright but
optically obscured AGN have resulted to be optimal candidates to host ionised outflows
(e.g. Cresci et al. 2015a, Perna et al. 2015a,b, Circosta et al. 2018), suggesting that an
obscured and dusty environment may favour the launch of outflows via radiation pressure
on dust (e.g King and Pounds 2015, Costa et al. 2018; see Sect. 1.2.2.1), as predicted by
galaxy evolutionary models (e.g. Hopkins et al. 2008; see Sect. 1.1.2.2 and Fig. 1.2).

Longslit and integral field spectroscopic observations have unveiled outflows extended
on ~1-10 kpc scales, with mass outflow rates from ~1 Mg, yr™! to a few hundreds Mg yr~.
Low-redshift studies have enabled a detailed study of their properties (e.g. Crenshaw et al.
2015, Venturi et al. 2018, Mingozzi et al. 2019, Marconcini et al. 2023), whereas the search
for ionised outflows at high redshift have been mostly focused on powerful and luminous
sources around z ~ 2 (e.g. Cano-Diaz et al. 2012, Forster Schreiber et al. 2014, Carniani
et al. 2015, Cresci et al. 2015a, 2023, Perna et al. 2015a,b, Harrison et al. 2016, Circosta et al.
2018, Veilleux et al. 2023; see Sect. 1.2.1). In addition to [O 111], tracing medium-ionisation
gas, broad wings in other optical emission lines (such as Ha and [N 11]; e.g. Rupke and
Veilleux 2013, Arribas et al. 2014, Marasco et al. 2020) or in UV/optical absorption lines
(e.g. Shapley et al. 2003, Rupke and Veilleux 2011, Talia et al. 2012, Bordoloi et al. 2014)
can also be used to map lower-ionisation gas carried by outflows.

As mentioned in Sect. 1.2.2.2, [O 111]-traced ionised outflows have provided one of the
strongest evidence so far of negative feedback in action in a few AGN at z~2 (Cano-Diaz
etal., 2012, Carniani et al., 2015, 2016, Cresci et al., 2015a).

1.2.3.3 Molecular and atomic neutral outflows

Massive outflows are found on galaxy scales in molecular gas phase, featuring velocities
from few 100 km s~! to ~1000 km s~! and substantial mass outflow rates of H, (from a
few 100 M, yr! to above 1000 M, yr~!). Molecular outflows are typically detected via
faint broad features in sub-mm CO emission lines (e.g. Feruglio et al. 2010, 2013, Dasyra
and Combes 2012, Cicone et al. 2014, Morganti et al. 2015, Dasyra et al. 2016, Brusa et al.
2018, Chartas et al. 2020, Vittoria Zanchettin et al. 2023; Fig. 1.10, panel e), in [C11]158um
emission line in the far-IR (e.g. Maiolino et al. 2012, Cicone et al. 2015), in near-IR and
mid-IR H, emission lines (e.g. Dasyra and Combes 2011, Davies et al. 2014, Emonts et al.
2017, Fischer et al. 2017, Gnilka et al. 2020, Riffel et al. 2020), in emission lines from more
complex molecules (e.g. HCN, HCO+, HNC), which trace high-density molecular gas with
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n>10*cm™3 (e.g. Aalto et al. 2012, 2015); and from characteristic P-Cygni proﬁles11 of
OH lines in far-IR spectra (e.g. Fischer et al. 2010, Sturm et al. 2011, Veilleux et al. 2013,
Spoon et al. 2013). Compared to cold molecular gas (T < 100 K) detected via submm-mm
CO line emission, IR H; roto-vibrational transitions trace a warmer phase of molecular
gas with typical temperatures of T ~ 100 — 1000 K.

In AGN with a bolometric luminosity < 10%6 erg s™!, the molecular phase represents
the dominant contribution to the total outflowing gas, with masses larger by about two
orders of magnitude than those typical of ionised outflows (Carniani et al., 2015, Fiore
et al., 2017, Fluetsch et al., 2019). At higher luminosities (i.e. > 10%® erg s7!), such a
discrepancy is not so clear, with distinct works coming to different conclusions (Carniani
et al., 2015, Fiore et al., 2017).

Cicone et al. (2014) found molecular outflows to have momentum rates (i.e. poyt =
MoutVour) larger by about a factor of 20 than the momentum transmitted to AGN photons
(i.e. Pout ~ 20LagN/c, where Lagy is the AGN luminosity due to accretion given by Eq.
1.1), which is consistent with the predictions of energy-driven winds (e.g. Zubovas and
King 2012, Faucher-Giguere and Quataert 2012, King and Pounds 2015; see Sect. 1.2.2.1).
However, by comparing nuclear UFOs and molecular large-scale outflows, only a few
objects were found to be compatible with an energy-driven propagation (Tombesi et al.,
2015, Chartas et al., 2016, Feruglio et al., 2015, 2017, Chartas et al., 2020), whereas most of
them exhibit sub-energy-driven regimes. This might indicate either that other acceleration
mechanisms are at play, or still an energy-driven scenario but with a poor coupling
between the nuclear wind and the galactic ISM (Fluetsch et al., 2019).

Outflows are also detected in the neutral atomic phase through blueshifted wings in
the optical Na1 D absorption line doublet (Rupke et al., 2005, Rupke and Veilleux, 2011,
2015, Perna et al., 2017b, 2020, 2021, Cresci et al., 2023), in the 21-cm H 1 absorption line
in the radio band (e.g. Morganti et al. 2005a,b, 2016, Schulz et al. 2018), or in UV hydrogen
Lya and Lyp absorption lines (e.g. Shapley et al. 2003, Talia et al. 2012). Besides tracing
molecular gas, broad wings in the far-IR [C11] emission line trace also the neutral atomic
phase of outflows (e.g. Maiolino et al. 2012, Janssen et al. 2016, Bischetti et al. 2019).

Neutral atomic outflows are observed only in a small fraction (i.e. ~1%) of nearby AGN,
and preferentially reside in ultra-luminous infrared galaxies (ULIRGS), typically featured
by both intense SF and AGN activity (e.g. Rupke et al. 2005, Villar Martin et al. 2014, Cazzoli
et al. 2016, Sarzi et al. 2016, Perna et al. 2017b). This may indicate that neutral atomic
outflows are mostly SF-driven rather than AGN-driven (e.g. Bae and Woo 2018, Concas

11p_Cygni line profiles consist of a blueshifted absorption feature due to approaching material, and a
redshifted emission tracing receding gas.
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et al. 2019), or that they require obscured environments rich of cold gas to funnel into the
outflow (Perna et al., 2017b). However, there is still large uncertainty on the nature of this

form of outflows and their driving mechanisms.

1.3 Investigating AGN with Integral Field Spectroscopy

Except for data presented in Chapter 3, this thesis is based on data obtained via Integral
Field Spectroscopy (IFS), an observational technique which delivers 2D spatially resolved
spectra. These observations are optimally suited to study gas spatial distribution and
kinematics in detail across the galaxy up to kpc scales. In Chapter 2, spatially resolved data
from a large optical IFS survey are employed to unveil faint signatures of AGN activity;
in Chapters 4, 5 and 6, optical and near-IR IFS of local and z ~ 2 AGN galaxies are used
to trace AGN-driven outflows and to investigate their properties. Therefore, this section
aims at providing basics of IFS, by briefly describing how it works (Sect. 1.3.1), and
presenting the ground-based instruments used in this thesis (Sect. 1.3.2), showing also
how ground-based IFS can compete with analogue space observations thanks to adaptive
optics (AO).

1.3.1 Basics of IFU observations

IFS is an advanced observational technique which provides 3D information of the astro-
nomical object being targeted. Data obtained with integral field spectrographs consist of
data cubes, with two spatial dimensions (i.e. [x, y] or [RA, DEC]), and a third wavelength
dimension (i.e. A1) containing spectral information. By combining information stored
in these data cubes, it is possible both to obtain images of the target in distinct spectral
channels, and to extract spectra from every spatial pixel [x, y], with plenty of applications
to different types of analysis. IFS data are indeed employed in a wide range of common
extragalactic studies, including: (1) measuring gas and stellar dynamics; (2) searching for
and characterising gas outflows and/or inflows; (3) mapping the spatial distribution of
ongoing SF across galaxies; (4) spatially resolving stellar populations.

Integral field spectrographs work in optical or IR bands, and consist of two main
components: an integral field unit (IFU), which samples the light from the 2D spatial
plane into distinct spatial components; and a spectrograph to disperse the light. [FUs may
sample the light through lenslets, fibres or image slicers. These three different techniques
are briefly described below and illustrated in Fig. 1.12.
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Fig. 1.12 Schematic description of main IFU techniques to obtain spatially resolved IFS data. IFU can split
the 2D spatial plane into a contiguous array by means of a lenslet array (top row), optical fibres (middle row),
or an image slicer (bottom row). The formatted light is then sent to a spectrograph to be dispersed. The data
reduction process then reformats the spectrograph output into a data cube. Image Credit: M. Westmoquette;
adapted from Allington-Smith and Content (1998).

* Lenslet arrays are microlens arrays and can be used to split the image into multiple
light points, which are then dispersed by the spectrograph. The dispersed light is

angled to avoid overlap between distinct spectra.

 Optical fibres can be behind a lenslet array or grouped in a bundle to sample to sam-
ple the image directly. The light from the fibers is the reformatted into a ‘pseudoslit),
and finally directed to the spectrograph.

* An image slicer uses a segmented mirror to split the image into thin horizontal
sections (‘slices’), which are separately sent in slightly different directions. A second
segmented mirror reformats the slices so that they are laid out end to end to form a
‘pseudoslit’, which is then passed to the spectrograph.

After being sampled via one of the above methods, the light is collimated and dispersed
by the spectrograph and finally recorded by the detector. The final output of this process
is a 2D image consisting of multiple stripes of adjacent spectra, corresponding to different
positions in the original image (see Fig. 1.12). Each single spectrum is then reformatted
into the final 3D data cube during the data reduction process.
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1.3.2 Ground-based IFU facilities used in this thesis

The IFS observations used in this thesis were all obtained with four different ground-
based optical/near-IR spectrographs. Note that before JWST, equipped of both a near-
IR (NIRSpec) and a mid-IR (MIRI) IFU spectrograph, IFS could be done only from the
ground. Chapter 2 is based on data from (1) the IFU survey Mapping Nearby Galaxies
at Apache Point Observatory (MaNGA; Bundy et al. 2015), using IFU fibre arrays. The
other IFS observations presented were instead carried out with spectrographs on the
Very Large Telescope (VLT), at the ESO Paranal Observatory (Chile). These are: (2) the
Multi-Unit Spectroscopic Explorer (MUSE; Bacon et al. 2010); (3) the K-band Multi Object
Spectrograph (KMOS; Sharples et al. 2013); and (4) the (decommissioned) Spectrograph
for INtegral Field Observations in the Near Infrared (SINFONI; Eisenhauer et al. 2003). All
these spectrographs use IFU image slicers. In the following, we provide a brief overview of
the IFU spectrograph used for MaNGA, as well as of the three VLT instruments.

1. MaNGA is one of the three core programs in the fourth Sloan Digital Sky Survey
(SDSS), which acquired IFS of 10,000 nearby galaxies, thanks to 17 simultaneous
[FUs composed of tightly-packed arrays of optical fibers. The observed wavelength
range is 3600-10000 A, with a spectral resolution R ~ 2000. The spatial scale is 0.5"”.
MaNGA data are used in Chapter 2.

2. MUSE is an optical spectrograph composed of 24 identical IFUs, which together
sample in Wide Field Mode (WFM) a contiguous 1'x1’ field of view (FoV), with a
0.2” pixel scale. The nominal wavelength range covered by MUSE is 4800-9300 A,
with a mean spectral resolution R ~ 3000. Alternative to the WFM, MUSE offers
a Narrow Field Mode covering a 7.4"” x7.4" FoV with a 0.025" pixel scale. MUSE is
also equipped with an AO module. WFM MUSE data (with no AO) are presented in
Chapter 4.

3. KMOS is a near-IR spectrograph equipped with 24 configurable arms, which can
be used either separately to perform IFS of 24 distinct targets simultaneously, or
together to map contiguous areas in a 8-point or 16-point dither pattern (mosaic
mode). Each IFU has a 2.8" x2.8" FoV, with a pixel scale of 0.2”. Five spectral gratings
are available (IZ, Y], H, K and HK), covering a total wavelength range of 0.8-2.5 um.

In Chapter 4, we use KMOS mosaic observations in H and K bands.

4. SINFONI is a decommissioned near-IR (1.1-2.45 um) spectrograph, employing an
IFU image slicer. The spectrograph had four different gratings (J, H, K, HK). There

were three different pixel scales available: 0.25”, 0.1” and 0.025” corresponding
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to a FoV of 8”x8", 3" x3" and 0.8"”x0.8", respectively. In Chapter 5, we use J-band
observations in seeing-limited mode and a 0.25" pixel scale, whereas H- and K-band

data with AO and a 0.1” pixel scale in Chapter 6.

Despite being extremely cheaper compared to space missions, ground-based obser-
vations are strongly affected by atmospheric turbulence, which inevitably worsens their
quality. Temporal and spatial variations in the refractive index induce fluctuations of the
wavefront phase, warping the originally flat wavefronts emitted by the source, which can
result in blurry images of the astronomical target. Adaptive Optics (AO) allows us to over-
come these effects of turbulence and to exploit the full capabilities of ground-based tele-
scopes by restoring their diffraction limit. The basic principle of AO is to compensate for
the turbulence-induced wavefront distortions, and to flatten the distorted wavefronts (e.g.
Beckers 1993). As a first step, the AO system measures wavefront aberrations through a
wavefront sensor (WFS). The signal from the WES is then analysed by a real-time computer,
which calculates an appropriate correction to send to a deformable mirror. Consequently,
the deformable mirror properly changes so as to produce flat reflected wavefronts. To
accurately follow the temporal evolution of turbulence-induced distortions, this feedback
loop - regulating the overall functioning of an AO system - typically works at 1 kHz.

1.3.3 Spectral fitting of IFU data cubes

All data presented in this thesis are analysed using the fitting code presented in Marasco
et al. (2020) and Tozzi et al. (2021), I contributed to developing and implementing during
my Master’s and PhD studies at UNIFI and INAF-OAA. This code was originally designed
to analyse optical MUSE data of local AGN (Venturi et al., 2018, Mingozzi et al., 2019,
Marasco et al., 2020), but over the years we have implemented it to also handle IFU
data obtained with other instruments, introducing adjustments and new functionalities
depending on the specific necessities of the data examined. In Chapter 2, we modify
the code to analyse optical IFU data from the MaNGA survey, while in Chapter 3 we
propose a simplified version of the fitting code suitable for the spectral analysis of single
integrated optical spectra. An advanced, customised version is employed in Chapter 4 to
analyse complex and detailed pieces of information contained in MUSE observations of a
local galaxy merger, hosting a double AGN. In Chapters 4-6, we implement the algorithm
to analyse also near-IR IFU observations obtained with KMOS and SINFONI. Further
applications of this fitting code can be found in: Venturi et al. (2018), Mingozzi et al. (2019)
and Marconcini et al. (2023) to MUSE data of nearby AGN from the MAGNUM survey
(PI: A. Marconi); in Marasco et al. (2020) and Marasco et al. (2023) to MUSE observations
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of nearby AGN and starburst dwarf galaxies, respectively; in Cresci et al. (2023) for the
analysis of near-IR IFU JWST/NIRSpec of an obscured quasar at z ~ 1.6. In the following,
we illustrate the basics of our fitting procedure (see Marasco et al. 2020 and Tozzi et al.
2021 for more details), whereas specific changes implemented for each dataset being
analysed are presented in the corresponding science chapters.

Our fitting procedure aims at studying the spatial distribution and kinematics of
spatially resolved emission, with the main focus on line emission from gas originating
on 1-10 kpc scales, associated with distinct kinematics. Possible kinematic components
are: AGN NLR, galaxy disk rotation, tidal streams, and AGN-driven outflows, which play a

major role within this thesis. Our fitting strategy consists of three key steps:

* Phase I. We build a template model for the bright BLR emission using an integrated,
high-S/N spectrum.

* Phase II. The BLR template built in phase I is used to map spaxel-by-spaxel the
unresolved BLR contribution to the total emission across the entire FoV, along with
stellar and/or AGN continuum emission. The resulting BLR and continuum model

cubes are then subtracted from the data cube.

* Phase III. In the remaining ‘subtracted’ cube, we finally perform a refined modelling,

spaxel-by-spaxel, of faint gas emission lines originating on galaxy scales.

In the following, we provide a more detailed description of each main step of our fitting
procedure. We will refer to emission lines produced by gas on galaxy scales as ‘narrow’, in
order to distinguish them from the typical ‘broad’ emission lines (FWHM>2000 km s~ ;

e.g. Osterbrock 1981) originating from within dense and highly turbulent AGN BLR.

I. Modelling the BLR emission The fitting code starts with modelling the bright BLR
emission in a spectrum extracted from the nuclear region, while fitting other spectral
components as well. Generally, possible contributing components to be fitted are: stellar
and/or AGN continuum emission, broad BLR emission lines, and narrow emission lines
from more diffuse gas on galaxy scales. The code builds the BLR model as a sum of two
independent components: broad (isolated) permitted emission lines (mostly hydrogen),
and several broad, blended Fe 11 emission lines significantly contributing to rest-frame
optical emission. To run this full fit, the standard version of the fitting code employs
the software PPXF (Cappellari and Emsellem, 2004, Cappellari, 2017), which can easily
handle large libraries of templates, such as stellar and BLR Fe 11 templates. While we adopt
different stellar templates depending on the targeted rest-frame emission (i.e. optical or
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near-IR), the procedure by default uses the semi-analytic templates of Kovacevic et al.
(2010) to reproduce rest-frame optical broad Fe 11 emission from AGN BLR. Moreover,
PPXF gives the possibility of including an additive n-degree polynomial to either adjust
the continuum shape to the observed data, or account for any additional continuum
component such as AGN continuum. Regarding line emission, a Gaussian profile of same
kinematics (i.e. central velocity and velocity dispersion) is fitted to all broad emission
lines, whereas multiple Gaussian components are often required to properly model narrow
emission lines, with each set of narrow Gaussian components still constrained to have
the same kinematics. When present, PPXF fits [0 111]A14959,5007, [O 1]A16300,64 and
[N 11]AA6549,83 as doublets with a fixed flux ratio of 3 between the brighter and fainter
components. In the end, the best-fit BLR template is stored and passed to phase II (see
below).

II. Mapping the unresolved BLR emission across the FoV Since BLR emission is
typically unresolved in our data, we expect its spatial variations to follow the Point Spread
Function (PSF) of our observations. Therefore, we allow the BLR template obtained in
phase I to change only in amplitude across the FoV and proceed to fit with PPXF the
whole data cube. For the modelling of narrow emission lines, we use multiple Gaussian
components and adopt a Kolmogorov-Smirnov (KS) test as a statistical approach to select
spaxel-by-spaxel the minimal, optimal number of Gaussian components to aptly repro-
duce emission line profiles (see Marasco et al. 2020 for details). Typically, one Gaussian
component is sufficient to model emission lines in low-S/N spaxels, whereas two or three
(even four, see Chapter 4) Gaussian components are necessary to reproduce the most
complex line profiles in high-S/N spaxels. Stellar continuum and/or AGN continuum'? are
fitted spaxel-by-spaxel following the same prescriptions as in phase I. After running the
modelling of the full data cube, we subtract spaxel-by-spaxel BLR and continuum emis-
sion, thus obtaining a cube containing only residual narrow emission lines due to diffuse

gas. Hereafter, we will refer to this cube as ‘subtracted cube’ (or ‘subtracted spectra’).

III. Modelling the narrow emission lines In phase III, we focus on the refined mod-
elling of the narrow emission lines remaining after the subtraction of BLR and continuum
emission. In fact, although they are already modelled by PPXF in phase II, re-fitting these

lines on the cleaned dataset brings two main advantages. First, we now have fewer free

12Being typically unresolved in our data, AGN continuum emission can be just modelled in phase I
through a polynomial fit and, then, included in the unresolved BLR template, which is re-scaled in flux
spaxel-by-spaxel in phase II. Otherwise, PPXF can model it spaxel-by-spaxel via a n-degree polynomial at
this stage of the procedure.
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parameters since we do not have to model the complex BLR and continuum emission.
Secondly, we can bypass the PPXF limitations of using solely Gauss-Hermite functions and
select any desired functional form to fit the data, constraining or not different emission
lines to the same kinematics. In the case of the datasets presented in this thesis, we find
that a multi-Gaussian representation of the detected line profiles is satisfactory. Similarly
to the phase II modelling, the procedure runs multiple Gaussian fittings, each time in-
creasing the number of Gaussian components'?, and then selects the optimal number of
components required via a KS test. Finally, the procedure allows us to isolate line emission
associated with high-velocity outflowing gas, from that tracing the gas bulk motion within
the host galaxy. For that, we implement different classification criteria, depending on the

complexity of line profiles (see details in each science chapter).

1.4 Goals and strategy of this thesis

In this chapter we have provided an overview of the rich AGN phenomenology and their
key role played in galaxy evolution. We have described AGN structure, from their inner
powering engine - an accreting BH - to more external regions, and summarised the main
different AGN components, each emitting in a specific waveband but overall covering
the whole electromagnetic spectrum. We also showed that the AGN unified model can
explain most of the observed AGN spectral features, but increasing observational evidence
points to the limits of this standard picture, thus favouring alternative scenarios. Besides
their complex phenomenology, AGN are now widely accepted to be crucial ingredients in
the evolution of galaxies via AGN feedback mechanisms, which strongly influence galaxy
properties. In particular, we have focused on AGN-driven outflows, considered the main
responsible for the SF quenching in more massive galaxies, and invoked by theoretical
models to explain observed scaling relations revealing a strict co-evolution of BHs with
their host galaxies.

This PhD thesis fits into this broad picture of AGN properties and related mechanisms,
making large use of IFU data of local and z ~ 2 AGN to spatially trace AGN-driven outflows
as well as faint local signatures of AGN activity. The first two science chapters address
issues related with the detection of faint, elusive AGN. In Chapter 2, we use optical He 11
line emission to trace AGN hidden in star-forming galaxies from the IFU MaNGA survey,

typically missed by the standard optical BPT selection, with important application to high

13At this stage, the maximum number of Gaussian components required to reproduce the most complex
line profiles often exceeds that employed in phase II, since the removal of BLR and continuum emission
may unveil fainter asymmetries in line profiles.
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redshift. Sometimes, elusive AGN can also reveal themselves thanks to CL transitions, as
addressed by Chapter 3. Here, we report the recent discovery of a new optical CL AGN,
showing evidence for a double type-transition in its multi-epoch spectra. The remaining
three science chapters instead aim at investigating AGN-driven outflows at both low
redshift (Chapter 4), where the higher spatial resolution and sensitivity enable a more
detailed study, and z ~ 2, the crucial epoch for AGN feedback (Chapters 5 and 6). In all
these chapters, we use IFS observations carried out with different ground-based facilities
at the VLT. In Chapter 4, we combine optical MUSE and near-IR KMOS data of a local
AGN galaxy to trace ionised and warm molecular components of outflows, respectively.
In Chapters 5 and 6 instead, we trace ionised outflows in z ~ 2 AGN using near-IR IFU
observations, where rest-frame optical emission is found redshifted. In particular, Chapter
5 investigates the connection of large-scale ionised outflows with X-ray nuclear UFOs,
as their inner powering engine; whereas Chapter 6 unveils an interesting difference in

ionised outflow kinematics between type-1 and type-2 AGN.



Chapter 2

Unveiling hidden AGN in MaNGA
star-forming galaxies with He 1114686

In this chapter, we address the limits of standard optical emission-line diagnostics and
use optical He1114686 line emission as an effective tracer of hidden AGN in MaNGA star-
forming galaxies. In view of exploring unprecedented high redshifts with JWST and new
ground-based facilities, developing novel emission-line diagnostics is fundamental to dis-
cover AGN residing in highly star-forming and metal-poor environments. Adapted from
Tozzi et al. (2023), MNRAS, 521, 1264.

Huge efforts have been invested in compiling large and complete AGN samples, includ-
ing both high-luminosity quasars and low-luminosity AGN galaxies, to understand their
physical properties and establish their role in galaxy evolution. Based on the distinctive
characteristics of AGN (e.g. accretion rate and obscuration state), various techniques have
been developed to search for AGN in different spectral bands, from hard X-rays to mid-IR
and radio, as revised in Sect. 1.1.3. The most common and widely used optical method
relies on BPT diagrams (Baldwin et al., 1981, Veilleux and Osterbrock, 1987), based on
the combined [O111]/HB and [N 11]/Ha line ratios (with [S11]/Ha or [O 1]/Ha as alterna-
tives), which allow to identify the dominant ionisation mechanism, distinguishing mainly
between AGN and star formation.

Ten years ago, an alternative diagnostics was presented by Shirazi and Brinchmann
(2012), the so-called He 11 diagram, where the [O 111]A5007A emission line flux is replaced
by He 1114686A (hereafter [O 111] and He 11, respectively) in the ratio with the H line flux.
Given the higher ionisation potential of He 11 (Ejon(He*) = 54.4 eV) compared to [O 111]
(Eion(O™) = 35.2 eV), the He 11 diagnostics is more sensitive to AGN activity and better

differentiates between ionisation due to AGN and star formation. In particular, it allows
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to identify low-luminosity AGN in star-forming (SF) galaxies, where the AGN emission
may be overwhelmed by intense star formation and, therefore, missed by the standard
BPT-based selection, as pointed out by Schawinski et al. (2010). Bér et al. (2017) indeed
used the He 11 diagram to search for nuclear activity in local galaxies in the SDSS Data
Release 7 (SDSS DR7; York et al. 2000, Gunn et al. 2006, Abazajian et al. 2009).

Although the HeI1 line emission is an optimal tracer of AGN activity, there are several
limitations associated with its use. First of all, it is a faint emission line, which is the
reason why the published studies on the topic are few and all limited to the local Universe.
Moreover, it can also be of stellar origin. The He 11 line is indeed frequently observed in
HII regions, associated with young stellar populations and, in particular, with evolved
and massive Wolf-Rayet (WR) stars. However, in presence of WR stars, the He1I line
appears blended with several metal lines, forming the so-called ‘blue-bump’ around
14650A (Brinchmann et al., 2008). Indeed, several studies have also found evidence for
substantial He 11 emission in low-metallicity, SF dwarf galaxies (e.g. Umeda et al., 2022). In
the case of dwarf galaxies some authors have also proposed other ionising sources, such
as X-ray binaries (e.g. Schaerer et al., 2019) and fast radiative shocks (Garnett et al., 1991,
Thuan and Izotov, 2005, e.g.). However, recent observations have revealed the presence of
AGN in several dwarf galaxies (e.g. Mezcua et al., 2016, Mezcua and Dominguez Sdnchez,
2020, Schutte and Reines, 2022), therefore indicating that AGN ionising photons may be
responsible for the He IT emission even in these systems.

Most searches for AGN using optical spectroscopy have so far relied on single-fibre
observations (such as the SDSS). As pointed out in Wylezalek et al. (2017), the SDSS
optical fibres cover the central ~ 3" region of galaxies, where AGN radiation might be
either diluted by other dominant ionisation processes (like star formation), or hidden by
obscuring material and gets unveiled on larger scales, missed by the 3”-apertures of SDSS.
In consequence, the central AGN may not be detected in the central integrated spectrum
of its host, leading to an incorrect classification of the galaxy as non-active. Thanks to
IFU observations (as mentioned in Sect. 1.3), it is now possible to search for weak (less
diluted) and off-centre AGN signatures, such as cases of AGN offset from the centre due
to a recent merger with a non-active galaxy, or of a second off-centre AGN in dual AGN
systems (Greene et al., 2011, Comerford et al., 2012, Comerford and Greene, 2014, Hainline
et al,, 2016, Mannucci et al., 2022). Another possibility might also be a recently turned off
AGN (Shapovalova et al., 2010, McElroy et al., 2016), whose relic ionisation remains visible
at large distance from the centre (Keel et al., 2012, 2015).

In this chapter, we combine the power of integral field spectroscopy using data from
the MaNGA survey (Bundy et al., 2015) with the He 11 diagnostics to identify AGN host can-
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didates. By comparing the AGN samples selected by the He 11 emission and the standard
BPT diagrams, we find that the former is crucial to detect elusive AGN residing in highly
SF galaxies, which are completely missed by the standard BPT classification, therefore
increasing the total number of AGN in our parent sample. In this work, we adopt a flat
ACDM cosmology with Qpy, o = 0.3, Q4,0 =0.7 and Hy =70 km s71 Mpc_l.

2.1 Sample selection and classification

2.1.1 MaNGA data

Our sample is based on the fifteenth data release (DR15) of the MaNGA survey (Mapping
Nearby Galaxies at APO; Bundy et al. 2015, Drory et al. 2015, Law et al. 2015, Yan et al. 2016,
Wake et al. 2017). MaNGA is an optical fibre-bundle IFU (see Sect. 1.3.1) spectroscopic
survey, part of the fourth phase of the SDSS (SDSS-1V; Blanton et al. 2017). The MaNGA
DR15 catalogue consists of spatially resolved data of about 4600 local (z ~ 0.03) galaxies
with a spectral resolution R ~ 3000 over the wavelength range of ~ 3600 — 10300 A , using
multiple (from 19 to 127) fibre bundles. The median effective spatial resolution of MaNGA
data is of 2.54” FWHM (Law et al., 2016), corresponding to ~ 2 kpc at z ~ 0.05, and the
pixel scale is of 0.5”. In our analysis, we use spatially resolved data and measurements of
galaxies (e.g. data and model cubes, emission-line flux maps) provided by the MaNGA
data-analysis pipeline (DAP; Belfiore et al. 2019, Westfall et al. 2019), and take global
properties (e.g. star formation rate, stellar mass) integrated within the FoV, from the
MaNGA Pipe3D value added catalog (Sanchez et al., 2016).

2.1.2 Spatially resolved emission line diagrams

With the aim of comparing the efficacy of BPT and He 11 diagrams in selecting AGN galaxies,
we start dealing with spatially-resolved measurements of emission-line flux of all MaNGA
spaxels. From the MaNGA DAP we select spaxels with a signal-to-noise (S/N) ratio higher
than 3 in [O111], [N 11], HB and Ha for the BPT diagram (BPT spaxels), whereas we require
S/N >5in Hell and S/N > 3 in [N 11], HB and Ha for the He 11 diagram (He 11 spaxels).
We apply a higher S/N cut for the He 11, compared to that for the other lines, in order
to conservatively select only spaxels with a secure He 11 detection and to avoid cases of
putative He 11 line emission that is actually consequence of a strong residual of the stellar
continuum or to contamination from a foreground galaxy (these cases are discussed later
in Sect. 2.1.3.1.)



40 Unveiling hidden AGN in MaNGA star-forming galaxies with He 1114686

These S/N cuts lead to ~2.1 million and ~15200 spaxels for the BPT and He 11 diagrams,
respectively (out of a total of more than 4.3 million MaNGA spaxels). The large discrepancy
(i.e. ~2 orders of magnitude) in the number of high-S/N spaxels resulting from the two
separate S/N cuts (i.e. the BPT-selected versus He I1-selected spaxels) reveals how faint
and rare the detection of the He 11 emission line is, even in the spectra of local galaxies.

To compute line ratios, we use dust-corrected emission line fluxes resulting from the
Gaussian line modelling performed within the MaNGA DAP, except for a few galaxies
which instead need a complete or partial spectral re-fitting. In the case of these objects, we
take single-spaxel emission line fluxes obtained from our re-modelling (see Sect. 2.1.3.2).

2.1.2.1 BPT and He 11 diagnostic diagrams

The top panels of Fig. 2.1 show the [O111]/Hp versus [N 11]/Ha version of the BPT (left
panel) and the He 11 (right) diagnostic diagrams of MaNGA spaxels.

Regions in the two diagrams corresponding to different ionisation mechanisms are
delimited by demarcation lines. In the BPT diagram, the Ke01 and Ka03 lines represent
the theoretical extreme starburst line (Kewley et al., 2001) and the empirical upper limit
to the SF region (Kauffmann et al., 2003), respectively; the S07 line instead separates
LINERs from AGN ionising sources according to Schawinski et al. (2007). Similarly, we
plot separating curves in the He I1 diagram as determined in Shirazi and Brinchmann
(2012): the solid and dashed lines are defined as the limiting curves above which more
than 50% and 10% of the He 11 flux, respectively, is expected to come from an AGN. We
classify spaxels as AGN-like only when they lie in the pure AGN regions of their respective
diagrams: in the BPT, these are the spaxels falling above both the Ke0l and S07 lines,
referred to as BPT AGN spaxels (empty/filled blue circles); while in the He 11 diagram, the
He 11 AGN spaxels are those above the 50% AGN line (empty/filled red squares). Filled
symbols represent BPT and He 11 AGN spaxels meeting the additional requirement of
having S/N(He11) > 5 and S/N([O111]) > 3, respectively. Whereas there is a substantial
difference in number between filled (~3440 spaxels) and empty (~37700 spaxels) blue
circles, almost all He 11 spaxels fulfilling the S/N threshold in He 11 (~12000 spaxels) have
also S/N >3 in [O111] (~11700 spaxels). The grey shading in the background represents
the total sample of MaNGA spaxels as selected by the S/N cut, namely the total BPT (left)
and He 11 (right) spaxels as previously defined.
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Fig. 2.1 Spatially resolved emission line diagnostics diagrams. Top panels. BPT (left) and He11 (right)
diagrams for MaNGA DR15 spaxels. The BPT AGN region is delimited by the KeOl line, defined in Kewley et al.
(2001) as the extreme starburst line, and the S07 line separating AGN from LINER ionising sources (Schawinski
etal., 2007). In the He 11 diagram the dashed and solid SB12 lines represent the limit above which 10% and
50% of the He 11 emission, respectively, is expected to come from an AGN (Shirazi and Brinchmann, 2012). In
each diagram the grey shading represents MaNGA spaxels satisfying the S/N threshold (Sect. 2.1.2). Spaxels
falling in the AGN region of the BPT and He 11 diagrams are shown as circles (BPT AGN) and squares (He 11
AGN), respectively. Filled symbols represent the two categories meeting the additional requirement of having
S/N(He 11) > 5 (~3440 spaxels) and S/N([O 111]) > 3 (~ 11700 spaxels), respectively. Bottom panels. Distribution
of BPT AGN and He1l AGN spaxels in the He 11 (left) and BPT diagram (right), respectively. BPT AGN are
mostly all confirmed by the He 11 diagram, while He 11-selected AGN spread largely also in the SF region of the
BPT diagram.
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2.1.2.2 Comparing the two diagnostic diagrams

Similarly to the analysis performed on integrated emission line flux ratios in Bér et al.
(2017), in the bottom panels of Fig. 2.1 we compare the spatial distributions of AGN spaxels
identified with one diagnostic diagram, within the parameter space of the other diagnostic.
More precisely, we show the distribution of BPT-selected AGN spaxels in the He 11 diagram
(empty/filled blue circles, bottom left panel) and the distribution of He 11-selected AGN
spaxels in the BPT diagram (empty/filled red squares, bottom right panel). Except for a
very few cases, almost all BPT AGN spaxels fall above the 10% AGN demarcation line of
the He 11-diagram, and 82% of the total BPT AGN spaxels is located even above the 50%
AGN line in the He 11 diagram. Such a fraction increases to 100%, if we consider only BPT
AGN spaxels with also S/N(He 11) > 5 (filled blue circles). Therefore, the He 11-classification
overall recovers the BTP-classified AGN. Unlike the BPT AGN spaxels in the He 11 diagram,
the He 11 AGN spaxels are scattered across the BPT plane and extend well into the SF
region, with only 29% of them meeting classification criteria for BPT AGN. Hence, Fig. 2.1
clearly demonstrates the power of He 11 diagnostic in identifying regions with significant
contribution to ionisation from an AGN, which may be erroneously classified as entirely
due to star formation.

2.1.3 Selecting AGN host galaxies in MaNGA

We define a criterion to identify AGN host galaxies based on their content of AGN spaxels
as classified by the emission line diagnostic diagrams in Fig. 2.1. We identify as BPT
(He 11) AGN galaxy candidates those objects with at least 20 AGN spaxels meeting the S/N
threshold, defined for the BPT (He 11) diagram in Sect. 2.1.2. The minimum requirement of
20 AGN spaxels approximately corresponds to one spatial resolution element in MaNGA,
in case of adjacent spaxels. We check contiguity among spaxels at a later stage of the
analysis (see Sects. 2.1.3.1 and 2.1.3.4).

With this definition we obtain populations of BPT and He 11 AGN galaxy candidates
based on the BPT and He 11 spaxels classification, respectively. Among the He 11 AGN
population, some galaxies are also BPT-selected AGN (hereafter BPT&He 11 AGN); while
others are identified as AGN only by the He 11 diagram (hereafter He 11-only AGN), with the
majority of their spaxels located in BPT SF region.

Details on the demography of the different AGN populations are provided at the end
of Sect. 2.1.3.3, after refining our selected sample of AGN galaxies.
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2.1.3.1 Excluding cases of dubious He I1 line emission

As already mentioned, the main problem related to the use of the He 11 emission line
is its faintness, limiting its clear detection to only a small sample of MalNGA galaxies.
From our preliminary selection we obtain 178 He 11 AGN galaxy candidates, most of which
must be rejected because the He 11 emission line at S/N>5 (suspiciously reported by the
MaNGA DAP even in spaxels in the galaxy outskirts) does not appear to be real. By visually
inspecting single-spaxel spectra using Marvin! (Cherinka et al., 2019) and He 11 DAP maps,
we indeed find, in ~50% of the selected galaxies, spaxels with a putative high-S/N He 11,
where the He 11 emission line is actually resulting from either noise, artifacts or strong
residuals after the stellar continuum subtraction.

To identify and exclude these galaxies from our He 11 AGN sample, for each galaxy we
plot the HeI1 flux map and create the ‘subtracted cube’, that is the MaNGA data cube
after subtracting the DAP stellar continuum model. From the subtracted cube and the
DAP emission line model cube? of each galaxy, we then extract the spectrum and the
cumulative emission line model using two different central apertures (i.e. 2.5” and 5.5").
By visually examining both the He 11 flux maps and the integrated spectra, we finally
exclude cases of He 11 non-detection from our preliminary selected sample.

We additionally report on five cases of contamination by a foreground galaxy (8084-
12701, 8158-1901, 8158-1902, 8987-6101, 9194-6104), producing an emission line (likely
Hp) around the He 11 wavelength in the rest-frame of the target galaxy and, therefore,
misinterpreted as the He 11 line by the DAP. These five galaxies are therefore excluded.

2.1.3.2 Need for re-modelling some MaNGA data cubes

By visually inspecting extracted spectra along with their cumulative emission line model
(as previously explained in Sect. 2.1.3.1), we also find 16 MaNGA data cubes of He 11 AGN
galaxies badly fitted by the MaNGA DAP (Table 2.1). We therefore re-model all them by
means of our fitting code described in Sect. 1.3.3.

As described in Sect. 1.3.3, our fitting procedure first models the full data cubes with
PPXF (Cappellari and Emsellem, 2004, Cappellari, 2017), creating dedicated templates for
each contributing spectral component: namely, stellar continuum, AGN continuum, and
line emission from AGN BLR and NLR. Then, the fitting code allows the user to subtract
from the data the total continuum (i.e. stellar plus AGN continuum) and the unresolved

BLR emission, thus creating a subtracted cube containing only spatially-resolved narrow

1Online, interactive tool to search for, access and visualise MaNGA data (https://dr15.sdss.org/marvin/).
2Both stellar continuum and emission line models are stored in the MaNGA model cube produced by the
MaNGA DAP.
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Fig. 2.2 Best-fit results from our spectral re-modelling of the main emission lines in the MaNGA galaxy
9026-9101: He 11, HB and [O 111] emission lines in the upper panel, whereas [O1], [N 11], Ha and [S11] in the
lower panel. In each panel, the subtracted data (black) and the total emission-line model (lightblue) are
extracted from a central 2.5" x2.5" aperture. Two Gaussian components are required to accurately model the
narrow-line emission in this galaxy, one of which is separately shown in orange. Below each main panel, we
show corresponding residuals.

emission lines. At this point, a refined multiple Gaussian modelling of narrow emission
lines can be performed, with no longer contamination from continuum and/or unresolved
emission.

Among the 16 badly fitted MaNGA data cubes, six galaxies are likely type-1.8 AGN
since their Balmer hydrogen lines clearly exhibit a very broad component originating in
the AGN BLR, which the MaNGA DAP is not designed to reproduce. We therefore fully
re-fit these six data cubes (labelled as ‘full’ in Table 2.1), starting from the modelling of
stellar continuum and including also a very broad Gaussian component (o > 1000 km
s71) in the model of permitted lines (i.e. Balmer hydrogen lines and He 11), to account for
the BLR contribution to total line emission. We model stellar continuum with the MILES
extended stellar population templates (Réck et al., 2016), and AGN continuum through
a 1st-degree polynomial. In the remaining ten data cubes instead, no BLR line emission
is present and stellar continuum has been correctly modelled by the MaNGA DAP. We
hence create the corresponding subtracted data cubes (as defined in Sect. 2.1.3.1) and
re-model emission lines only. In eight data cubes, the inaccurate best-fit model is limited
to the faint He 11 emission line, while the other brighter emission lines have been correctly
modelled. So, in these cases we re-fit the He I1 emission line only (labelled as ‘He I’ in
Table 2.1), to obtain a more reliable flux. Two galaxies instead require a re-modelling of
their entire subtracted cube, hence we re-fit all emission lines (‘all lines’ in Table 2.1). In

Fig. 2.2, we plot as representative example the best-fit results of the main emission lines in
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Table 2.1 List of refitted MaNGA data cubes. For each refitted data cube, the columns are arranged in the
following order: (1) plate-ifu ID of the corresponding galaxy, (2) type of remodelling, (3) maximum number of
Gaussian components adopted to model narrow emission line profiles in single-spaxel spectra; (4) He 11-based
classification (AGN or SF) after our remodelling, and (5) identification of He 11-only AGN. In column (2)
we distinguish among full refitting of MaNGA data cubes (full), modelling of all emission lines in MaNGA
continuum-subtracted data cubes (all lines), and re-modelling of the He 11 emission line only (He 11).

Plate-ifu  Refitting ncomp He1r He11-only
ID type max classification AGN
7815-6104 full 3 AGN no
8146-1901 He11 1 AGN yes
8320-9101  alllines 2 SF -
8341-12704 full 3 AGN no
8341-12705 He11 1 SF -
8458-3702 He1l 1 SF -
8465-3701 He1l 1 AGN yes
8615-3701 full AGN 3 yes
8715-3702 full AGN 3 no
8934-3701 He11 1 SF -
8940-6102 He1 2 AGN yes
9026-3701 He1l 1 SF -
9026-9101  alllines 2 AGN no
9487-3702 full 3 AGN no
9487-9102 full 3 AGN yes
9883-3701 He1l 1 SF -
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Fig. 2.3 Representative examples of He 11 emission line associated with WR stars (blue) and with an AGN
(red), respectively. The former is extracted from a WR region in the galaxy 8458-3702 (previously classified as a
WR galaxy by Liang et al. 2020) and shows typical signatures of WR emission (i.e. blue bump around He 11
and bright [Fe 1111 14658); the latter from the nuclear region of the galaxy 8257-12701, identified as He 11-only
AGN, clearly exhibiting a peaked He 11 emission line, AGN classified by the He 11 diagram.

the MaNGA galaxy 9026-9101, as obtained from our spectral re-modelling: the subtracted
data (black) and the total emission-line model (lightblue) have been extracted from a
central 2.5" x2.5" aperture. To accurately model the narrow-line emission in this galaxy,
we use two Gaussian components, one of which is separately shown (orange) in Fig. 2.2.

After the re-modelling, we create flux maps of the main emission lines and correct
line fluxes for dust extinction (Calzetti et al., 2000). At this point, six galaxies (8320-9101,
8341-12705, 8458-3702, 8934-3701, 9026-3701, 9883-3701) are no longer classified as
AGN galaxies (but as SF galaxies) according to the He 11 diagram, so we exclude them.
In Table 2.1, we list the refitted MaNGA data cubes along with the type of remodelling
and the maximum number of Gaussian components used to model narrow emission line
profiles in single-spaxel spectra. For each galaxy, we also indicate whether the He 11 AGN
classification is confirmed after the remodelling, and identify He 11-only AGN galaxies
among such confirmed cases.

2.1.3.3 Search for type-1 AGN and He 11 due to WR stars

We finally look for type-1 AGN in the overall (BPT and/or He 11) AGN sample, and for central
He 11 emission due to WR stars among He 11 AGN galaxies. To identify both categories
we compare the average velocity dispersion (o) of different emission lines within a 5.5"”
central aperture. In particular, we classify as type-1 AGN those with (¢ (Ha)) > 2 (o ([O111]))
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or {(o(Hp)) > 2(o([O11I])), resulting in 13 galaxies. We decide to exclude the type 1 AGN
since we are primarily interested in AGN likely missed by the BPT classification, while
these are very clear, luminous AGN. Furthermore, their data cubes should be refitted (just
like the type-1.8 AGN described in Sect. 2.1.3.2) and the determination of their SFR and
stellar masses would be more uncertain.

Regarding He 11 emission due to WR stars, we find clear evidence for blue blump in
three galaxies He I11-classified as SF after our remodelling (8458-3702, 8934-3701, 9883-
3701), identified as WR galaxies by Liang et al. (2020). In Fig. 2.3, we show for comparison
two spectra over the He 11 wavelength range, respectively extracted from a WR region in
the galaxy 8458-3702 (blue), and from the nuclear region of the galaxy 8257-12701 (red),
classified as He 11-only AGN in our census. Whereas the former spectrum clearly exhibits a
blue bump around the He 11 line along with a bright [Fe 111]14658 typically associated with
WR stars (e.g. Rogers et al. 2021), the latter distinctly shows a peaked He 11 emission line,
classified as AGN-like by the He 11 diagram.

However, we point out that this study does not aim at a rigorous identification of
WR regions within MaNGA galaxies but, mostly, at excluding cases of clear WR He 11
emission originating in the galaxy centre, but misclassified as AGN-like based on the He 11
diagnostic. For this reason, we search in the remaining He 11 AGN sample for signatures of
blue bump only within a central 5.5” aperture, by requiring (o (Hell)) > 2 (o ([O1II])) and
(o (Hell)) > 500 km s™! (indicative lower limit taken from Brinchmann et al. 2008). We
thus tentatively detect one case of blue bump in the central region of the galaxy 8250-6101.
Yet, given the marginal detection of such bump compared to the narrow, nebular He 11

emission line, we decide to retain this in our AGN sample.

2.1.3.4 Final refined AGN sample

Figure 2.4 summarises the demography of the AGN population (and subpopulations),
consisting of 459 AGN host candidates in total (~10% in MaNGA DR15), as resulting
from our selection criterion. Out of the total AGN galaxies, 432 are BPT-selected AGN
(94%), whereas 81 are He 11-selected AGN (18%). In the He 11 AGN subsample, 54 objects
are classified as AGN galaxies also by the BPT (12% and 67% of the total and He 11 AGN
samples, respectively). There are instead 27 He 11-only AGN candidates (6% and 33% of the
total and He 11 AGN samples, respectively), missed by the BPT AGN classification. There
are finally 378 BPT AGN (82%), with no He 11 detection (BPT AGN noHe 11).

In Figs. 2.5 and 2.6, we show spatially resolved maps of every selected He 11-only
AGN galaxy, displaying the spaxel classification according to BPT and He 11 diagrams,

respectively. Bold labels indicate galaxies whose MaNGA data cubes needed some spectral
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Fig. 2.4 Chart summarising the demography of the AGN population selected in MaNGA. In total, we identify
459 AGN galaxy candidates by combining the two diagnostics: 432 (94% out of our total AGN population) are
BPT-classified AGN, while the He 11 diagram selects 81 (18%) galaxies as AGN. 54 galaxies are selected by both
diagrams (BPT&He 11 AGN), corresponding to 12% of the total AGN population, and 27 galaxies (6% of the
AGN population) are instead classified as AGN only by the He 11 diagnostic (He 11-only AGN). Finally, there are
378 BPT AGN (82%), with no He 11 detection (BPT AGN noHe I1).

remodelling (listed in Table 2.1). In BPT maps (Fig. 2.5), we use distinct colours to
distinguish different ionisation mechanisms (Kewley et al., 2001, Kauffmann et al., 2003,
Schawinski et al., 2007): star formation (blue), LINER (green), composite mechanisms
(grey), and AGN (red, globally absent). With the exception of very few isolated red spaxels
in galaxy outskirts (totally negligible), the BPT diagnostic detects no AGN-like emission
in these galaxies, in agreement with our BPT-based classification of these objects as
non-active galaxies.

In a similar way, we use different colours to indicate regions ionised by distinct mecha-
nisms according to the He 11 diagram (Fig. 2.6): star formation (blue) and AGN, for which
we distinguish between a stronger (red, above the 50% curve; see Fig. 2.1 and Sect. 2.1.2.1)
and weaker (orange, above the 10% curve) AGN contribution to the He 11 (Shirazi and
Brinchmann, 2012). In both BPT and He 11 maps, solid black lines are contour levels of
Ha line flux corresponding to 1%, 10%, 50% and 80% values of the respective emission
peak, and a black cross marks the galaxy centre. Coloured spaxels are those meeting the
S/N threshold, as defined at the beginning of Sect. 2.1.2. In addition, we apply MaNGA
DAP masks associated with the flux each emission line, which explains why in a few
maps of Fig. 2.6 the number of red (strong AGN) spaxels is smaller than the 20-spaxel
threshold adopted for our preliminary selection of AGN galaxies (Sect. 2.1.3). Yet, we
retain such galaxies in the He 11 AGN sample since they however show centrally-located,
He 11-classified AGN emission.



2.1 Sample selection and classification

49

8078-6104 8080-1902 8083-12703 8084-12703 8146-1901 8147-1901
_ 54 .« i 104 54 . 51
: “
wn
[SEE 0 0 0 ; 0
)
> e ] _104 e i | -
~10 > 5 s p
1o o 10 5 0 s 10 o 10 10 o 10 5 0 s 5 0 s
x [arcsec] x [arcsec] x [arcsec] x [arcsec] x [arcsec] x [arcsec]
8154-6102 8250-6101 8252-3703 8252-6103 8254-1902 8257-12701
10 4
10 4 . 101 o 101 P 54
g i 54 3 ./-l'
O 01 01 & : 04 04 @ 04
©
> - N
-101 ~10 L TS ‘/_/-\ -3
T T T T T T —10+4 T T T T T T T T T T T T
-10 0 10 -10 0 10 -10 0 10 -10 0 10 -5 0 5 -10 0 10
x [arcsec] x [arcsec] x [arcsec] x [arcsec] x [arcsec] x [arcsec]
8262-9102 8312-12703 8322-6103 8439-6102 8465-3701 8615-3701
10
! loA& . # .*I | |
o ’ 54
(3
n
o 04 0 0 0 0
) s
> _10 E -5
-0 S -10 A -10 A
T T T T T T T T T T T T T T T —10+4 T T T
-10 0 10 -10 0 10 -10 0 10 -10 0 10 -10 0 10 -10 0 10
x [arcsec] x [arcsec] x [arcsec] x [arcsec] x [arcsec] x [arcsec]
8940-6102 8943-1901 8992-6101 9041-9102 9050-3704 9183-12705
10 4 5] 10 4
5 o = = 10 4
[
wn
@ e )
= :
> k) e L —10 A
-10 3 ~10 -
~10 0 10 50 5 10 0 10 10 o 10 -10 0 10 10 o 10
x [arcsec] x [arcsec] x [arcsec] x [arcsec] x [arcsec] x [arcsec]
9487-9102 9494-9102 9871-6101
. 10] 10 4
1°)
(o
"
[SEGE 0
)
> _10
B ~10 A

T T
-10 0 10
x [arcsec]

T T
-10 0
x [arcsec]

T
10

T T

0 10
x [arcsec]

T
-10

Fig. 2.5 Spatially resolved BPT maps of the 27 He 11-only AGN galaxies resulting from our selection (Sect.
2.1.3.4). Distinct colours identify regions ionised by different mechanisms (Kewley et al., 2001, Kauffmann
etal., 2003, Schawinski et al., 2007): star formation (blue), LINER (green), composite processes (grey), and
AGN (red, globally absent). Black lines are contour levels of Ha line flux corresponding to 1%, 10%, 50% and
80% values of the emission peak, and the black cross marks the galaxy centre. Coloured spaxels are those
meeting the S/N threshold (Sect. 2.1.2), and not masked by the MaNGA DAP. Bold labels indicate galaxies
whose MaNGA data cubes needed some spectral remodelling (see Table 2.1).
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Fig. 2.6 Spatially resolved He1l maps of the 27 He 11-only AGN galaxies resulting from our selection (Sect.
2.1.3.4). Distinct colours identify regions ionised by different mechanisms (Shirazi and Brinchmann, 2012):
star formation (blue), strong AGN (red, above the 50% curve; see Fig. 2.1 and related text), and weak AGN
(orange, above the 10% curve). Black lines, black cross and bold labels have the same meaning as in Fig. 2.5.
Coloured spaxels fulfil the S/N threshold (Sect. 2.1.2), and are not masked by the MaNGA DAP
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Overall, spatially resolved diagnostic maps shown in Figs. 2.5 and 2.6 supports the
presence a central AGN and confirms the identification of these objects as He 11-only
AGN. By crossmatching our sample of He 11-only AGN with the AGN catalogue reported
by Comerford et al. (2020), we find that 11 out of 27 (41%) He 11-only AGN are identified
as AGN based on their radio observations (10 objects) and/or mid-IR colours (2), further
supporting the use of He1I to select AGN missed in usual BPT diagnostics. Moreover,
Comerford et al. (2020) classify as AGN also the galaxy 8615-3701, due to the presence
of broad emission lines in its SDSS spectrum. This object is indeed one of the MaNGA
galaxies we identified as intermediate-type AGN and, for this, fully refitted in Sect. 2.1.3.2.

2.1.4 Verifying the AGN-like nature of He 11 line emission

We take advantage of the spatially resolved information of MaNGA to verify the AGN-like
nature of the detected He I line emission. In Fig. 2.7, we plot the radial distribution
(distance from the centre in units of effective radius, Re) of the AGN-like BPT (lightblue)
and He 11 (grey) spaxels. In agreement with the AGN interpretation, the AGN-like He 11
emission mainly originates in the galaxy center. In fact, the BPT AGN spaxels are on
average at a distance of ~ 1.2 R (dashed lightblue line) and located up to ~ 3 Re from the
galaxy centre; while the He 11 AGN spaxels are exclusively found at shorter distances, where
the S/N is high enough to detect He 11, with a mean (dashed grey line) and maximum
radial distance of ~ 0.56 Re and ~ 2 R, respectively.

As a final check on the correct selection of AGN-like spaxels, hence on the overall
identification of He 11-only AGN galaxies, in Fig. 2.8 we plot He 11/Hp ratio as a function of
equivalent width (EW) of Hf (left panel), Ha (middle panel) and [O 111] (right panel) lines,
for all spaxels of He 11-only AGN fulfilling the S/N threshold (they are plotted in Fig. 2.6),
defined in Sect. 2.1.2. In addition, we show the dependence on the [N 11]/Ha ratio using
different colourbars according to their He 11-based classification as SF (star symbols, blue
colourbar), strong AGN (squares, red colourbar), or weak AGN (triangles, yellow-to-orange
colourbar). The He 11/Hp ratios overall decrease at increasing line EWs, with the largest
EWs associated SF spaxels, consistently with EW(H/) values inferred for SDSS SF galaxies
showing WR signatures (Shirazi and Brinchmann, 2012). Such SF spaxels, featured by
low-He 11/Hp and high-EW values, also exhibit the lowest [N 11]/Ha ratios in agreement
with those typical of SF galaxies (Cid Fernandes et al., 2011). In addition to have higher
He11/Hp ratios (as already pointed out by the He 11 diagram), AGN spaxels are instead
overall characterised by larger EW(Ha) (> 10 A) and higher [N 11]/Ha ratios (log([N 11]/Ha)
2 —0.4), consistently with the AGN classification by Cid Fernandes et al. (2011). The few
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Fig. 2.7 Normalised distributions of radial distance (in units of effective radius, Re) from the galaxy centre
for the spaxels separately classified as BPT AGN (lightblue) and He 11 AGN (grey). The He 11 AGN spaxels are
concentrated in the centre, with a mean radial distance of ~ 0.56 R, (dashed grey line), compared to the
BPT-classified AGN spaxels (~ 1.2 Re, dashed lightblue line).

spaxels with slightly lower [N 11]/Ha ratios have however too large He 11/Hp ratios to be
due to pure star formation.

The right panel (i.e. He 11/HS against EW([O 111])) highlights the existence of a separate
population of spaxels at lower values of EW([O 111]). Such a spaxel population might either
identify cases of AGN nuclear continuum detected to some extent, or central spaxels
showing some scattered nuclear emission. We will further investigate this aspect in a
future study.

2.2 Properties of the AGN host galaxies

In Fig. 2.9 we plot the star formation rate — stellar mass diagram (SFR — M,; Noeske et al.
2007, Elbaz et al. 2011, Lee et al. 2015), separately for the distinct AGN sub-populations,
namely the BPT AGN (left panel, blue points), the He 11 AGN (middle, red squares) and the
He 11-only AGN (right, orange triangles) samples, with the grey shading in the background
showing the distribution of SDSS galaxies, whose SFR and M, measurements are taken
from the MPA/JHU catalogue®. To separate the different regions in the plane of SE green
valley (GV) and quiescent (Q) galaxies, we use the demarcation lines from Hsieh et al.
(2017). Measurements of SFR and M, have been taken from the MaNGA Pipe3D catalogue.
In particular, we adopt the integrated SFR estimates derived from single stellar population

3Available at http://www.mpa-garching.mpg.de/SDSS/DR7/.
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Fig. 2.8 He 11/Hp ratio as a function of EWH) (left panel), EW(Ha) (middle panel) and EW(O 111]) (right
panel) for all spaxels of He 11-only AGN (plotted in Fig. 2.6), fulfilling the S/N threshold defined in Sect. 2.1.2.
We also show the dependence on the [N 11| /Ha ratio using different colourbars according to their He 11-based
classification as SF (star symbols, blue colourbar), strong AGN (squares, red colourbar), or weak AGN (triangles,
yellow-to-orange colourbar). The He 11/Hp ratios overall decrease with line EWs, with the largest EWs found
in SF spaxels, consistently with EW(Hp) values inferred for SDSS SFGs showing WR signatures (Shirazi and
Brinchmann, 2012). Such low-He 11/Hf and high-EW(H) SF spaxels also exhibit the lowest [N 11]/Ha ratios
in agreement with those typical of SFGs (Cid Fernandes et al., 2011).

(SSP) models provided by Pipe3D, which are computed from the amount of stellar mass
formed in the last 32 Myr. Since we are dealing with AGN galaxies, SSP-based SFRs are
indeed expected to be more accurate than Ha-based SFRs (SSP- and Ha-based SFR values
are consistent within 50% for SFGs), given the likely significant AGN contamination to the
Ha emission.

Each panel of Fig. 2.9 reports the percentage of AGN galaxies of the respective sub-
sample lying in the SE GV and Q regions. The BPT AGN mainly fall in the GV (45%),
with a considerable fraction (29%) of AGN residing in quiescent galaxies. The He 11 AGN
instead tend to lie on the Main Sequence (MS, 74%), although they are still scattered
across the GV (25%). Finally, the He 11-only AGN exhibit the interesting property of being
all in MS galaxies. All these findings are consistent with those obtained by Bér et al. (2017)
using single-fiber SDSS measurements. However, it is important to note that our selected
He 11-only AGN reside in massive galaxies (M, = 10'° M). This gives us confidence that
we are not including star forming dwarf galaxies, where the AGN presence may be more
questionable and the He 11 emission may originate from different sources, such as hot
massive stars in metal-poor systems (e.g. Umeda et al., 2022).

The discovery through the He 11 diagnostics of an AGN sub-population residing in
massive MS galaxies and missed by the BPT classification points to the unique ability of
the He 11 emission line diagnostic to find elusive AGN hosted by actively SF galaxies. This
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Fig. 2.9 SFR - M, diagram separately for the different AGN populations: the BPT-selected AGN (left, blue
points), the He 11-selected AGN (middle, red squares) and the He 11-only AGN (right, orange triangles). The
gray shading shows the distribution of SDSS galaxies and the demarcation lines separating SE GV and Q
galaxies are taken from Hsieh et al. (2017). Each panel reports the AGN percentage lying in the three distinct
regions. While BPT-selected AGN mostly fall in the GV as found by previous studies, the He 11-selected AGN are
on the SF Main Sequence, with theHe 11-only AGN exclusively residing on the SF Main Sequence.

hence highlights the possible relevant role of the He 11 line emission in the systematic
rest-frame optical search for AGN especially at very high redshift, where the star formation
in MS galaxies is expected to be higher.

In Fig. 2.10 we compare the He 11 line luminosity (Lye ;) in He 11-only AGN to that
of BPT&He 11 AGN selected by both diagnostics. The He 11 line luminosity (as well as
other commonly used lines, such as [O111]) is indeed known to correlate with the AGN
intrinsic luminosity as traced, for instance, by their hard X-ray emission (Berney et al.,
2015). Therefore, it can be used as a proxy for the AGN luminosity. For this purpose,
we compute the total Ly in a given galaxy from the total He 11 line flux obtained by
summing the He 11 flux contained in S/N(He 11)>5 spaxels. Similarly to what obtained in
Bér et al. (2017), we find that the He 11-only AGN are less luminous than the BPT&He 11
ones, with a mean He 11 luminosity (in units of erg s™!) of 39.6 (dashed orange line) and
39.9 (dashed black line) in logarithmic scale, respectively. The mean values inferred in Bar
et al. (2017) for SDSS galaxies are larger (40.7 and 41.1, respectively) but also separated by
a comparable difference of a few dex. This difference in Ly, is likely due to the fact that
the SDSS survey spans a higher redshift range and therefore includes, on average, more
luminous AGN than MaNGA.
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Fig. 2.10 Normalised histogram of the He 11 line luminosity in the BPT&He 11 (grey-shaded) and He 11-only
AGN (orange line). The resulting mean He 11 luminosity of the two AGN populations are respectively of 39.9
(dashed grey line) and 39.6 (dashed orange) in logarithmic scale.

2.3 Discussion

2.3.1 Estimating the number of undetected He 11-only AGN

Previously, we showed that there are 27 galaxies (i.e. 6% of the total selected AGN sample)
classified as AGN only on the basis of the He IT diagram. Such He 11-only AGN represent
about 33% of the overall He I1-selected AGN population and, interestingly, reside primarily
in massive (M, > 10'° M) MS galaxies, where star formation activity plays a primary
role as an ionising source. The intense star formation in the galaxy, combined with the
low-luminosity nature of these AGN, can therefore lead to the missed BPT-AGN selection.
Being more sensitive to AGN emission, the He 11 diagnostics allows us to unveil this low-
luminosity AGN sub-population and to perform a more complete census of the total AGN
population.

However, as already mentioned, the main issue related to the use of the He 11 diagnos-
tics is the faintness of such an emission line. Among our total selected AGN population
(459), we indeed detect the He 11 line in 81 objects only. It is therefore important to esti-
mate how many He 11 AGN we are missing in the MaNGA sample because of detection
limits, so to obtain a less biased estimate of the AGN population. A fraction of this overall
undetected He 11 AGN population is expected to be among the selected BPT AGN which
show no He 11 line emission (cerulean region in Fig. 2.4, 378 objects). Therefore, these
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Fig. 2.11 Distribution of the [O 111] flux (estimated from the total flux of spaxels at radii R < 0.6 R.) for the
different AGN subsamples: both BPT&He 11 classified AGN (filled grey), He 11-only classified AGN (orange
contours), and all BPT-classified AGN (filled lightblue). The vertical, black dashed line represents, for the
BPT-classified AGN, the [0 111 flux adopted as detection limit (Fid%;, ~1.5x 10716 erg s cm™?) for them to
also have an He 11 detection and AGN classification.

are already counted in the total AGN census, whereas we want to estimate the number of
missing He 11-only AGN in MalNGA, not yet included in our total selected AGN sample.
With this aim, we first estimate the MaNGA detection limit for the He 11 line emission
by using the brighter [O 111] line emission as a proxy. Figure 2.11 shows the distribution
of the [O111] emission line flux contained in single spaxels within a central aperture of
radius of 0.6 Re, separately, for the AGN subsample selected by both diagrams (filled
grey histogram; S/N([O111])>3 and S/N(He11)>5), the He11-only AGN population (or-
ange contours; S/N([O111])>3 and S/N(He 11)>5), and the overall BPT-selected AGN (filled
lightblue; S/N([O 111])>3). By comparing the He 11-only and BPT&He 11 distributions, the
former is shifted towards smaller values of [O 111] flux compared to the latter. This be-
haviour is expected since in the He 11-only AGN the star formation dominates over the
AGN, thus producing smaller [O 111]/Hf ratios consistent with ionisation due to star for-
mation. The BPT&He 11 is coincident with the overall BPT AGN selected population above
log(Fion /10" "erg s™1) > 1.5. This is interesting, as it indicates that at high [O 111] fluxes
all BPT-selected AGN are also Hell-selected. However, at lower fluxes the two popu-
lations start to depart and the BPT&He 11 distribution shows a clear cutoff at a flux of
Fin, <1.5x107'% erg s~ cm™ (vertical black dashed line), while the distribution of all
standard BPT AGN keeps increasing to lower [O 111] fluxes. The cutoff in the BPT&He 11
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Table 2.2 Demography of AGN galaxies included in the BPT-selected (first row) and He 11-only-selected
(second row) AGN subsamples. For each subsample, we report the total number of detected objects, and among
these the number below (Npelow—F;;,, ) and above (Napove—F,,,, ) our adopted detection limit (Fjy = 1.5 x 10716
erg s~ cm™2. We show the total BPT-selected AGN population as sum of two distinct contributions, namely,
the BPT&He 11 AGN sample and the BPT AGN with noHe 11 detection (noHe 11).

Total
detected ) Nbelow-Fjy,  Nabove—Fp,
BPT&He I 29 25
BPT AGN 432 noHe 11 376 N
He11-only AGN 27 - 29 5

population is clearly due to the requirement of having He 11 detected. Therefore, we take
the cutoff value (1.5 x 10716 erg s™! cm™2) as the limiting [O 111] flux (Fj;,) beneath which
the He 11 emission is likely missed because of the sensitivity of MaNGA observations.

To count how many He 11-only AGN are missed below this limit, we assume that the
ratio of He 11-only to all BPT AGN below the [O 111] flux limit is the same as above the limit,

namely:
HelIl-only
Hell-only _ ~ above—Fy, BPT _
below—Fjim ~ pfBPT % Nbelow—an =75, (2.1)
above—Fjip,
Hell-only BPT _ BPT _ . .
where Nabove—FHm =5, NabOVe—Flim =27, and Nbelow—Fﬁm = 405, as inferred by comparing

for each object the average [O 111] flux in spaxels within 0.6 R, with Fjy;,. The resulting
demography is summarised in Table 2.2. Among the 75 He 11-only AGN below our adopted
limit, 22 are however detected. Therefore, the undetected He 11-only AGN below Fjy,
are expected to be 53 in total, thus leading to a final overall AGN sample consisting of
512 galaxies. However, we argue that the estimate of 53 missing He 11-only AGN must
be considered as a lower limit to the real number, since such value has been inferred
under the assumption that the ratio of He 11-only AGN to BPT AGN is the same at all stellar
masses. Instead, we know that BPT AGN mainly reside in GV and Q galaxies, which are
typically more massive than SF Main Sequence galaxies, the primary hosts of He 11-only
AGN.

2.3.2 Implications for the AGN census and quenching scenarios

As final step of this work, in Fig. 2.12 we study how the AGN demography in the SFR
— M. plane changes with respect to the initial BPT-based census (first bar chart), after
the inclusion of the He 11-selected AGN (second), and further after the inclusion of the

53 estimated missing He 11-only AGN (third). Each bar chart shows percent fraction of
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Fig. 2.12 Bar charts summarising the demography in the SFR — M, plane of the AGN samples selected by
just the BPT (first bar chart), by combining the BPT and He 11 diagnostics (second), and after including the
AGN population expected to be missing (53) in the He 11-only AGN sample because of sensitivity limits (third);
finally, the predictions from the lllustrisTNG cosmological simulation (fourth). Each grouped bar chart shows
percent fractions, computed with respect to the overall MaNGA sample, of the total AGN (grey) population
and, separately, of the AGN residing in SF (blue), GV (green) and Q (red) galaxies. The filled bars (with red
labels) represent the same categories but only for the galaxies more massive than M, > 10'° M.

the total AGN population (grey) and, separately, of the SF Main Sequence (blue), GV
(green) and Q (red) AGN sub-samples, with respect to the total MaNGA DR15 galaxies
(4656). The filled bars represent the same categories but considering only galaxies more
massive than M, 2> 1010 M, (3297 massive galaxies in MaNGA DR15), since almost all
(93%) He 11-only AGN are found in this stellar mass range. With respect to our initial BPT
AGN census, the He 11 diagnostics leads to an increase by 6% and 24% in our total and SF
Main Sequence detected AGN samples, respectively, further highlighting the poor BPT
efficiency at unveiling AGN in SF galaxies. On the contrary, the GV (4%) and Q (3%) AGN
fractions in MaNGA are not affected at all, being all the selected He 11-only AGN located
on the MS. We assumed the same to be valid for all the 53 He 11-only AGN expected to lie
below the MaNGA detection limit. The inclusion of these 53 objects entails an increase
by about 12% in our total (BPT and/or He 11) AGN sample, and by about 38% in our SF
(Main Sequence) AGN population. These expected new figures represent 11% and 4% in
the overall MaNGA DR15 sample, respectively, corresponding to 14% and 5% for the more
massive case (M. = 101 My). Overall our new census implies a modest increase in the
overall census of AGN with respect to the classical BPT classification (from 9% to 11%),
but the number of AGN on the SF Main Sequence is doubled.
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A substantial number of AGN in SF galaxies compared to GV and Q galaxies points
to a picture where significant star formation and BH accretion are coeval, with a large
amount of gas simultaneously available for both star formation and BH feeding. Such a
correlation between star formation and BH accretion rates is also predicted by cosmo-
logical hydrodynamical simulations (Piotrowska et al., 2022, Ward et al., 2022), such as
MlustrisTNG (Marinacci et al., 2018, Naiman et al., 2018, Nelson et al., 2018, Pillepich
et al., 2018, Springel et al., 2018), SIMBA (Davé et al., 2019) and, to a lesser extent, by
EAGLE (Schaye et al., 2015). To illustrate this in our context, in Fig. 2.12 we also show
the predictions of IllustrisTNG for the redshift z=0 AGN population (fourth bar chart) for
comparison with our observational results. In the simulation, we select as AGN hosts those
galaxies with an Eddington ratio Agqq in the top 20% of all Eddington ratios (A1g4qq > 0.016),
and classify them in SE GV and Q galaxies according to the same prescription used with
MaNGA data (i.e. Hsieh et al. 2017). When comparing our observational results (first to
third bar charts) with the simulation predictions, we can clearly see that the discrepancy
in the fraction of total and SF (MS) AGN starts is mitigated only when adding the He 11-only
AGN to the BPT-selected sample. At the same time, we note that the AGN feedback pre-
scription implemented in IllustrisTNG necessarily dictates an association between high
AGN accretion rates and their location on the star forming Main Sequence. In this model,
AGN feedback is only successful at suppressing global SFR in galaxies when it switches
into the ‘kinetic’ mode at low accretion rates. In consequence, simulated black holes with
high Agqq are expected to almost exclusively reside in galaxies with active star formation.

Finally, we highlight that the existence of a considerable AGN population in SF galaxies
compared to GV and Q galaxies can have important implications for AGN quenching
scenarios (Schawinski et al., 2009). In fact, the remarkably larger fraction of AGN found in
GV and Q galaxies in past studies has always favoured either the scenario in which the
AGN phase is long-lived enough (~1 Gyr) to suppress star formation, and then evolve
towards the green valley and the red sequence, or the scenario in which AGN are able
to immediately quench star formation but becoming detectable only with a delay of
about 100 Myr. Our discovery of a substantial AGN population in SF galaxies, instead
might suggest the scenario in which AGN do not really quench star formation directly
nor instantaneously, but suppress start formation indirectly, on much longer timescales
(~1 Gyr) via ‘preventative’ feedback (Fabian, 2012, Bluck et al., 2020, Trussler et al., 2020,
Piotrowska et al., 2022), namely, by injecting energy into the halo, preventing accretion of
fresh gas, and hampering star formation as a consequence of starvation.
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2.4 Conclusions

We have used the He 11 diagnostics (Shirazi and Brinchmann, 2012) to detect AGN activity
in galaxies observed in the MaNGA survey, hence with spatially-resolved spectroscopy, and
compare the resulting population with the AGN detected via the standard BPT diagrams.

The main conclusions from our study are summarised below.

1. By comparing the spatially-resolved BPT and He 11 diagrams of MalNGA spaxels
(Fig. 2.1), we find that whereas the He 11 diagnostics globally recover the BPT AGN
classification, only 29% of the He 11-selected AGN spaxels are classified as AGN by
the BPT diagram.

2. Based on the spaxel classification according to the two diagnostics, we obtain a
total sample of 459 AGN host galaxies in MaNGA, out of which 432 (94%) are BPT-
selected AGN, whereas 81 (18%) are He 11-selected AGN (Fig. 2.4). In the He 11 AGN
sample, 27 objects (6%) are classified as AGN by the He 11 diagnostics only (He 11-only
AGN), out of which 11 (41%) are identified as AGN based on radio observations (10)
and/or mid-IR colours (2) (Comerford et al., 2020). This further supports the He 11

diagnostic as useful tracer of AGN missed in usual BPT diagnostics.

3. The He 11 AGN-like emission is overall centrally located (within 0.6 R¢) in all He 11-
selected AGN galaxies (Fig. 2.7), thus supporting the AGN-like ionisation of such
He 11 emitting regions. Moreover, the high He 11/Hf and [N 11]/Ha ratios combined
with large EWs (EW(Ha) > 10 A) (Fig. 2.8), compared to pure SF galaxies (Cid
Fernandes et al., 2011), further supports our correct identification of the 27 He 11-
only AGN as real active galaxies.

4. All He11-only AGN reside in SF Main Sequence galaxies (Fig. 2.9) and are less lumi-
nous than the BPT-selected AGN, on average (Fig. 2.10). These lower-luminosity
AGN are overwhelmed by the intense star formation radiation and, therefore, miss
the BPT AGN classification. Furthermore, the He 11-only AGN are mainly found in
massive galaxies (M, > 10'° M,). This rules out the possibility that we are including
SF dwarf galaxies, whose He 11 emission might be due to hot massive stars and X-ray

binaries, especially in case of metal-poor environments (Umeda et al., 2022).

5. Being the HeII an extremely faint emission line, we expect several more AGN to be
below the He 11 detection limit in MaNGA (Fig. 2.11). Under simplifying assumptions,
we estimated a lower limit to the missing population of undetected He 11-only AGN

(53 objects), all assumed to reside in SF galaxies like the objects we detect.
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6. Our inferred, revised AGN census indicates that 11% of galaxies (in MaNGA DR15)
host an AGN, of which 4% on the SF Main Sequence, 4% in the Green Valley and 3%
in Quiescent galaxies (Fig. 2.12). We note that on the SF Main Sequence the number
of AGN is doubled with respect to the simple BPT classification. If we restrict the
census to galaxies more massive than M, > 10'° M, then we infer that the AGN
population rises to 14%, of which 5% on the SF Main Sequence, with the the Green
Valley (5%) and Quiescent (4%) AGN populations unaffected.

7. The presence of a substantial number of AGN in SF galaxies compared to GV and
Q galaxies is consistent with expectations of cosmological simulations (Piotrowska
etal., 2022, Ward et al., 2022). It may also have important implications on quenching
scenarios, possibly supporting the picture where AGN feedback on star formation
is not instantaneous (i.e. inefficiency of the ejective mode) but, if anything, has a

delayed, preventive quenching effect, likely via halo heating.

With a view to exploring high redshifts at unprecedented high resolution and sensi-
tivity with JWST and upcoming VLT facilities (ERIS and MOONS), novel emission-line
diagnostics are fundamental to investigate the ionisation conditions of the high-redshift
Universe, featured by highly SF and/or metal-poor environments. As our observational
study has demonstrated for actively SF galaxies, photoionisation models (Nakajima and
Maiolino, 2022) also show that BPT are likely to incorrectly identify the dominant ionisa-
tion mechanism in metal-poor galaxies at z 2> 4 — 5, highlighting instead the efficiency of
optical He 1114686 and UV He 11A11640. The crucial role of He 11 diagnostic in the search
for hidden AGN at high redshift is indeed confirmed by first JIWST/NIRSpec observations
in z > 3 galaxies, exhibiting prominent He 11 line emission which reveals their AGN na-
ture (Maiolino et al., 2023b, Perna et al., 2023, Ubler et al., 2023). Finally, we point out
the greater feasibility of the He 11 diagnostics compared to other BPT-alternative AGN
tracers, such as the rarer and fainter optical coronal lines (e.g. [Ar X] 15533, [SXI1]A7609,
[Fe X1]17982, [Fe Xx1v]A5303; Gelbord et al. 2009, Molina et al. 2021, Negus et al. 2021, 2023,
Reefe et al. 2022).






Chapter 3

The optically elusive, changing-look

active nucleus in NGC 4156

This chapter reports on the discovery of the optical CL active nucleus of the galaxy NGC
4156, showing how CL transitions can make clearly visible even this well-known optically
dull’ AGN. By comparing optical spectra from different epochs, we observe spectral changes
pointing to a double type transition, and speculate on its possible origin. Thanks to the
appearing of broad' BLR Ha and HB components, we also provide first single-epoch es-
timates of BH mass, bolometric luminosity and Eddington ratio for NGC 4156. Based on
data acquired with other undergraduate students of the Universita degli Studi di Firenze, at
the Telescopio Nazionale Galileo on La Palma (Canary Islands). Adapted from Tozzi et al.
(2022), A&A, 667, L12.

As reviewed in Sect. 1.1.2, AGN galaxies are commonly classified into type-1 and type-2
systems, depending on the presence or not of broad BLR emission lines (FWHM > 2000
km s™!) in their optical spectra. According to the standard AGN model (Sect. 1.1.2.1), these
two AGN classes are are consequence of a dusty and gaseous torus differently oriented
towards the observer, which shields BLR emission in type-2 (obscured) AGN but not in
type-1 (unobscured) AGN (Antonucci, 1993, Netzer, 2015). Intermediate types (1.5 or 1.8)
can then result from the combination of viewing angles and a clumpy distribution of the
obscuring material of different optical depths (Goodrich, 1989).

In recent years, the discovery of an increasing number of CL AGN undergoing type tran-
sitions within a few years or months has highlighted the limits of the standard paradigm
(Sect. 1.1.2.3). In the optical, CL AGN are typically identified through the appearance

In this chapter, the adjective ‘broad’ always refers to broad-line emission (FWHM > 2000 kms™}),
originating in the AGN BLR, as opposed to ‘narrow’ indicating narrow-line emission from AGN NLR.
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(disappearance) of broad BLR components in Ha and H line profiles in previously known
type-2 (type-1) AGN (e.g. Denney et al. 2014, Shappee et al. 2014, Raimundo et al. 2019).
The local Seyfert NGC 1566 is one of the first CL AGN ever discovered (Pastoriza and Gerola,
1970). Its variability has been widely studied from the optical, to the UV and X-ray energies,
revealing a dramatic variability of emission line profiles and recurrent brightening events
(Alloin et al., 1986, da Silva et al., 2017, Oknyansky et al., 2019, Oknyansky, 2022). The
changing state of NGC 1566 was interpreted as the result of a luminosity increase, which
causes the sublimation of dust in the line of sight, previously obscuring part of the BLR.
However, in spite of the increasing number of newly discovered CL AGN (a few tens), the
physical mechanism at their origin is still under debate.

In this chapter, we present the serendipitous discovery of the galaxy NGC 4156 as
a new intriguing CL AGN. NGC 4156 is a face-on, barred spiral galaxy (SBc; Nieto and
Tiennot 1984) at z = 0.0226 (for a luminosity distance of 100 Mpc, Alam et al. 2015), whose
AGN nature is implied by X-ray observations (Elvis et al., 1981, Guainazzi et al., 2005).
Based on its optical narrow-line emission, NGC 4156 has been classified as a LINER (low-
ionisation nuclear emission-line region; Kennicutt 1992, Nisbet and Best 2016) galaxy;,
with no definitive optical AGN signatures. In particular, the SDSS Data Release 6 (Adelman-
McCarthy et al., 2008) spectrum of NGC 4156, taken in 2004, is devoid of both a bright
AGN continuum and broad Ha and Hf components. The mass of the supermassive BH in
NGC 4156 is estimated to be log(Mp;/Mg) = 7.7 (Nisbet and Best, 2016) via the Mgy — 0 «
relation (McConnell and Ma, 2013), with the stellar velocity dispersion o, measured in the
SDSS data (0. = 155.2kms™!). Radio emission from NGC 4156 was also detected during
the Very Large Array (VLA) FIRST survey (Wadadekar, 2004), with a radio flux density at
an observed frequency vyps = 1.4 GHz of 2.93 mJy, corresponding to a radio luminosity
LiacHz = 10377 ergs™!. The radio source is estimated to lie 1.04” apart from the AGN
location (Wadadekar, 2004).

Elvis et al. (1981) was the first to report the detection by the Einstein Observatory High
Resolution Imager of compact, probably variable, X-ray emission of roughly 10*? erg s
in the optically ‘dull’ NGC 4156 galaxy. The optical spectrum taken with the Multiple
Mirror Telescope was displaying the weakest emission line fluxes of any known X-ray
active galaxy at that time but a Hf/ Lx ratio, however, was observed to be consistent with
previous results.

In April 2019, we observed NGC 4156 within an observing campaign led by under-
graduate students of the University of Florence (UNIFI, Italy) at the Telescopio Nazionale
Galileo (TNG) located at the Roque de Los Muchachos (La Palma, Canary Islands). The
optical spectrum acquired with the spectrograph DOLORES (Device Optimized for the
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LOw RESolution) has given the first clues about the ongoing state transition of NGC 4156
from a type-2 towards a type-1 AGN (see Fig. 3.1). Therefore, new TNG/DOLORES obser-
vations of NGC 4156 have been recently performed (PI: E. Lusso), with longer exposure
times and at higher spectral resolution, aimed at confirming the CL. AGN nature of NGC
4156 and at robustly modelling the broad-line component of Ha and Hf to estimate the
BH mass and the accretion rate of the source. This chapter presents these TNG/DOLORES
observations obtained in 2019 and 2022, which together lead to the discovery of NGC 4156
undergoing a double changing-look transition: first, from a type-2 (in 2004) towards a
type-1 (i.e. type-1.5 in 2019), and then backwards towards a type-2 (i.e. type-1.8 in 2022).

3.1 TNG/DOLORES observations of NGC 4156

First TNG/DOLORES observations of NGC 4156 were carried out on April 28 2019, as part
of a multi-year campaign planned and performed by UNIFI undergraduate students in
Physics and Astronomy, within a course of introductory observational astrophysics (Lusso
et al., 2022) I took part in during my Master’s studies. To date, this program has targeted
89 nearby (z < 0.2), bright active and non-active spiral galaxies to perform both imaging
and low-resolution spectroscopy with different facilities. Since 2010, 74 galaxies have
been observed at the 1.5m Cassini telescope in Loiano (operated by the INAF Bologna,
Italy), 2 at the 1.8m Copernico telescope in Asiago-Ekar (INAF Padova, Italy), and 13 at the
3.6m TNG telescope. These observations aimed at measuring galaxies’ apparent diameter
(from imaging) and redshift (from spectroscopy), to estimate the Hubble parameter Hj.
Additional goals were to get estimates of SFR and Mgy, in case of AGN galaxies.

Within this observing program, we acquired spectroscopy of NGC 4156 with DOLORES
using the low-resolution LR-B grism (R ~ 580), covering the wavelength range 3000—
8400 A. In these observations, NGC 4156 was targeted together with the brighter, nearby
galaxy NGC 4151, by placing the 1”-slit along the direction joining the two nuclei, with an
exposure time (300 s) tailored to the latter, the primary (brighter) target of the observations.
The seeing varied between 0.5” and 1.5”.

Whereas NGC 4151 data were reduced in 2019 immediately (showing no unexpected
features), the first data reduction for NGC 4156 was performed in 2022, revealing un-
expected hints on its transition from a type-2 to a type-1 AGN. After such a discovery,
we followed up the galaxy on May 28" 2022 with DOLORES using the 1.5” slit and two
different spectral setups: (i) LR-B grism with an exposure time of 1200 seconds; (ii) VHR-R
grism (6300-7700 A; R ~ 2500) with exposure time of 1800 seconds. The average seeing
was 1.5".
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Fig. 3.1 Comparison of the SDSS 2004 spectrum (red) with the spectra acquired at the TNG. The TNG/LR-B
data observed in 2019 and 2022 are represented by blue and black lines, respectively; while the TNG/VHR-R
2022 spectrum by a green line. Data are shown in the observed frame.

3.1.1 Datareduction

We reduced the LR-B TNG spectra of NGC 4156 taken in 2019 and 2022 with the open
source data reduction pipeline PYPEIT (Prochaska et al., 2020, 2022, v1.9). The data
reduction follows the standard procedure, including bias subtraction and flat fielding,
removal of cosmic rays, sky subtraction, extraction of the 1D spectrum and wavelength
calibration. Wavelength calibration was derived from the combined helium, neon and
mercury arc-lamps in the vacuum frame, and a quadratic polynomial function was used
to fit the pixel-wavelength data. The resulting dispersion from the wavelength calibration
is AA = 2.72 A/pixel for both spectra with an rms < 0.1 pixel and ~ 0.15 pixel for the 2019
and 2022 data sets, respectively. The nuclear integrated spectra were extracted using a
pseudo-slit of 1.5” x 4" centered on the galaxy centre (PA = 39° and PA = 0° for the 2019
and 2022 data, respectively). A standard star with known spectral type was observed
during both the 2019 (HD 121409) and 2022 (Feige 66) observing nights to account for
telluric absorption and flux calibration, whose data were reduced with the same pipeline.

The reduction of the VHR-R data was performed with a custom-made pipeline, since
this grism is not currently supported in PYPEIT. The custom pipeline uses some routines
from MAAT (MATLAB Astronomy and Astrophysics Toolbox, Ofek, 2014). It includes all the
standard corrections listed above for PYPEIT. The wavelength calibration was performed
as for the LR-B data. The resulting dispersion is AA = 0.78 A/pixel. The telluric correction
and the flux calibration were performed with the IDL software XTELLCORR (Vacca et al.,
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2003). The nuclear integrated spectrum was extracted using a pseudo-slit of 1.5"” x 4"
centered on the galaxy center (PA = 0°). To test the robustness of our pipeline, we also
reduced the 2019 and 2022 LR-B data, obtaining results fully consistent with the Pypelt
output.

The final 1D TNG LR-B and VHR-R observed spectra are shown in Fig. 3.1 together
with the archival SDSS data. From a first visual comparison, the TNG/2019 spectrum
clearly shows a broad Ha component (FWHM=4000 km s~ 1) unlike the SDSS spectrum,
and a similar broad component seems to be present for the HB emission line as well.
Additionally, the TNG/2019 spectrum displays a rise of the continuum at A < 5500 A,
likely due to thermal emission from the accretion disc around the supermassive BH.
Interestingly, the rising continuum is no longer detected in the TNG/2022 data, whilst the
broad Ha component is still clearly observed. We will discuss these results in Sect. 3.4.

3.2 Spectral analysis

We fit the four 1D spectra of NGC 4156 (i.e. the SDSS 2004, the TNG/LR-B 2019, and the
TNG/LR-B and VHR-R 2022) with both our fitting code (described in Sect. 1.3.3, here
employed in a simplified version to handle single 1D spectra) and QSFit (Calderone et al.,
2017). Specifically, the SDSS data and the two LR-B spectra are fitted over the wavelength
range 4500-8000 A, while the VHR-R one over the range 6250-6800 A. Being the results
obtained from the two fitting algorithms fully consistent, we adopt the best-fit results
from our fitting code, which allows to fix emission-line components of different lines to
the same kinematics (useful to model broad-line emission; see Sect. 3.2.1).

As described in Sect. 1.3.3, we first model full spectra with pPXF (Cappellari and
Emsellem, 2004, Cappellari, 2017), building dedicated templates for the various spectral
components: namely, stellar continuum, AGN continuum, and emission lines from the
AGN BLR and NLR. After that, we subtract from the data the overall continuum (i.e. stellar
and AGN continuum) and BLR emission, and perform a more accurate modelling of
narrow emission lines only, aiming at checking whether narrow-line emission is subject to
variability as well. Details on the two steps of the spectral modelling are provided below.

Figures 3.2-3.5 show the best-fit modelling of the four available full spectra: data are
shown in black, with the total best-fit model and individual model components drawn on
top in red and different colours (see plot legend), respectively. In all spectra, we model the
stellar continuum (orange) using the MILES extended stellar population models (R6ck
et al., 2016); whereas we employ the semi-analytic templates of Kovacevic et al. (2010)

to reproduce broad Fe 11 emission lines (light green) originating in the AGN BLR, when
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Fig. 3.2 Best-fit modelling with pPXF of the full TNG/VHR-R spectrum of NGC 4156. Data are shown as
solid black line along with the full best-fit model (red) and the separate models for each spectral component
(different colours, see the legend). A 1st-degree polynomial is here used to reproduce the AGN contribution to
the continuum emission.

detected. As shown in Fig. 3.3, a prominent Fe 11 component is required to properly model
the steep increase of the continuum emission in the bluest part of the LR-B 2019 spectrum,
but it is absent in the other spectra, except for a paltry contribution to the total emission
around 53004 in the LR-B 2022 spectrum (Fig. 3.4).

As mentioned in Sect. 1.3.3, pPXF gives the possibility of including an additive nth-
degree polynomial to either adjust the continuum shape to the observed data, or account
for any additional continuum component. Whereas a 1st-degree polynomial is sufficient
to properly reproduce the faint AGN continuum in the SDSS and VHR-R spectra (black
dashed line in Figs. 3.5 and 3.2, respectively), it is not appropriate for the steeply rising
continuum in the bluest part of the 2019 spectrum (see Fig. 3.3). Therefore, we specifically
create a set of broken power law templates with independently-variable slopes (Fy « 1%,
with —3.5 < a1, @2 < 0). To reduce the number of templates, we fix the break point of all
templates to 5800 A, as resulting from the 2019 best-fit obtained with QSFit. In the LR-B
2022 data instead, the AGN continuum cannot be well constrained, being overwhelmed by
the almost flat stellar continuum over the entire wavelength range 4500-8000 A (Fig. 3.4).
Nonetheless, we expect an AGN continuum component to be present as well, since the
LR-B 2022 continuum remains at a higher flux level with respect to the SDSS 2004 one (see
Fig. 3.1), which cannot be due to a variation in the stellar component. The comparison
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between the 2022 LR-B and VHR-R best-fit results for the AGN continuum further points
out the degeneracy of this template in the 2022 data, especially its strong dependence on
the fitted wavelength range (cfr. Figs. 3.2 and 3.4).

The main emission lines detected in the covered wavelength range are the Balmer
hydrogen lines Ha and Hp, and the forbidden lines [O 111]A14959,5007, [O 1]A16300,64,
[N 11]AA6549,83, and [S11]A16716,31. In this chapter hereafter, we will refer to the brighter
doublet component (i.e. [O111]A5007, [O1]A6300 and [N 11]16583) as [O111], [O1] and
[N 11], respectively. Two narrow (o of a few hundreds km s™!) Gaussian components are
necessary to properly reproduce the NLR contribution to each emission line (lightblue
line); whereas an additional broad (¢ > 2000 km s~!) Gaussian component is included to
account for any possible BLR contribution to the Ha and Hp line profiles (dark green line;
not present at all in the SDSS spectrum, Fig. 3.5). Each set of (broad or narrow) Gaussian
components is constrained to have the same kinematics (i.e. same v and o).

In Tables 3.1-3.4, we summarise the main line-emission properties for the four exam-
ined optical spectra of NGC 4156, as inferred from our spectral analysis: observed flux F,
equivalent width (EW) and velocity dispersion o. All best-fit parameters are shown along
with their statistical errors resulting from the fit, which are likely to underestimate the real
uncertainty. This is true especially for the broad Ha and Hf measurements (Table 3.1),
which strongly depend on the best-fit model of continuum emission (discussed in Sect.
3.2.1).
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Table 3.1 Observed flux, EW and o of broad BLR Ha and Hf components, as resulting from our modelling
of the full spectra with PPXF. The row ‘2022/LR-B"’ lists the parameters for the broad Ha obtained from the
re-modelling of the LR-B 2022 spectrum over the VHR-R wavelength range (i.e. 6250-6900 A).

Year Fiig EWp 4 Fg, EWh,  Ofag
[1071% ergs™! cm™2] [A] 107 ergs™! cm™2] [A] [km s~}
2004/SDSS - - - - -
2019/LR-B 37.1+0.2 22.21+0.4 62.6+0.2 42.0+0.7 3690+16
2022/LR-B 9.2+0.3 6.5+0.6 37.1+£0.4 24+2 2110£30
2022/LR-Bt - - 56.8+0.4 38+4 2460+30
2022/VHR-R - - 64.6+0.2 42.9+0.3 2694+17

3.2.1 Modelling of broad-line emission

In Table 3.1, we list the main properties inferred for the broad BLR components of Ha and
Hp emission lines. By comparing results obtained for the two 2022 spectra, we notice that
the broad Ha flux and EW values measured in the VHR-R 2022 spectrum are larger by a
factor of ~1.7 than the corresponding LR-B 2022 values. Such a difference is due to the
different resolution and fitted wavelength range. The higher-resolution VHR-R data indeed
allow us to detect and model even the shallower wings of the broad Ha, and also to better
decompose the Ha+ [N 11] line complex. In fact, by re-modelling the LR-B 2022 spectrum
only over the VHR-R wavelength range (i.e. 6250-6900 A; see lower right panel of Fig. 3.4),
we obtained a best-fit globally similar to the VHR-R one: the level of the AGN continuum
has changed, being now reproduced by a similar 1st-degree polynomial, and the broad
Ha component has become consistent with its corresponding VHR-R counterpart. The
best-fit results for the broad Ha from this re-modelling are labelled as 2022/LR-B' in Table
3.1. This simple check demonstrates how sensitive the broad BLR components are to the
level of the total continuum, which in turn strongly depends on the fitted wavelength
range (compare the right panels of Fig. 3.4).

On other hand, the 2022 broad Hp flux is smaller by a factor of ~4 than in 2019 (con-
sequently, the EW as well). This apparent dimming is likely consequence of degeneracy
effects between the faint broad Hf and the other spectral components (such as FeI1)
which significantly contribute in the HS wavelength range. These are mainly the AGN
continuum and Fe 11 emission in the 2019 spectrum; and the stellar continuum in the LR-B
2022 data. Moreover, the modelling of the faint broad Hf is further complicated by dust
extinction, expected to affect the HS wavelength range more than that around Ha, which
is also intrinsically brighter than Hf. Constraining the broad Hf to the same kinematics
of the brighter, broad Ha helped us better disentangle the broad Hf component, although
it has not solved the problem definitely. In fact, it is likely that we have overestimated
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Table 3.2 Observed flux, EW and o of the NLR emission in Ha and Hf profiles, as inferred from our refined
modelling of the subtracted spectra (Sect. 3.2.2).

Year Fiis EWhs  Ohp Ey, EWYN, O}
10" ergs~! cm™?] [A] kms™'] [107P ergs™' cm™?] [A] [kms™}]
2004/SDSS 6.2+0.3 5.1+0.2 220+10 28.5+0.6 21.4+0.3 23010
2019/LR-B 8+3 4.8+0.1 310+40 36+11 24.3+0.3 30040
2022/LR-B 8.9+1.6 6.3+0.1 360+90 3245 21+6 310+90
2022/VHR-R - - - 37.4+0.6 24.8+0.1 220+10

Table 3.3 Same as Table 3.2 for the [O111] emission line.

Year Fiouy EW(o 1y O[01]
[1071° ergs™! cm™2] [A] [km s™}]
2004/SDSS 7.6+0.3 6.2+0.4 290+10
2019/LR-B 10.6+3 6.3£0.1 310+40
2022/LR-B 12+2 8.4+0.1 440+90
2022/VHR-R - - -

the 2019 broad Hp flux, as suggested by the unreliably small value of the broad Balmer
Decrement (BD; [Ha/ Hﬁ]B'2019 ~ 1.7) compared to that computed for the narrow compo-
nents ([Ha/ H,B]N'2019 = 4.5+ 1.4) and the theoretical one (~ 2.87). Similarly, we caution
on the 2022 broad HB measurements, although leading to an apparently reasonable value
of broad BD ([Ha/HpB]B?%%2 = 4 + 2, which implies a significant level of dust extinction)

when combined with the corresponding broad Ha flux.

3.2.2 Modelling of narrow-line emission

To check whether any variability affects the narrow-line emission as well, we rely on the
refined modelling of the subtracted spectra (phase III; see 1.3.3), obtained after subtracting
the overall continuum and BLR (Fe 11 and broad Balmer components) emission from the
data. As in the first modelling with PPXF, [O111], [O 1] and [N 11] are fitted as doublets with
a fixed flux ratio of 3 between the two components. This refined modelling confirms that

Table 3.4 Same as Table 3.2 for the main forbidden emission lines within AA =6400-6800 A.

Year Fin EWiny oNu  Fisumerie EWismerie  Osmerie Fismerst EWismers1  Osme7st
no'Serg (Al  [kms'] [1075erg Al kms™'] (1075 erg (Al [km s~}
stem™ s7lem™? s~ em™?)

2004/SDSS | 28.8+0.5 22.0+0.3 280+10 9.1+0.4 7.0£0.3 27010 9.4+0.4 7.2£0.3 290+10
2019/LR-B 30£10 21.0+£0.2 300+40 11+5 7.8£0.1 290+40 11+4 7.9%0.1 300+40
2022/LR-B 2945 18.7+£0.6 360+90 762 5.1+0.4 330+90 8+4 5.4+0.7 320+90
2022/VHR-R | 34.9+0.4 24.2+0.1 270+10 9.7+0.4 6.7+0.1 290+10 10.7+£0.4  7.4+0.1 290+10
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two Gaussian components are confirmed to be enough to properly reproduce the narrow-
line emission profiles in all spectra except for the LR-B 2022 one, which requires a third
component to optimally reproduce simultaneously the narrow profiles of all emission
lines. In doing so, we correctly model both a faint blue wing in the [O 111] profile and the
peak of the blended [S 11] doublet, whose two components are instead well resolved in the
LR-B 2019 due to the narrower slit (i.e. 1” against 1.5” in 2022), translating into a higher
spectral resolution.

In Tables 3.2-3.4, we show the best-fit results obtained from the refined modelling of
narrow-line emission in Ha and Hp profiles (Table 3.2), as well as in all detected forbid-
den emission lines (Tables 3.3 and 3.4). Since narrow-line emission has been modelled
with multiple Gaussian components, the narrow ¢ values (o) have been computed
as moment-2 of the overall narrow line profile. In contrast with broad-line emission,

narrow-line emission is not seen to vary across different epochs (see Sect. 3.3.2).

3.3 Results

The multi-epoch spectroscopic observations of NGC 4156 presented in this chapter has
led to the discovery of its nature as CL AGN, as revealed by the appearance of BLR Ha and
Hf components in 2019, which suggests a global transition from a type-2 towards a type-1
since 2004. In addition, the appearing (in 2019) and subsequent disappearing (in 2022)
of the blue rising continuum hints at a further evolution backwards to a type-2, overall
making this galaxy extremely interesting to study.

The appearance of BLR emission offers us the possibility to infer first single-epoch
estimates of fundamental AGN properties such as BH mass (Mpy), bolometric luminosity
(Lbo1), Eddington ratio (Aggq = Lbol/ Lrdd), and characteristic radius of the BLR (RprRr)
using optical spectroscopic data. Considering all the issues related with the modelling
of the faint broad Hf component in low-resolution (LR-B) spectra (discussed in Sect.
3.2.1), all inferred AGN properties rely on the VHR-R measurements of the brighter broad
Ha (Sect. 3.3.1). Moreover, all the luminosity/flux values presented in the following are
corrected for intrinsic dust extinction (Calzetti et al., 2000): for the 2019 estimates we
adopt the 2019 NLR BD ([Ha/HB]N219 = 4.5 + 1.4), whereas for the 2022 ones the 2022
BLR BD ([Hoc/Hﬁ]B'2022 =4+2). A50% uncertainty has been considered on the BLR BD
value to account for the systematic errors due to the uncertainty on the BLR components,
strongly depending on the continuum best-fit (see Sect. 3.2.1). As a consequence, the
narrow-line measurements are expected to be affected as well although to a lesser extent
(~30% uncertainty assumed on the NLR BD).
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3.3.1 Single-epoch estimates of AGN properties

We derive the single-epoch estimate of Mgy from the VHR-R 2022 data, whose higher res-
olution enables more accurate measurements of the broad Ha component. Following the
prescription by Greene and Ho (2005), we estimate Mgy to be equal to (1.4 +0.1) x 108 Mg
(i.e. log(Mpp/Mo) ~ 8.1) from the VHR-R o7, (=2690 km s™!) and broad Ha luminosity
(LEI o~ 19X 10*! erg s71). Such a value is remarkably similar to the one predicted by the
Mgy — 0 relation based on the SDSS data.

For the 2019 and 2022-epoch estimates of Ly, we apply an optical bolometric correc-
tion at 4400A of 5.0 (Duras et al., 2020) to the AGN continuum luminosity (A Lssg0). Given
the difficulty in constraining the AGN continuum directly from the spectral modelling
(discussed in Sect. 3.2), we compute A L4009 by making the following assumption. Since we
do not expect that the stellar continuum has varied since 2004, we subtracted the best-fit
stellar continuum obtained from the 2004 spectrum to the LRB 2019 and 2022 ones. We
then consider any additional emission at 4400 A as the AGN continuum. From the values
of ALsago (AL390 ~ 4.8 x 103 erg s™! and AL2932 ~ 4.1 x 10** erg s™!), we obtain the bolo-

4400
metric luminosity values of L2019 = (2.4+1.2) x 10** ergs™! and L2%7* = (2.1+1.1) x 103 erg
s~!, where 50% errors are driven by the uncertainty on the bolometric correction. From
the inferred values of Mgy and L], we compute the Eddington ratio corresponding to
the epochs 2019 and 2022, )L%%hg ~(0.015 and /llzg?izdz =~(.001, respectively.

Elitzur et al. (2014) proposed that the AGN broad-line emission follows an evolutionary
sequence from type-2 to type-1 (and backwards), through intermediate states, as the
supermassive BH accretion rate increases (decreases). Such spectral evolution is described
by the parameter Ly,q)/ Méﬁ’ (Lpol and Mpy in units of erg s~ and Mo, respectively), where
values larger than 35 are typical of BLR emission. From a qualitative comparison with Fig.
1 in Elitzur et al. (2014), we expect NGC 4156 to be compatible with a type-1.2/1.5 in 2019
(log(L201/ M21?) = 39.0), whereas more with a type-1.8 in 2022 (log(L2%3/ M31?) = 37.9),
given the factor of ~10 of difference between our 2019 and 2022 Ly, estimates. The rough
type-1.8 classification for the 2022 epoch is also supported by the 2022 value of LEI 0™~ 104
ergs~! (Stern and Laor, 2012). This suggests that in 2019 and 2022 we might have observed
NGC 4156 in two distinct intermediate phases of its round-trip evolution along the type
sequence.

We finally estimate Rg;r from the AGN continuum luminosity at 5100 A (ALs10o) via

the Hp reverberation time lag calibrated by Bentz et al. (2013), as

log(Rprr/11t-day) = 1.527 + 0.53310g(A L5100/ 10**ergs™), 3.1)
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Fig. 3.6 [N11]- and [S11]-BPT diagrams with line-flux ratio measurements for the 4 spectra of NGC 4156:
archival SDSS 2004 (circle) and our TNG LR-B 2019 (square), LR-B 2022 (diamond) and VHR-R 2022 (blue
marker) spectra. The VHR-R 2022 points have been obtained by combining the measurements of x-axis and
y-axis ratios from the VHR-R and LR-B 2022 spectra, respectively. Solid and dashed black lines, separating
between different ionisation regimes, are taken from Kewley et al. (2001, 2006) and Kauffmann et al. (2003).
For clarity, we plot only the error bars relative to the TNG/LR-B 2022 measurements, comparable to the
TNG/LR-B 2019 ones, while the SDSS 2004 (< 9%) and TNG/VHR-R (< 6%) are too small to be appreciated.

By taking our best constrained value of A Ls¢, that is from the 2019 best-fit model of AGN
continuum (ALs09 = 1.3 x 10%3 erg s™1), we find Rgrg ~ 11 light days. Since the NLR likely
extends up to a few hundreds of parsecs (see Egs. 1, 2 and 3 Bennert et al., 2002), the
narrow lines are expected to vary on a timescale much longer than the time frame spanned
by these observations (2004-2022), consistently with no significant change observed in
the narrow-line emission of NGC 4156 since 2004 (see Sect. 3.3.2).

3.3.2 Constant (ambiguous) narrow-line emission in NGC 4156

As shown in Sect. 3.2.2, no significant variation of narrow-line emission has occurred from
2004 to 2022 as opposed to BLR emission. As a consequence, all narrow-line ratios confirm
the previous classification of NGC 4156 as a Seyfert/LINER galaxy (Nisbet and Best, 2016),
occupying all the same intermediate region of BPT diagrams (see Fig. 3.6). In Fig. 3.6
we show the [N 11]- (left panel) and [S11]-BPT diagrams (right panel) with the line-flux
ratio measurements obtained for the 4 available optical spectra: the archival SDSS data,
and our TNG spectra acquired in 2019 (LR-B) and 2022 (LR-B and VHR-R). The VHR-R
2022 points combine the measurements of x- and y-axis ratios from the VHR-R and LR-B
2022 spectra, respectively. For clarity of the plots, we only represent the errorbars on the
TNG/LR-B 2022 measurements, which are compatible with the LR-B 2019 ones, whereas
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the SDSS 2004 (< 9%) and TNG/VHR-R 2022 (< 6%) uncertainties on the flux ratios are
too small to be appreciated in the two diagrams. The solid and dashed black lines are
defined in Kewley et al. (2001, 2006) and Kauffmann et al. (2003), and separate regions
in the diagrams dominated by a different source of ionisation. In the [N 11]-diagram, all
points lie in the AGN region but they are still consistent within the uncertainty with the
composite region, where ionisation can be due to either SF (i.e. HII regions) or an AGN, or
a combination thereof. The situation is very similar in the [S11]-BPT diagram, with all the 4
measurements compatible with the previous LINER classification, but also consistent with
an AGN (Seyfert) or SF as primary ionising source. As a consequence of this inconclusive
BPT-based classification, the appearance of broad Ha and Hf components represent the
first clearl optical signatures of the AGN residing in NGC 4156.

3.4 Discussion and conclusions

In this chapter, we have presented our serendipitous discovery of NGC 4156 as a CL AGN,
undergoing a double type transition: first, from a type-2 towards a type-1 (1.5 in 2019),
and now getting back to a type-2 (1.8 in 2022). Optical TNG data taken in 2019 have indeed
revealed the appearance of a BLR component in the Ha and Hp line profiles, together
with a rising blue continuum. The BLR components have been confirmed by our 2022
follow-up observations, whereas the rising continuum has disappeared. In both 2019 and
2022, the broad Ha is bright and well detected, whilst the broad HB emission line is barely
detected and harder to identify, especially in 2022 (see Sect. 3.2). This suggests that in
2019 and 2022 we have caught NGC 4156 in two intermediate states (Osterbrock, 1981) of
its 2-to-1 type round-trip evolution (Elitzur et al., 2014).

The spectral evolution and type transitions observed in the optical over the last twenty
years might be the result of variable dust absorption, shielding the central AGN along the
line of sight, or changes in the accretion rate. To test the variable absorption scenario, we
compute the crossing time (f.oss) Of an intervening screen orbiting the BLR. Assuming
a Keplerian orbit of radius R¢oug = 3Rprr (LaMassa et al., 2015) and our Ha-based Mpy
estimate, we obtain #.;oss ~ 4 years. Since NGC 4156 has not yet fully transitioned back to a
type-2 in a time of 3 years (i.e. 2019-2022), the shielding of the nucleus seems to be a viable
scenario. Even though we have approximated estimates of the NLR BDs in all epochs,
such values are not necessarily representative of the BLR extinction, which is unknown
in 2004 and 2019, and might also affect the continuum. We can only estimate the 2022
BLR BD, considering a ~50% systematic uncertainty (as discussed at the beginning of Sect.
3.3).
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On the other hand, the inferred 2019 and 2022 values of Ly, and Agqq suggest a
decreased accretion activity in NGC 4156, which might explain the recent flattening of the
continuum emission. Moreover, a systematic analysis of a large number of intermediate-
type AGN with Ly, < 10** erg s™! (e.g. Stern and Laor, 2012) has demonstrated that these
systems should be classified as low-luminosity unobscured AGN rather than as obscured
type-2 objects and, consequently, any observed change possibly ascribed to a variable
accretion rate. In spite of the unlikely nature of NGC 4156 as a fully unobscured AGN
(BD> 3.5 1in all epochs), its 2019/2022 emission is consistent with that of optically-selected
type-1 AGN in the Loy — LEI o Plane (Fig. 8 in Stern and Laor, 2012). Except for the 2019
bright phase, the low-luminosity AGN nature of NGC 4156 is also supported by the low
contrast between the AGN and the host galaxy, with the latter overwhelming the AGN
continuum in 2004 and 2022 data.

Further insights into the observed variability of this source may arise at X-ray energies.
At the time of our 2022 TNG follow-up, there were no archival X-ray pointed observations
of NGC 4156, which, however, falls in the field of NGC 4151 in 9 different XMM-Newton
observations (from 2000 to 2012). A preliminary analysis of these data reveals some degree
of X-ray variability of NGC 4156. Interestingly, new XMM-Newton data (June 2022, PI: E.
Lusso) show no clear signs of absorption. Therefore, if absorption is the main responsible
for the observed change in the optical, such obscuring material is not attenuating the flux
at higher energies. We defer a more detailed analysis of the X-ray properties of NGC 4156
to a dedicated publication.

In conclusion, the discovery of NGC 4156 as a CL AGN makes this galaxy worthy
of further investigations. Ongoing optical and X-ray monitoring of this galaxy with the
Asiago telescope (PI: L. Casetti) and XRT-Swift (PI: R. Middei), respectively, will allow us to
constrain the duty cycle of the nuclear activity and to shed light on the mechanism driving
the type transition in NGC 4156, clarifying the role played by variable dust absorption.
Such a monitoring will also reveal whether (and possibly when) the galaxy will revert to a
type-2 AGN. Polarization monitoring campaigns might also bring crucial information on
the geometry and composition of the nuclear reprocessing regions as well as on the AGN
inclination (e.g. Goodrich, 1989, Hutsemékers et al., 2019, Marin and Hutsemékers, 2020).






Chapter 4

Comparing MUSE and KMOS panoramic
IFU spectroscopy of NGC 6240

This chapter presents unpublished results on an ongoing multi-phase IFU study of the
local galaxy merger NGC 6240, known to host a double AGN. Combined MUSE Wide Field
Mode and KMOS mosaic observations offer an unprecedented panoramic view of the optical
and near-IR emitting gas, which allows us to study the properties of multiple gas phases,
with a primary focus on ionised and warm molecular gas and their corresponding outflow
components. These will be complemented in future with the mapping of the neutral atomic
gas phase, and compared with the cold CO-molecular phase studied in previous works.
Merger and interactions of gas-rich galaxies are thought to be crucial triggers for both
nuclear activity and starbursts (e.g. Kennicutt and Keel 1984, Norman and Scoville 1988,
Barnes and Hernquist 1996, Genzel et al. 1998), thanks to the enormous concentration
of gas funneled into the merger nucleus. The resulting starburst and AGN can then also
influence each other: winds driven by starbursts can indeed provide the necessary fuel
to ‘feed’ the central accreting BH (e.g. Canalizo and Stockton 2001), and gravitational
torques can remove angular momentum from shocked galactic gas (Barnes and Hernquist,
1991, 1996), allowing further accretion of gas on the BH, which finally activates a bright
AGN. Most of merging systems are luminous infrared galaxies (e.g. Sanders and Mirabel
1996), with the brightest ones referred to as Ultra-Luminous Infrared Galaxies (ULIRGs;
Lig > 102 Ly), powered by strong starburst (Genzel et al., 1998) and/or AGN (Nardini et al.,
2010). While in the local Universe ULIRGs most commonly occur in (rare) gas-rich major
mergers (Veilleux et al., 2002), they represent a widely spread population of galaxies at
high redshift, where the rate of merging events is higher and the gas reservoir of galaxies

larger.
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Therefore, ULIRG systems in the local Universe are unique laboratories to get impor-
tant insight of: ongoing major mergers (so common at high redshift but rare locally),
through which galaxies evolve and grow in mass; and the complex and powerful mecha-
nisms featuring systems at the cosmic noon (z ~ 2; Madau and Dickinson 2014). Being
similar in properties to high-redshift luminous and dusty galaxies, local ULIRGs also
offer the opportunity to investigate properties of outflows and their feedback effects on
kpc scales. In the past, several works have proven the existence of multi-phase (ionised,
neutral, and molecular) outflows in ULIRGs (e.g. Veilleux et al. 2013, Arribas et al. 2014,
Cicone et al. 2014, Cazzoli et al. 2016, Fluetsch et al. 2019, 2021), but have mostly focused
on a specific gas phase or employed observations at a spatial resolution larger than 1
kpc, not high enough to trace outflows accurately. High-resolution and multi-wavelength
observations are therefore necessary to get a detailed, full picture of outflows (e.g. Emonts
et al. 2017, Pereira-Santaella et al. 2018, Perna et al. 2020, Cicone et al. 2020; as discussed
in Sect. 1.2.3).

Starbursts, AGN radiation, and shocks produced by fast outflows are all mechanisms
potentially responsible for gas ionisation and excitation in ULIRGs. In this respect, near-IR
observations can potentially greatly enhance the study of the physical conditions of the
ISM in these sources. Indeed, being rich of gas, local ULIRGs allow us to detect also near-IR
faint H, emission lines, tracing warm molecular gas (7 ~ 100 K), and [Fe 11]A1.64um line
emission, one of the main tracer of shock excited gas. Similarly to optical BPT diagrams,
differentiating among various gas ionisation mechanisms (see Sect. 1.1.3 and Chapter 2),
near-IR emission-line ratios can be combined to investigate excitation properties of warm
molecular gas, and to identify the presence of shocks (e.g. Mouri 1994, Larkin et al. 1998,
Riffel et al. 2013, Colina et al. 2015), as employed in several works (e.g. Ramos Almeida
et al. 2009, Mazzalay et al. 2013, Scharwéchter et al. 2013, Maiolino et al. 2017, Riffel et al.
2020, 2021a,b).

Despite the recognised importance of galaxy mergers as discussed above, their complex
and short-lived nature prevents us from a clear understanding of the entire process, even
at low redshift (i.e. z < 0.1). A rare opportunity to study the transient phase between the
first encounter and the final coalescence of two interacting galaxies is NGC 6240, one
of the most impressive galaxy mergers in the local Universe (z = 0.02448; Downes et al.
1993), known to host (at least) a double AGN (see Sect. 4.1 and references therein). This
chapter presents unpublished results from an ongoing work, aiming at completing the
first study of the large-scale (tens of kpc) kinematics and spatial distribution of ionised,
neutral atomic, and warm molecular gas in NGC 6240, by combining archival MUSE
Wide Field Mode (WFM) and KMOS mosaic observations at the Very Large Telescope
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(VLT). We will study ionisation and excitation gas properties, and trace different gas phase
components of outflows. Results from literature on X-ray UFOs (Mizumoto et al., 2019)
and CO-based cold molecular outflows (Saito et al., 2018) will be compared to our findings
on warm molecular and ionised gas phases, to finally get one of the most completed
multi-phase description of AGN outflow achieved so far. In this thesis, we hence present
first inferred results on ionised and warm molecular phases, based on MUSE and KMOS

IFU observations.

4.1 NGC 6240: alocal merger hosting a double AGN

NGC 6240 is considered the prototypical galaxy merger in the local Universe (z = 0.02448;
Downes et al. 1993), caught in the rare transient phase between the first encounter and
the final coalescence of two merging gas-rich spirals (e.g. Fosbury and Wall 1979, Tacconi
et al. 1999, Engel et al. 2010). This galaxy has been investigated at all wavelengths (e.g.
Max et al. 2005, Feruglio et al. 2013, Nardini et al. 2013, Wang et al. 2014, Scoville et al.
2015, Ilha et al. 2016, Yoshida et al. 2016, Miiller-Sanchez et al. 2018, Fabbiano et al. 2020,
Treister et al. 2020, Fyhrie et al. 2021, Medling et al. 2021, Paggi et al. 2022).

At a distance of 97 Mpc (Genzel and Cesarsky, 2000), NGC 6240 represents the local
counterpart of gas-rich merging galaxies widely populating the high-redshift Universe.
With Lig = 10118 L, (Wright et al., 1984), NGC 6240 falls just short of the formal limit
defining the ULIRG class. HST images show a large-scale morphology dominated by tidal
arms characteristic for mergers past first passage (Gerssen et al., 2004). Two distinct galaxy
nuclei, with a projected separation of about 1 kpc are seen at optical (e.g. Gerssen et al.
2004, Rafanelli et al. 1997, Kollatschny et al. 2020), IR (e.g. Scoville et al. 2000, Koss et al.
2018) and radio wavelengths (e.g. Beswick et al. 2001, Gallimore and Beswick 2004, Max
et al. 2007). In the optical through IR, the angular separation between the two nuclei
decreases toward longer observing wavelengths, suggesting heavy dust extinction in the
nuclear region. Each nucleus has been discovered to host an heavily obscured AGN,
detected in hard X-rays with Chandra (Komossa et al., 2003), at 5 GHz (Gallimore and
Beswick, 2004) and at 3-5 u (Risaliti et al., 2006, Sani et al., 2008). Yet, Lutz et al. (2003) and
Armus et al. (2006) estimate that AGN contribute less than half (perhaps only 25%) of the
total luminosity of NGC 6240. To date, we do not know the exact location of the optical/IR
counterpart of the two radio AGN, since these are separated by about 1.5” (~700; e.g. Max
et al. 2007), while the two bright near-IR/optical spots by about 1.8” (~900 pc; e.g. Koss
etal. 2018).
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NGC 6240 presents one of the strongest near-IR H» line emission found in any galaxy,
with a luminosity Ly, ~ 10° L, (Joseph et al., 1984). Several studies have mapped H,
line emission in the inner (~1 kpc) region (e.g. Tanaka et al. 1991, van der Werf et al.
1993, Sugai et al. 1997, Tecza et al. 2000, Ohyama et al. 2003, Bogdanovi¢ et al. 2003, Max
et al. 2005, Engel et al. 2010, Ilha et al. 2016), pointing at shock excitation as dominant
mechanism. Based on the relative intensity of H, and CO(2-1) emission, Ohyama et al.
(2003) conjecture that the shocks occur due to a superwind outflowing from the southern
nucleus colliding with the molecular gas concentration. Using archival K-band IFU AO-
assisted data (acquired with NIFS at the Gemini North telescope), Ilha et al. (2016) found
evidence for different H, excitation mechanisms taking place: whereas shocks might be
dominant between the two nuclei, the H, line emission seems to be mainly due to thermal
processes in correspondence of and close to both two nuclei, possibly originating from
gas heating by X-ray AGN radiation.

4.2 KMOS and MUSE observations of NGC 6240

In this section, we present unpublished H- and K-band KMOS observations (PI: G. Cresci)
and archival MUSE WFM of NGC 6240. In Sect. 4.2.1, we also describe the reduction of
KMOS datasets, while we took from the ESO archive the MUSE WFM data cube already
reduced. Figure 4.1 shows over an optical HST image of NGC 6240 the FoV of our H- and
K-band KMOS mosaics (32.5” x 16.3”; red rectangle) and of the archival MUSE WFM data
(60" x 60”; blue square) employed in this work.

4.2.1 Near-IR H- and K-band KMOS small mosaic

H- and K-band KMOS observations of NGC 6240 were acquired in small mosaic mode (see
Fig. 4.1), using the eight available KMOS IFUs to fully map NGC 6240 over a 32.5” x 16.3"
region (pixel scale of 0.2”), through nine consecutive telescope pointings with H and K
gratings, respectively. H- and K-band KMOS grating cover 1.46-1.85 um and 1.93-2.46
pm, with a spectral resolving power R ~ 4000 and R ~ 4200, respectively. Part (i.e. two
thirds) of K-band observations were acquired in September 2013 (PI: G. Cresci, program
ID 60.A-9461(A)) as part of the KMOS Science Verification (SV). The K-band mosaic was
then completed in April/May 2015, along with the full acquisition of the H-band mosaic
(PI: G. Cresci, program ID 0.95.B-0145(A)). The nine consecutive pointings composing
each KMOS mosaic were obtained in two integrations of 380 sec (for a total of 760 sec) with

the H-band grating, and a single integration of 720 sec in K band. Within each observing
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Credit: NASA/ESA

Fig. 4.1 Optical HST image of NGC 6240 overlapped with red and blue contours indicating the FoV of our H-
and K-band KMOS mosaics (32.5" x 16.3") and archival MUSE WFM data (60" x 60" ) employed in this work.

block (OB), a pattern O-S-O-0-S-0O, alternating object (O) and sky (S) frames, was followed
to minimise sky subtraction residuals. The airmass varies between 1.12 and 1.27 (1.15
and 1.77) among different exposures within the H-band (K-band) dataset. Standard stars
were observed for telluric correction and flux calibration: three distinct A-type stars were
observed shortly before or after each science K-band OB, being taken in distinct nights;
two B-type stars were targeted during the two nights in which H-band OBs were acquired.

We reduce the data using the ESO Reflex KMOS pipeline (v. 3.0.1). We correct both H-
and K-band observations for atmospheric transmission measured from corresponding
standard star observations, by selecting the following options use_molecfit/calctrans
= false and telluric_and_response_correction = 0 in the Reflex workflow. Sky
subtraction is optimised by setting to true both sky_tweak and stretch parameters of
the recipe kmos_sci_red. Finally, we combine (kmos_combine recipe) all single recon-
structed reduced cubes (relative to distinct IFUs from different OBs), with the parameter
edge_nan = true which sets the edge values of each cube to Nan before combining
them, to minimise unwanted border effects when dithering. H-band reconstructed cubes
are combined in the full mosaic recovering the correct shifts from the WCS information
stored in the header of every IFU (method = header). Instead, we combine K-band
reconstructed cubes using method = user, where shifts are specified by the user and
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Table 4.1 Observations of NGC 6240 used in this chapter. From left, columns list: IFU spectrograph, grating
(in case of KMOS data), observed wavelength range, FoV; pixel scale, total exposure time (exp), instrumental
PSF (Opsr) corresponding to each dataset, measured as FWHM of a 2D Gaussian profile fitted to the light
distribution of observed stars. For KMOS mosaics, we report the average Opsp value measured from dedicated
PSF stars observations, targeted in distinct nights; for MUSE data, we measure it from a bright star lying
within the MUSE FoV.

Spectrograph Obs date grating A range FoV pixscale  fexp Opsk
[A] [arcsec?] [pix/"] [s] [arcsec]
KMOS 2013 Sept 25, 27 K 19300-24600 32.5x16.3 0.2 720 0.56
2015 Apr 29
KMOS 2015May 17,28 ~ H  14600-18500 32.5x 16.3 0.2 760  0.45
MUSE 2016 Jun 10, 11 - 4800-9300 60 x 60 0.2 4800 0.87

given in input to the recipe. This is necessary since the K-band cubes from the third OB
require a 4-pixel shift along the horizontal direction, with respect to WCS coordinates, to
be correctly aligned with other cubes.

We point out the presence of horizontal blank stripes in the final reduced H- and
K-band mosaic data cubes. These are consequences of a reconstruction issue due to a
mismatch of calibration frames with respect to the science exposures. Unfortunately, such
an effect was not known (hence not corrected) at the time of these observations.

From reduced images of the standard stars, we measure the mean PSF associated to H-
and K-band KMOS mosaics, by fitting a 2D-Gaussian to the observed flux distribution. We
thus obtain a mean PSF (fpsp) of 0.45" and 0.56” in H and K bands, respectively, measured
as FWHM of the 2D Gaussian profile.

4.2.2 Optical MUSE Wide Field Mode observations

We downloaded the publicly available, reduced MUSE WFM data from the ESO Science
Portal. Such observations were taken in June 2016 within the observing program 0.95.B-
0482 (PI: E. Treister), in two consecutive nights. The MUSE WFM maps a 60" x 60" FoV
(see Fig. 4.1) with a 0.2 pixel scale, and covers the wavelength range 4300-9800 Awith
a resolving power varying from R = 1770 (at 4800 A) to R = 3590 (at 9300 A). The final
reduced MUSE data cube is the result of the combination of two distinct OBs, consisting
of two (NDIT) integrations of 1200 sec each, for a total exposure of 4800 sec (i.e. 2 OBs
x 2 NDIT x1200 sec). We measure the PSF of these MUSE observations as FWHM of a
2D-Gaussian fitted to the light distribution of a bright star within MUSE FoV (Opsg = 0.87").

In Table 4.1, we summarise main characteristics of KMOS (H- and K-band) and MUSE
observations of NGC 6240, used in this chapter.
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4.3 Data analysis

We analyse all three datasets of NGC 6240 observations with our fitting code described in
Sect. 1.3.3. In the next subsections, we provide details on the spectral fitting separately for
optical MUSE data cube and near-IR KMOS mosaics. Given the higher spectral/spatial
resolution of KMOS, which is also less affected by dust extinction with respect to MUSE
observations, we use near-IR emission lines to measure the redshift of the southern nu-
cleus of NGC 6240!. From the peak of the brightest near-IR emission lines (i.e. [Fe 11]11.64
and H,(1-0)S(1); see Sect. 4.3.2), we measure a redshift of z —0.0242. This redshift is used
in the following to shift spectra from observed to rest frame and to set galaxy systemic
velocity, with respect to which all line velocities are computed.

4.3.1 MUSE WFM data cube

Considering the large amount of obscuring material, we see no BLR emission from NGC
6240. Therefore, we skip phase I of our fitting procedure (see sect. 1.3.3), and start from
phase II with the modelling via pPXF (Cappellari and Emsellem, 2004, Cappellari, 2017)
of full MUSE spectra over the optical rest-frame range 4700-9300 A. The main spectral
components we detect in this optical range: stellar continuum and emission lines from
diffuse ionised gas. Figure 4.2 displays three distinct spectra extracted with a 0.6” x 0.6
aperture, centred on different regions of the FoV marked with coloured crosses in the right-
hand map. Different highlighted regions correspond to: the southern and northern nuclei
(black and pink cross, respectively), and a more external region (light blue), where stellar
continuum emission is no longer detected, but line emission is still bright. On the right,
we show an integrated flux map obtained by collapsing spectral channels of Ha+[N 11]
emission lines (i.e. rest-frame 6520-6620 A); a mean level of continuum emission has
been subtracted, measured from two spectral ranges (i.e. rest-frame 6410-6510 A and
6630-6680 A) adjacent to the line multiplet.

Since we initially aim at properly modelling continuum emission separately from
emission lines to finally remove it, we perform the pPXF fit on binned spaxels using a
Voronoi tessellation (Cappellari and Copin, 2003), obtained by requiring a mean S/N>20
per spectral channel on continuum emission within the rest-frame range 5250-5450 A,
where no emission lines are found. For the stellar continuum, we use the MILES extended
stellar population models (Réck et al., 2016), and add an additive 3rd-degree polynomial

to better model the continuum shape. In our modelling, we mask the spectral region (rest-

'Unfortunately, the northern nucleus falls in one of the blank stripes of KMOS mosaics mentioned in
Sect. 4.2.1 (see also Sect. 4.3.2 and Fig. 4.5).
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Fig. 4.2 MUSE spectra of NGC 6240, extracted with a0.6" x0.6" aperture centred on three different positions on
the FoV (marked with coloured crosses in the right-hand map), corresponding to: the southern and northern
nuclei (black and pink, respectively), a more external region (light blue) where stellar continuum emission is
no longer detected. On the right, we show an integrated flux map obtained by collapsing spectral channels of
the bright Ha+[N 11] multiplet (i.e. rest-frame 6520-6620 A); a mean level of continuum emission has been
subtracted, measured from two spectral windows (i.e. rest-frame 6410-6510 A and 6630-6680 A) adjacent to
the line multiplet.

frame 5850-5920 A) around the line multiplet of He 115876 line emission and absorption
Na1DAA5890,96 line doublet. In fact, unlike Ca11triplet18498,8542,8662 triplet absorption
well reproduced by stellar templates, the Na1DAA15890,96 line doublet exhibits a strong
absorption, which reveals a significant gas contribution, in addition to that from stellar
atmosphere. The NaID absorption feature also remarkably varies in shape across the
FoV, showing prominent blue and/or red wings, which point to the presence of neutral
atomic outflows in NGC 6240. Since the He 1+Na 1D emission/absorption line multiplet is
a spectral feature very complex to model (see e.g. Perna et al. 2020), we will model it in
future separately to investigate also neutral atomic gas in NGC 6240, and trace outflows in
this gas phase.

Within the fitted rest-frame wavelength range (i.e. 4700-9300 A), we detect many emis-
sion lines (see Fig. 4.2): hydrogen Balmer lines Ha and Hf, and several forbidden lines
among which [0 111]14959,5007, [0 1]A16300,64, [N 11]16548,83, [S11]A6716,31 line doublets
and [S111]A19069. Emission line profiles are extremely diverse and complex from spaxel to
spaxel, requiring up to four Gaussian components to accurately model simultaneously
all emission lines and properly reproduce detailed high-S/N line profiles. Via a KS test
(see Sect. 1.3.3), we then select the optimal (minimum) number of components to model
line emission in each spaxel, finding that three or four components are selected in most
spaxels, given the complexity of gas kinematics in NGC 6240.
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After removing stellar continuum emission, we focus on the refined modelling of
emission line profiles in the resulting MUSE subtracted cube. Four Gaussian components
are confirmed to be necessary to simultaneously reproduce all emission line profiles,
accounting for very complex shapes and asymmetries. Therefore, as done in the previ-
ous modelling of full spectra with pPXF, we fit all subtracted spectra with a number of
Gaussian components ranging from 1 to 4, and then select the statistically best multi-
Gaussian modelling via a KS test. In the line fitting, brighter emission lines (i.e. Ha, HS,
[0111]44959,5007, [O1]A6300, [N 11]A46548,83, [S11]A6716,31) are fitted first, with Gaussian
profiles variable in flux and kinematics (i.e. flux, mean velocity v and velocity dispersion
o as free parameters); then, fainter ones (i.e. [N1]A15198,5200, [N 11]A5755, [0 11]A7320,30,
[Ca11]A7291,7324, [Ni11]A7378, [S111]A9069) are fitted with Gaussian components fixed to
the best-fit v and o values obtained for bright lines, hence re-scaled only in flux. Given
the large number of emission lines detected, such an approach reduces the number of
free parameters, and also avoids that fainter low-S/N emission lines might influence the
best-fit kinetic parameters.

The complexity and diversity of the emission line profiles across the MUSE FoV reflect
the intricate gas kinematics in NGC 6240, as a result of different kinetic components
possibly contributing in this galaxy: disk rotation, AGN NLR, tidal streams and outflows. A
detailed and accurate identification spaxel-by-spaxel of each component contribution to
total line emission is hard to achieve, and also beyond the purpose of our study, which
primarily aims at investigating outflows in NGC 6240. Therefore, we define the following
criterion to identify Gaussian components likely associated with ionised outflow emission
(classified as ‘broad’), isolating them from all other components (generically referred to
as ‘narrow’). Such a preliminary classification will be then confirmed by the resulting
kinematics (see Sect. 4.4.1). Our classification criterion relies on the fact that outflows
are typically responsible for broader and higher-velocity line emission (see Sect. 4.4.1)
compared to the other possible components, usually producing narrow line emission
close to galaxy systemic velocity or compatible with disk rotation. Hence, we first define
a threshold value of velocity dispersion (o' max = 250 km s™!) to automatically classify as
narrow all components with 0 < 0. Those with o > o, are instead subject to further
checks. In each spaxel requiring multiple components, we identify the one closest in
velocity to stars and calculate its displacement from stellar velocity (A Viin); if not yet, this
component is classified as narrow. Remaining components are then identified as narrow

1

if their absolute velocity displacement from stars is less than |A Vi,in[+50 km s™*, where

the additional 50 km s~ shift allows for further small discrepancies.
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Fig. 4.3 MUSE subtracted spectra of NGC 6240, extracted from random spaxels (green cross in first-column
Ha maps) with a SIN>20 on all emission lines shown. For all spectra, we draw the total emission-line model
(light blue), and total broad model (orange) as sum of all broad-classified components. Vertical red and grey
dashed lines correspond to stellar and galaxy systemic (set to 0 km s™!) velocities (coinciding in some cases).
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Fig. 4.4 H- and K-band KMOS data of NGC 6240 in upper and lower panels, respectively. The left panels show
full spectra extracted with a 0.6" x 0.6" aperture from three different regions (coloured crosses in right-hand
maps): the southern and northern nuclei (black and pink, respectively), and a more external region (light
blue) with only emission lines detected. On the right, are shown flux maps obtained by collapsing spectral
channels around [Fe 11]A1.64 and H»(1-0)S(1) (i.e. within rest-frame 1.638-1.649 um and 2.119-2.126 um
ranges) in H and K band, respectively. Horizontal white stripes are a reconstruction issue due to a mismatch
between calibration and science frames (see Sect. 4.2.1).

In Fig. 4.3, we show subtracted spectra extracted from random spaxels (marked with
a green cross in first-column Ha maps) with a high S/N (>20) on all emission lines
shown (see labels on each column displaying spectra). Only spectral ranges of brighter
emission lines are shown to highlight the resulting decomposition into broad and narrow
components: the orange line shows the total broad-component model, while the light
blue line is the total emission-line (i.e. broad + narrow components) model. Vertical red
and grey dashed lines correspond to stellar and galaxy systemic velocities (they overlap in
some plots).

4.3.2 KMOS H- and K-band data

In Fig. 4.4, we show H- and K-band spectra of NGC 6240, extracted from KMOS data cubes

using a 0.6” x 0.6 aperture centred on the northern and southern nuclei (pink and black,
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respectively), and on an off-nuclei region, where we detect only line emission. Right-hand
maps have been obtained by collapsing the emission contained in spectral channels
around [Fe 11]11.64 and H3(1-0)S(1) emission lines (i.e. within rest-frame 1.638-1.649 ym
and 2.119-2.126 ym ranges) in H- and K-band data cubes, respectively. Horizontal white
stripes are a consequence of a reconstruction issue due to an undesired mismatch between
calibration and science frames. Unfortunately, the centre of the northern nucleus falls
exactly in one of these blank stripes. So, we extract an integrated spectrum from the bright
northern region, as close as possible to the expected location of the northern nucleus
(pink cross in upper-right map). As shown in left-hand panels, H-band spectra present
several [Fe1l] and He1 lines, among which the [Fe11]A11.64 and He111.75 are brightest
ones, respectively. We also detect a couple of faint atomic (Br11) and molecular (Hy(1-
0)S(9)) hydrogen lines. In K-band spectra instead, we observe a wealth of roto-vibrational
transitions of molecular hydrogen. The brightest ones are H,(1-0)S(1), H2(1-0)S(3), Ha(1-
0)S(2) emission lines; also H»(1-0)Q(1) and H»(1-0)Q(3) lines appear quite bright, but
fall in a noisy region of most KMOS spectra. Additionally, we detect atomic Bré and
Bry hydrogen lines, as well as He 1A12.07 emission line. Around 2.3um, CO 2.29um band
absorptions are well visible.

We fit KMOS H- and K-band data cubes separately, over the rest-frame wavelength
range of 1.48-1.81 ym and 1.93-2.34 um, respectively. As done with MUSE data cube,
we apply a Voronoi tessellation requiring an average S/N>5 per spectral channel within
1.556-1.641 yum and 2.132-2.245 um (rest-frame) in H- and K-band spectra. We model
stellar continuum emission via the single stellar population (SSP) models at high spectral
resolution from Maraston and Strombéck (2011). Due to possible residual effects from
data reduction, we also include in the pPXF fit an additive 3rd-degree polynomial (as done
for MUSE data), and a 10-degree multiplicative polynomial to help SSP models reproduce
continuum emission at best (e.g. Baldwin et al. 2018). Unlike optical counterparts, near-IR
emission lines require up to three Gaussian components as a likely consequence of the
lower S/N of KMOS data compared to MUSE, in spite of the higher nominal spectral
resolution of near-IR KMOS spectra (R ~ 4000 against R ~ 3000 of MUSE).

After the removal of the best-fit continuum model, we notice that, especially in nuclear
H-band spectra, the level of residual continuum emission is not constantly to zero as
expected, and significant (both positive and negative) residuals are present (see Fig. 4.5).
This is likely due to residual effects from data reduction, which prevent us from an accurate
modelling of faint emission lines lying close to these residual contaminant features (e.g.
[Fe11]A1.68 and Br11 in H-band spectra). Similarly, we do not re-fit emission lines falling
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in particularly noisy spectral regions (e.g. H2(1-0)Q(1) and H»(1-0)Q(3) in most of K-band
spectra).

To increase the S/N and better model emission lines, we first smooth the subtracted
data cubes with a Gaussian kernel of width o = 0.2"”. Then, we fit emission lines with
a variable number of Gaussian components, ranging from one to three, and select the
statistically best multi-Gaussian modelling via a KS test (see Sect 1.3.3). We use the
same criterion as adopted for MUSE data to isolate ‘broad’ components, associated with
outflowing gas, from ‘narrow’ ones. For K-band spectra, we keep the same 0 pax = 250 km
s~! as used in the optical; while we find that a slightly larger threshold (i.e. o' max = 300 km
s71) leads to a more reasonable decomposition of Gaussian components, as checked by
visually inspecting the resulting classification in several representative spaxels. Likely, this
is a consequence of a worse continuum subtraction on H-band spectra with respect to K
band (see Fig. 4.5), as already pointed out.

Figure 4.5 displays our best-fit modelling of main emission lines detected in KMOS H-
(left) and K-band (right) subtracted spectra. Data are shown in black, with the total (i.e.
broad + narrow) emission line (light blue) and total broad-component model (orange)
drawn on the top. Spectra shown in the upper panels have been extracted from the
brightest spaxel centred on the southern nucleus, while those in the lower panels are
from a more external off-nucleus spaxel. Grey shadings indicate regions of residual sky
emission, masked during the emission-line modelling. As already discussed, significant
negative/positive residuals from continuum subtraction are present, especially in the
H-band nuclear spectrum, which prevents us from modelling faint emission lines lying
nearby (e.g. [Fe11]A1.68 and Br11).

4.4 Preliminary results

In this section, we present preliminary results on the properties of optical and near-IR
emitting gas, as traced in MUSE and KMOS observations, respectively. In Sect. 4.4.1 we
investigate the morphology and kinematics of distinct gas phases and compare them
to each other; while in Sects. 4.4.2 and 4.4.3 we investigate optical and near-IR gas
properties, such as gas ionisation/excitation mechanisms via spatially resolved emission-

line diagnostics.
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Fig. 4.5 KMOS H- (left) and K-band (right) subtracted spectra of NGC 6240, from the brightest spaxel centred
on the southern nucleus (upper panels), and from a more external, off-nucleus spaxel (lower). Data are shown
in black, with total (i.e. broad + narrow) emission-line (light blue) and total broad-component model (orange)
drawn on the top. Grey shadings indicate regions of residual sky emission, masked during the emission-
line modelling. [Fel1]A1.68 and Brll in H-band spectra are not modelled, because of near/overlapping
contaminant residuals which would affect best-fit results. Below each subtracted spectrum, an additional
panel shows final residuals (i.e. data—model, shown in the corresponding upper panel).
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4.4.1 Gas morphology and kinematics

Useful insight into the morphology and kinematics of distinct gas phases can be ob-
tained from the brightest emission lines detected in optical MUSE and near-IR KMOS
observations.

4.4.1.1 Optical emitting gas

In Figs. 4.6 and 4.7, we show moment-0 (intensity field), moment-1 (velocity field), and
moment-2 (velocity dispersion field) of [O 111] and He line emission, respectively, as traced
in optical MUSE WFM data of NGC 6240. From left, maps shown in different columns
refer to total (i.e. narrow + broad) line emission, narrow and broad components separately,
displaying only pixels with S/N>3. In each map, the location of the two active nuclei
is marked by two crosses. The [O111] broad moment-0 map features a bright emission
originating in the centre and extending away up to about 15 kpc, which corresponds
to regions of high velocity and velocity dispersion. In particular, both east and west of
the two nuclei we find a couple of well definite, elongated kinetic structures showing
the highest velocity and velocity dispersion values (Jv| ~ 400 km sl o ~600kms™)
observed across the MUSE FoV. Interestingly, both eastern and western pairs of high-
velocity regions consist each of a blueshifted and a redshifted component of comparable
absolute velocity (Jv| ~ 400 km s71). On the contrary, narrow [O I11] emission exhibits a
more temperate kinematics, with smaller moment-1 and moment-2 values (i.e. |v| < 200
km s~! and o ~ 100 - 200 km s™!). This becomes more evident in Ha maps, shown in
Fig. 4.7, where the higher S/N of Ha compared to [O 111] allows us to trace ionised gas
over the full FoV of MUSE. In particular, the narrow Ha moment-1 map unveils a velocity
gradient (with |v| <200 km shH along the northeast-southwest direction (coinciding with
that joining the two nuclei), likely associated with disk rotation, as well as winding tidal
streams, clearly visible also in the total moment-1 map. The narrow Ha component shows
values of o ~ 100 — 200 km s~! over the entire MUSE FoV, well below the typical values
found in the broad moment-2 map (o > 400 km s~! in most spaxels).

The different kinematics found for broad and narrow line emission supports our cor-
rect classification of Gaussian components, with the former associated with fast outflowing
ionised gas, while the latter tracing nearly systemic gas motions. The outflow interpreta-
tion of broad line components is further supported by the location of the high-velocity
blueshifted/redshifted regions, which extend symmetrically from the galaxy centre out
of the rotating disk plane of the merger. They exhibit the peculiar property of appearing
as pairs of a blushifted component and a redshifted one both east and west of the two
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Fig. 4.6 Moment-0 (intensity field), moment-1 (velocity field), and moment-2 (dispersion field) maps of
[0 111] line emission in NGC 6240, as traced in MUSE optical data. We show maps for total line emission, and
separately for narrow and broad components, reporting only pixels with S/N>3. In each map, two crosses
indicate the location of the two active nuclei. While narrow moment-1 and moment-2 exhibit values of
|v| <200 km s~! and 6100 — 200 km s™, broad maps feature well-definite regions with high velocity and
velocity dispersion values (|v| ~ 400 km s~! and o ~ 600 km s™1), associated with fast ionised outflows.
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Fig. 4.7 Same moment-0, moment-1 and moment-2 maps as in Fig. 4.6 but relative to Ha line emission in
NGC 6240, as traced in MUSE optical data. Thanks to its higher S/N compared to [O 111] emission line, Ha
line emission extends at a larger distance from the centre and traces nearly systemic gas motions, such as disk

rotation along northeast-southwest direction and tidal streams.
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nuclei. These collimated kinetic structures seem to be not associated with tidal streams
and resemble conical geometries typical of ionisation cones, as observed in prototypical
Seyfert galaxies (e.g. Fischer et al. 2013, Venturi et al. 2018). All this points to an AGN-
driven origin of these outflows, although the low spatial resolution of MUSE WFM data
prevents us from a clear interpretation these pairs of blueshifted/redshifted outflowing
structures. In fact, it is not clear whether they originate from one of the two nuclei, or
they are the resulting effect of both. As a consequence, the blueshifted and redshifted
structures observed on each side of the galaxy plane might be either two distinct outflows,
or different (approaching/receding) sides of the same conical outflow. In both cases, it is
likely that the bulk of the outflowing gas lies in the plane of the sky, which would explain
the relatively small projected velocities observed for these outflows. The joint analysis of
optical MUSE NFM and near-IR JWST/NIRSpec observations at higher spatial resolution
(~50-80 mas) of the inner kpc region of NGC 6240, in progress within our research group
(Ceci et al., in prep.), will help us distinguish between possible different scenarios.

Although AGN-driven outflows seems to be most likely interpretation in terms of both
location, symmetry and collimated kinetic morphology, tidal interaction might even play
some role in originating these high-velocity structures. Furthermore, due to the high star
formation rate of NGC 6240 (SFR>100 Myyr~!, as inferred from UV and IR luminosity
measurements; Howell et al. 2010), we cannot rule out a contribution to powering outflows
from starbursts at this stage of the analysis, based on purely kinetic arguments. NGC
6240 is indeed known to host a giant (extending up to ~90 kpc) Ha nebula (Yoshida et al.,
2016), whose complex structure, composed of numerous filaments, loops, bubbles, and
knots, points to the presence of intense winds driven by starbursts. Interestingly, the
high-velocity structures detected in our data appear being elongated at the center of the
Ha bubble (Yoshida et al., 2016, Miiller-Sanchez et al., 2018), possibly suggesting that
the outflow is inflating a cavity in the ISM (e.g. Cresci et al. 2023). In Sect. 4.4.2, optical
emission-line diagnostics will help us shed light on the powering mechanisms of these
ionised outflows.

Based on previous combined optical HST imaging and ground-based long-slit spec-
troscopy, Miiller-Sanchez et al. (2018) claimed the existence of two outflows of distinct
origin in NGC 6240: an AGN-driven outflow well detected in [O 111] to the northeast, and
a starburst-driven outflow observed in Ha (but not in [O 111]) to the northwest, associ-
ated with the Ha nebula (Yoshida et al., 2016). While the AGN/starburst origin will be
better discussed in next sections, we here notice that northeastern outflow previously
traced in [O 111] corresponds in terms of location, morphology and kinematics (v ~ 350
kms™!, o ~500 km s~! inferred by Miiller-Sanchez et al. 2018) to the eastern redshifted
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high-velocity kinetic structure detected by MUSE. Additionally, MUSE IFU data have
revealed a wealth of new structures, too faint to be detected in previous HST imaging,
such as the eastern blueshifted high-velocity high-velocity structure and the western
blushifted/redshifted counterparts, located at the basis of the Ha bubble detected by HST
(Miiller-Sanchez et al., 2018), which are likely to be associated with AGN ionisation cones,
similarly to the eastern redshifted bright high-velocity structure. Therefore, this leaves
open the possibility of an AGN-driven contribution to outflows also in the eastern region
of NGC 6240, as also suggested by BPT diagrams (discussed later in this section; see Fig.
4.13).

4.4.1.2 Near-IR emitting gas

Similarly to the optical moment maps shown in Figs. 4.6 and 4.7, Figs. 4.8 and 4.9
display moment maps relative to the brightest near-IR emission lines detected in KMOS
observations of NGC 6240: H,(1-0)S(1) (Fig. 4.8) in K band, tracing warm molecular
gas; and [Fe11]11.64 (Fig. 4.9) in H band, a good tracer of shock-excited gas. Maps of
H,(1-0)S(1) and [Fe 11]11.64 have been obtained from independent spectral modellings of
K- and H-band data cubes (see Sect. 4.3.2).

In spite of the worse quality compared to MUSE data, our KMOS mosaics provide an
unprecedented panoramic IFU view of near-IR emitting gas on galaxy scales, as opposed
to previous near-IR IFU studies which all focused only on the inner kpc region of NGC 6240
(Iha et al., 2016, Miiller-Sanchez et al., 2018). Moment-1 maps of total H»(1-0)S(1) and
[Fe 11]11.64 line emission show well-definite regions of strongly redshifted and blueshifted
velocities east and west of the two nuclei, corresponding to the high-velocity structures of
ionised gas detected by MUSE (discussed later in this section; see Fig. 4.10). As expected,
broad line components of H,(1-0)S(1) and [Fe11]A1.64 are responsible for such high-
velocity near-IR emitting regions, as shown by corresponding broad maps featuring values
of |[v| ~300-400km s~ and o ~ 400 km s ™! for Hy (Jv| ~ 400—500 km s~! and o ~ 300—400
km s~! for [Fe11]) in these regions. Unlike MUSE data, where narrow line emission reveals
disk rotation and tidal streams, near-IR narrow components do not point to any clear
kinetic structure, but however display lower velocities (|v| < 200 km s™!) and velocity
dispersion values (o <200 km s™1), which supports our correct classification of Gaussian
components during the spectral modelling of KMOS data.

To highlight kinetic differences and similarities between optical ionised and near-IR
emitting gas, in Fig. 4.10 we compare total moment-1 maps of near-IR emission lines
with total moment-1 level contours of [O111] line emission. More specifically, left and
right panels display total moment-1 maps of H»(1-0)S(1) and [Fe 11]A1.64 line emission,



98 Comparing MUSE and KMOS panoramic IFU spectroscopy of NGC 6240

H,(1-0)s(1)

Narrow
10715 10715 10*15
ey b
o 3 £
T3 10-16 10-16 10716 Y
g ¢ 0
o 0 «
= > 2
Q
107V ."1%1"' 107V 107V
5
= I 400 = I I 400 — T 400
5.0 5o P A - = e
= B . 200 il ..:;(ﬂ; 200 ST ?— 200
o g 2 BT P ; -
= 9 o X y i e ey X 'n
— 2 -~
S > 25 L R - W — e s iy =
-200 el -200 -l -200
—50p — e [ - L. L= [ =ei
- FO ¥
L L I —400 1 1 1 —400 1 | | 400
-5 0 5 -5 0 5 -5 0 5
600 600
500 500
NS 400 400
P
[]
g kh 300 300
= > 200 200
100 100
X [arcsec] X [arcsec] X [arcsec]

Fig. 4.8 Moment-0 (intensity field), moment-1 (velocity field), and moment-2 (dispersion field) maps of
H3(1-0)S(1) line emission in NGC 6240, the brightest emission line in KMOS K band. Maps overall display the
morphology and kinematics of warm molecular gas, separately for total line emission, narrow and broad
components. A SIN>3 has been applied to all maps, and the location of the two nuclei is marked with two
crosses. Broad H(1-0)S(1) line emission feature higher moment-1 and moment-2 values (|v| ~ 400 km L
o ~400-500 km s~1) than its narrow counterpart, especially perpendicularly to direction joining the two
nuclei, as observed in MUSE maps (Figs. 4.6 and 4.7).
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Fig. 4.9 Moment-0, moment-1, and moment-2 maps of [Fe 11]11.64 line emission in NGC 6240, the brightest
emission line in KMOS H band, tracing near-IR ionised gas possibly associated with shocks. As in Figs. 4.8,
we display the morphology and kinematics of [Fel1] line emission, separately for total line emission, narrow
and broad components. A SIN>3 has been applied to all maps, and the location of the two nuclei is marked
with two crosses. Obtained from the spectral analysis of the KMOS H-band data cube, independently from
the K-band dataset, broad moment-1 [Fe11] map highlights two well definitive regions of |v| ~ 500 km s,
perpendicularly to the direction, similarly to what observed in MUSE maps (see Figs. 4.6 and 4.7 and KMOS
K-band maps.
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Fig. 4.10 Comparison of total moment-1 maps of near-IR emission lines - H2(1-0)S(1) (left) and [Fe 11]11.64
(right) - with total moment-1 level contours of [O 111] -traced ionised gas, corresponding to negative (dashed)
and positive (solid) velocities of |v| = 300 km s~ and |v| = 150 km s~ 1. Although the worse quality of KMOS
data, [O111] dashed and solid contours spatially coincide with near-IR regions of highest blue and red velocities
(Iv| = 400 km s'), implying an overall common kinematics followed by optical and near-IR emitting gas.

respectively, both overlapped with [O111] level contours tracing negative (dashed) and
positive velocities (solid) of |v| = 300 km sland|v|=150km s~!. In spite of the worse
quality of KMOS data, [O111] dashed and solid contours spatially overall coincide with
near-IR emitting regions of highest blue and red velocities, implying a common kinematics
for the optical and near-IR emitting gas.

In Fig. 4.11, we also show total moment-0 flux maps of the main lines detected in
KMOS H- (i.e. He111.75) and K-band (all the others) data cubes of NGC 6240, with a
S/N>3 cut. Along with [Fe11]11.64 and H»(1-0)S(1), most of these emission lines (e.g. Bry
and Hy lines) are fundamental to study excitation gas properties via near-IR emission-
line diagnostics (see Sect. 4.4.3). Main near-IR emission lines overall trace the same gas
morphology and structures, although H,-traced warm molecular gas shows line emission
extending from the southern nucleus to the northern companion, while emission from
other lines (i.e. Bry, He1and [Fe 11]) is centrally located on the two nuclei and faint between
the two. Similarly, the gas clump southwest of the southern nucleus appears brighter in
Hj lines than the other lines (e.g. [Fe11], He 1), suggesting that indeed the Hj lines trace a
different gas phase, partially decoupled from the bulk of the ionised gas.

Finally, we do not show maps of Brd line emission since we notice that it is blended
with Hp(2-1)S(5) at 1.945um. Therefore, in the following we will not correct near-IR fluxes
for dust extinction, due to the unreliability of Bry/Bré ratios.
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Fig. 4.11 Moment-0 flux maps of the main emission lines detected in KMOS H- (i.e. He 1A1.75) and K-band
(all the others) data cubes of NGC 6240, with a S/N>3 cut. Near-IR emission lines overall trace the same
large-scale gas structures and morphology, with some differences on smaller scales. H, emission lines indeed
appear brighter than the other lines both between the two nuclei and in the gas clump southwest of the
southern nucleus.
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4.4.2 Ionised gas properties

Thanks to the high sensitivity of MUSE WFM data, we can infer spatially resolved optical
emission-line ratios which allow us to get insights of the properties of ionised gas in
NGC 6240 up to kpc scales, such as electron density n. (left panel of Fig. 4.12) from
[S11JA6717/[S11]A6731 flux ratio (Sanders et al., 2016), ionisation parameter g (middle
panel) from [S111]AA9069,9532/ [S11]AA6717,31 (Diaz et al., 2000), and dust extinction Ay
(right panel) from the Balmer Decrement Ha/Hp (Calzetti et al., 2000). Spatially resolved
maps of all these physical quantities, computed from total line ratios, are shown in Fig.
4.12, with contour levels corresponding to |v| = 300 km s~ of broad [O 111] line emission,
which identifies the location of ionised outflows. A S/N>3 on corresponding emission
lines employed has been applied to every map.

Interestingly, ne and g maps reveal a highly ionised ridge of low-density gas (7, ~
50 — 100 cm™3) between the main eastern outflow components. Such a high-ionisation
region has been already observed in terms of [O 111]/Hf ratios from narrow-band optical
HST images by Medling et al. (2021), who interpreted it as due to direct AGN photoinisation
(ionisation mechanisms will be further explored via BPT diagrams later in this section;
see Fig. 4.13). In addition to this, MUSE WFM data clearly shows that this high-ionisation
region spatially anti-correlates with the location of the two redshifted and blueshifted
eastern ionised outflows, and is featured by a lower gas density (1, ~ 50 — 100 cm ™)
compared to surrounding regions. All this indicates that AGN radiation follows the path of
least resistance between the two outflow components, which may be either two separate
outflows or represent the receding and approaching components of the same outflow of
empty conical geometry. Unfortunately, the situation is less clear to the west, where [S11]
line emission is fainter (i.e. S/N<3) and does not allow us to get reliable estimates of 7, in
most outflow region (blank spaxels in the 1, map of Fig. 4.12).

As shown in Sect. 1.1.3 (and in Chapter 2 in more detail), optical emission-line ratios
can be also used to explore ionisation mechanisms, distinguishing among different possi-
ble ionising sources. In Fig. 4.13, we show spatially resolved [S11] and [N 11] BPT diagrams
(left panels) of NGC 6240, obtained by combining optical total line ratios from MUSE data.
Line ratios have been corrected using Ay extinction previously obtained from Ha/Hpf
ratios (see Ay map in Fig. 4.12). Black solid lines in both diagrams indicate the extreme
starburst line from Kewley et al. (2001), a theoretical upper limit on SF line ratios; the black
dashed curve in the [S11] BPT marks the boundary between Seyferts and LINERs (Kewley
et al., 2006), while in the [N 11] BPT between star-forming galaxies and AGN as defined in
Kauffmann et al. (2003). In addition to the classical subdivision among H 11, LINER and

AGN ionisation (shown in different colours), in both [S11] and [N 11] diagrams we colour of
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Fig. 4.12 Ionised gas properties as derived from total optical emission-line ratios detected in MUSE WFM
data of NGC 6240. From left, are shown spatially resolved maps of: electron density ne (Sanders et al., 2016),
ionisation parameter q (Diaz et al., 2000), and dust extinction Ay (Calzetti et al., 2000). On top, contour
levels corresponding to |v| = 300 km s~ of broad [O 111] line emission trace the location of ionised outflows.
Between the two major eastern outflow regions, ne and q maps reveal a highly ionised ridge of low-density
gas (ne ~ 50 — 100 cm™3). The central region of NGC 6240 surrounding the two nuclei is found to be extremely
extincted with Ay 2 4.

purple those spaxels with highest [S11]/Ha and [N 11]/Ha line ratios, respectively, likely
associated with most extreme shock ionisation. In magenta, we also mark spaxels forming
the highest-[O 111]/H extremity of the AGN region in the [N 11] BPT. Spaxels lying within
the same BPT region have been coloured using the same colour scale, with darker colours
corresponding to higher x-axis ratios. Right panels instead show spatially resolved [N 11]
and [S11] BPT maps, colour-coded according to corresponding BPT classification (see left
panels). Both [N 11] and [S 11] BPT maps have the same contour levels as in Fig. 4.12 drawn
on the top, tracing ionised outflows.

According to the [S 11] BPT, most of the line emission of NGC 6240 is classified as LINER
(green and purple spaxels), with the exception of a few H 11 regions in the galaxy outskirts
(blue spaxels), and Seyfert-like ionisation in correspondence of the high-ionisation ridge-
line detected in the g map of Fig. 4.12, featured by —0.3 <log([S11]/Ha)< 0.1 (red spaxels)
in addition to high log([O 111]/Hp) (>0.2) ratios, further pointing to the high ionisation of
these spaxels. The far end of the high-ionisation ridge also exhibits the largest [O 111]/Hf
ratios (log([O 111]/H)>0.6, pink spaxels in the [N 11] BPT), while compact small regions
of extreme LINER-like ionisation (largest x-axis ratios, purple spaxels in both BPTs) are
found to the west, close to high-velocity regions of outflow emission. Besides the few
small regions of extremely high line ratios just discussed (pink and purple spaxels), the
overall classification based on the [N 11] BPT is consistent with AGN ionisation, with some
extended composite regions along the southeast and southwest filaments. Such a com-
posite classification likely results from the combination of both AGN and SF ionisation,
being these regions mostly H 11-selected according to the [S11] BPT. SF is also identified as
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Fig. 4.13 Left panels: [S11] (upper) and [N 11] (lower) BPT diagrams of NGC 6240, as derived from MUSE
data by combining optical total emission-line ratios. In both diagrams, a black solid curve indicates the
extreme starburst line inferred by Kewley et al. (2001); while black dashed line marks the boundary between
Seyferts and LINERs (Kewley et al., 2006), and between star-forming galaxies (i.e. H11 regions) and AGN in
the [N 11] BPT (Kauffmann et al., 2003). Also, we colour of purple in both diagrams those spaxels of highest
x-axis line ratios, likely associated with more extreme shock ionisation, and of magenta in the [N 11] BPT those
forming the highest-[O 111]/Hp extremity of AGN-classified spaxels. Darker colours of the same colourscale
(i.e. same [S11]/[N 11] BPT classification) indicate higher x-axis ratios. Right panels: spatially resolved [S11]
(upper) and [N 11] (lower) BPT maps, colour-coded according to the corresponding BPT classification resulting
from left-hand panels. Same broad [O 111] moment-1 contour levels as in Fig. 4.12 trace ionised outflows.
The high-ionisation ridge located between eastern outflow components appears as a well-definite collimated
region of pure AGN ionisation according to [S11] BPT (red spaxels), with the [N 11] BPT revealing the highest
[O 111]/Hp ratios located at the far end of the ridge. To the west, compact purple regions, likely tracing shocks,
are found in the surroundings of ionised outflow emission.
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the main mechanism responsible for ionisation in the most western gas clump. Finally,
we notice that regions of high-velocity outflow emission are all classified as AGN (LINER)
according to the [N 11] ([S11]) BPT, consistently with the dominant mechanism largely iden-
tified across the galaxy. This points to no clear distinction between the origin of eastern
and western ionised outflows as opposed to what previously suggested by Miiller-Sdnchez
et al. (2018), who proposed them to be AGN- and starburst-driven, respectively, since they
did not detect [O 111] line emission west of the nuclei in optical HST imaging of NGC 6240.

Our BPT-based findings are overall consistent with the previous results found by
Medling et al. (2021), obtained by combining optical narrow-band HST images and [FU
observations from the Wide-Field Spectrograph (WiFeS) on the ANU 2.3m Telescope
(spatial resolution of ~1.5"). In spite of the worse quality of their data compared to MUSE,
Medling et al. (2021) indeed found that line-emission from different regions of NGC
6240 is consistent with AGN (LINER) ionisation according to the [N 11] ([S11]) BPT, with
the high-ionisation ridge line still matching the same classification as that of the other
regions but featuring well larger [O 111]/Hp ratios. Thanks to the higher quality (i.e. higher
spatial resolution and S/N) of MUSE WFM data of NGC 6240, we have got new crucial
insights of the properties of this peculiar high-ionisation region, from its well definite
collimated geometry and extremely low gas density, to its spatial anti-correlation with
ionised outflows and clear AGN-like ionisation. All this provides further evidence in favour
of the interpretation of the high-ionisation ridge previously proposed by Medling et al.
(2021), as due to direct AGN photoinisation. In fact, such ridgeline seems to point directly
to the southern nucleus and results to be aligned with the rotation axis of its nuclear disk
(Medling et al., 2011, 2014). Yet, the spatial resolution achieved by MUSE WFM is not
high enough to exclude any ionising contribution to this ridge from the northern nucleus.
MUSE WFEM observations have delivered us new piece of information on the properties
of this region, revealing that AGN radiation field might follow the path of least resistance
(i.e. lower gas density) which is interestingly found to anti-correlate spatially with ionised

outflows.

4.4.3 Near-IR emission-line diagnostics

As mentioned in Sect. 1.1.3 and at the beginning of this chapter, near-IR emission-line
ratios provide crucial diagnostics to investigate gas excitation mechanisms, distinguishing
among possible different heating sources (i.e. SE AGN, LINER; see Sect. 4.4.3.1), and
between thermal and non-thermal excitation processes (see Sect. 4.4.3.2). Moreover,
as they are less affected by dust extinction, near-IR tracers allow us to probe the ISM

emission from regions inaccessible in the optical. In this section, we hence use such near-
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IR diagnostics in a spatially resolved manner, to shed light on the excitation properties
of the near-IR emitting gas in NGC 6240 on kpc scales. Near-IR based results will be
then compared with our findings on ionised gas, obtained previously in Sect. 4.4.2, to
check whether near-IR and optical emission-line diagnostics lead to compatible results or
unveil different excitation/heating mechanisms. Unfortunately, such an optical/near-IR
comparison will be limited to the inner central region of NGC 6240, where the necessary
near-IR emission lines are detected at sufficiently high S/N (details in Sects. 4.4.3.1 and
4.4.3.2). We point out that all near-IR emission-line ratios used in the following are not
corrected for dust extinction via Bry/Brd ratios, due to the blending of Bré and H,(2-1)S(5)

lines, which prevents us from modelling Bré accurately.

4.4.3.1 The [Fe11]/Bry - H,(1-0)S(1)/Bry diagram

Combined near-IR [Fe 11]/Bry and H(1-0)S(1)/Bry line ratios have been largely employed
in literature to identify the main source of gas heating (e.g. Maiolino et al. 2017, Riffel
et al. 2020, 2021a,b), distinguishing among SE AGN and LINER (e.g. Riffel et al. 2013,
Colina et al. 2015). In Fig. 4.14, we study the distribution of total [Fe 11]/Bry and Hy(1-
0)S(1)/Bry line ratios of NGC 6240, as derived from KMOS H- and K-band observations.
Left panels show the near-IR [Fe11]/Bry — Hy(1-0)S(1)/Bry diagram, with dashed lines
representing boundaries between distinct excitation sources as defined in Riffel et al.
(2013), namely: SE AGN, LINER and transient objects (TOs). In the upper left panel,
spaxels with S/N>2 on all employed emission lines have been coloured using different
colour scales depending on the IR region of the diagram where they lie (see plot legend);
darker colours of the same colour scale indicate larger H»(1-0)S(1)/Bry x-axis ratios. All
these spaxels have been then mapped in the upper right panel with the same colour coding
to check their spatial location. Due to the faintness of the Bry emission line in our KMOS
observations, and due to the blending of Bré with H, emission, we can unfortunately
probe gas excitation conditions only in the more central region of NGC 6240, within few
kpc from the nuclei. Yet, in this central region, we find distinct regions of spaxels, classified
as due to distinct processes. A small compact region, centrally located on the southern
nucleus, results in being AGN excited according to the IR classification by Riffel et al.
(2013), while surrounding central regions are largely identified as either LINER or TOs. IR
AGN-classified spaxels are also found in more external regions: they all show AGN-like line
ratios similar to those observed in correspondence of the southern nucleus, except for the
most distant ones (~6" from the centre to west), featuring lower H,(1-0)S(1) /Bry ratios,
closer to the SF region of the IR diagram, which suggest a weaker AGN ionisation. Finally,

we point out that all plotted line ratios are observed measurements not corrected for dust
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Fig. 4.14 Upper panels: near-IR [Fe11]/Bry — H,(1-0)S(1)/Bry diagram (left) and spatially resolved map
(right) of the resulting IR classification for spaxels with S/N>2 on all employed near-IR emission lines, as
detected in KMOS observations of NGC 6240. Different colour scales represent spaxels lying in different regions
of the IR diagram, demarcated by dashed lines as defined by Riffel et al. (2013), namely: SF (no data points),
AGN (yellow-to-red), transient objects (TOs; brown), LINER (green); darker colours of the same colour scale
indicate higher Hy (1-0)S(1)/Bry ratios. Same colour coding has been used to map spaxels in the right-hand
plot, where black contours correspond to levels of increasing absolute velocity (200, 300, 400 km s~!) relative
to broad [O 111] line emission, tracing ionised outflows. Lower panels: same pair of plots as in the upper panels
but with S/N>2 spaxels colour-coded according to their optical AGN (yellow-to-red) or composite (green)
classification based on [N 11] BPT, while they are all LINER-selected by the [S 11] BPT. By comparing results from
optical BPT and near-IR diagnostics, we do not find any clear match between the two resulting classifications.
Near-IR emission lines might be useful to probe the nature of excitation/ionisation sources in more extincted
regions, where optical BPT have limited access.
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extinction. Therefore, they might underestimate the real flux-ratio measurements, with
possibly more data points lying in the LINER region, although dust extinction is expected
to affect near-IR wavelengths less than optical ones.

In the lower panels of Fig. 4.14 we display the same pair of plots as above, but spaxels
here are coloured according to their optical classification based on the [N 11] diagram.
Considering the same S/N>2 (driven by Bry), we plot the same spaxels from the inner
central region as in the upper panels, which are exclusively classified as either AGN (red)
or composite (green) according to the [N 11] BPT. The distribution of [N 11] BPT AGN and
composite spaxels in the IR [Fe 11]/Bry — H»(1-0)S(1) /Bry plane does not point to any clear
spatial separation between the two optical spaxels’ populations, with both extending from
the IR AGN region, through IR TOs, to IR LINERs. Any possible match between optical and
near-IR classification is further disfavoured if we consider that all these plotted spaxels are
identified as LINER by the [S11] BPT (see corresponding region in the upper right panel of
Fig. 4.13), while both AGN and LINER spaxels are separately identified via IR diagnostics.
Being less affected by dust extinction, near-IR emission lines might indeed be useful in
unveil ionisation/excitation sources in more obscured regions, which cannot be probed
deeply enough by optical BPT diagnostics.

Our results seem to be overall consistent with previous ones based on near-IR Gemini
NIFS IFU observations of the inner kpc region of NGC 6240, presented by Ilha et al.
(2016). They indeed found H,(1-0)S(1)/Bry and [Fe 11]A2.07/Bry pointing to AGN X-ray
heating close to both nuclei, while to shocks in the region between the two nuclei. Due
to the presence of blank horizontal stripes, unfortunately we cannot probe the region
surrounding the northern nucleus.

Since narrow and broad (outflow) line components are expected to be associated with
distinct kinetic components, in Fig. 4.15 we plot separately near-IR line ratios relative to
narrow (pink crosses) and outflow (grey circles) components in the near-IR [Fe11]/Bry
—H>(1-0)S(1)/Bry diagram, considering a S/N>2 on narrow/outflow components of all
emission lines employed. As pointed out for total line ratios shown in Fig. 4.14, nar-
row/outflow line ratios here plotted are likely to slightly underestimate real ratio values,
being not corrected for dust extinction. Nonetheless, we find that outflow points are
overall located at lower line ratios, consistent mostly with AGN or TO excitation. Narrow
measurements are instead distributed across the TO and LINER regions. This might in-
dicate that direct AGN radiation might be the dominant responsible for the excitation of
gas funneled within outflows, which in turn might shock against the surrounding nearly-
systemic galactic medium, thus leading to narrow line ratios more consistent with LINER
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Fig. 4.15 Near-IR [Fe 11]/Bry - H»(1-0)S(1)/Bry diagram separately for outflow (grey circles) and narrow (pink
crosses) emission-line ratios, with S/N> 2 on narrow/outflow line components. Regions of different excitation
mechanisms have been marked with different colours following the classification by Riffel et al. (2013). The
distribution of outflow points is shifted towards lower line ratios more consistent with AGN-like excitation,
while narrow measurements are more compatible with LINER. The latter might be due to shocks produced by
fast outflowing gas excited by direct AGN radiation.

excitation. Another possibility is that narrow line emission due to AGN ionising photons
is filtered by dust (e.g. Mingozzi et al. 2019), thus leading to LINER-like line ratios.

4.4.3.2 The H,(1-0)S(2)/H>(1-0)S(0) - H»(2-1)S(1)/H2(1-0)S(1) diagram

In addition to the near-IR [Fe 11]/Bry — H2(1-0)S(1)/Bry diagram, in this section we com-
bine Hy emission-line ratios to further investigate gas excitation mechanisms. In Fig. 4.16,
we show the near-IR Hy(1-0)S(2)/H>(1-0)S(0) — H2(2-1)S(1)/H2(1-0)S(1) diagram used in
previous works to distinguish among thermal and non-thermal excitation processes (e.g.
Mouri 1994, Ramos Almeida et al. 2009, Mazzalay et al. 2013, Riffel et al. 2013, 2021a,b). Up-
per panels show the near-IR H, diagram (left) and corresponding spatially resolved map
(right) of spaxels with a S/N>2 on all emission lines, as detected in KMOS observations of
NGC 6240. Spaxels are coloured of yellow to red at increasing y-axis ratio values. Regions
of thermal (yellow shading) and non-thermal (purple shading) excitation are delimited,
respectively, by vertical dashed and dotted lines from Mouri (1994). In the near-IR H,
diagram we additionally plot model predictions for thermal UV (purple crossed-solid
line; Sternberg and Dalgarno 1989), X-ray (yellow crossed-solid line; Lepp and McCray
1983, Draine and Woods 1990) and shock (cyan star; Brand et al. 1989), and non-thermal
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UV fluorescence (purple crosses; Black and van Dishoeck 1987). Black contours in the
right-hand map represent the same absolute velocity levels as in Fig. 4.14, tracing ionised
outflow emission.

We find the distribution of Hj line ratios of NGC 6240 to be well located within the
thermal region of the diagram. In particular, the bulk of points is compatible with thermal
shock excitation, consistently with findings from previous near-IR studies (e.g. Tecza et al.
2000, Ohyama et al. 2003, Max et al. 2005, Engel et al. 2010) pointing to shocks as the
dominant excitation mechanism taking place in NGC 6240. In particular, we notice that
more central regions of NGC 6240 feature lower y-axis ratios compared to more external
spaxels, with the lowest H»(1-0)S(2)/H>(1-0)S(0) ratios (yellow) found in correspondence
of the southern nucleus. Larger ratios (orange/red) in more external regions instead are
also consistent with thermal X-ray excitation from AGN. This seems to be overall consistent
with the near-IR classification resulting from the near-IR [Fe 11]/Bry — H»(1-0)S(1)/Bry
plane in Sect. 4.4.3.1 (see Fig. 4.14), where LINERs are identified as the main mechanism
in the central region - with the exception of the southern nucleus exhibiting an AGN-like
excitation -, whereas AGN excitation is found in more external spaxels. As pointed out in
Sect. 4.4.3.1, observed H line ratios might however slightly differ from their intrinsic (i.e.
dust-corrected) values.

Finally, lower panels display the same plots as the upper ones, with the difference that
spaxels are coloured according to their [N 11] BPT classification into either AGN (yellow-
to-red) or composite (green) line emission. BPT composite spaxels lie close to thermal
shock predictions, while AGN spaxels extend also to larger y-axis ratios, near predictions
for thermal X-ray excitation. Yet, no clear separation between distinct BPT-classified
categories of spaxels overall comes out from this diagram, suggesting that this near-IR
diagnostic and BPT diagrams probe different gas phases which are not necessarily subject

to the same dominant mechanisms.

4.5 Conclusions and future steps

In this chapter, we presented preliminary results from the analysis of the combined IFU
panoramic spectroscopy of NGC 6240 obtained with optical MUSE WFM and near-IR
KMOS mosaic observations. Contrary to most of the previous IFU works targeting this
galaxy, the larger FoV of our data allows an unprecedented spatially resolved multi-phase
study of the large-scale outflows in this peculiar object, in both ionised, neutral atomic
and warm molecular phases. While we will trace the neutral atomic phase via NaD1

line absorption (e.g. Perna et al. 2020), in this chapter we have presented preliminary
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Fig. 4.16 Upper panels: near-IR H»(1-0)S(2)/H2(1-0)S(0) — H2(2-1)S(1)/H2(1-0)S(1) diagram (left) and
spatially resolved map (right) of spaxels with a SIN>2 on all emission lines, as detected in KMOS observations
of NGC 6240. Spaxels are coloured of yellow to red at increasing y-axis ratios. Vertical dashed and dotted lines
mark the boundary of thermal (yellow shading) and non-thermal (purple shading) excitation processes (Mouri,
1994), respectively. Along with observational measurements, we plot in the IR diagram model predictions for
thermal (T) UV (purple crossed-solid line; Sternberg and Dalgarno 1989), X-ray (yellow crossed-solid line;
Lepp and McCray 1983, Draine and Woods 1990) and shock (cyan star; Brand et al. 1989), and non-thermal
(NT) UV fluorescence (purple crosses; Black and van Dishoeck 1987). Same contour levels as in Fig. 4.14
trace ionised outflows in the right-hand map. The distribution of H, line ratios lies in the thermal region of
the diagram, pointing to thermal shock excitation as the dominant mechanism taking place in NGC 6240,
especially in more central regions. In more external regions, we also find larger ratios consistent with thermal
X-ray. Lower panels: same plots as above but spaxels colour-coded according to their optical [N 11] BPT AGN
(yellow-to-red) or composite (green) classification. BPT composite spaxels are clustered around thermal shock
predictions, while AGN spaxels extend up to higher y-axis ratios, close to thermal X-ray model predictions.
Besides this, no clear separation between BPT-classified spaxels comes out from this diagram.
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results on ionised outflows, as traced via optical Ha and [O 111] line emission, and warm
molecular outflows via near-IR H» transitions. From the comparison between these two
gas phases, we found that ionised and warm molecular outflows in NGC 6240 are co-
spatial and exhibit a similar kinematics (see Fig. 4.10). Compared to warm molecular gas
traced in KMOS observations, optical MUSE WFM data reveal a more complex kinematics
of ionised kinematics, with pairs of blueshifted and redshifted outflow regions east and
west of the two nuclei, as well as disk rotation and tidal features due to the ongoing
merger (see Figs. 4.6 and 4.7). Contrary to what found by Miiller-Sdnchez et al. (2018), all
ionised outflows detected appear to have an AGN-driven origin, considering their location
outside the galaxy plane, elongated morphology pointing to the nuclear region, as well as
emission-line ratios compatible with AGN ionisation (see Fig. 4.13).

The exquisite sensitivity of MUSE WFM has also allowed us to infer fundamental
ionised gas properties, such as electron density 7, ionisation g, dust extinction Ay, and
dominant ionisation mechanisms via BPT diagrams (e.g. Osterbrock 1981, Veilleux and
Osterbrock 1987). Spatially resolved maps of all these properties unveil an elongated high-
ionisation ridgeline residing with eastern redshifted and blueshifted outflow components
(see middle panel of Fig. 4.12). Interestingly, this ridgeline features a low gas density (i.e.
ne ~ 50—100 cm™3) compared to surrounding region (see left panel of Fig. 4.12), and is fully
compatible with AGN-like ionisation based on BPT diagrams (see Fig. 4.13), as suggested
by previous observations at lower spatial resolution and sensitivity (Medling et al., 2011).
This high-ionisation ridge might be ionised by direct AGN radiation, which follow the path
of least resistance (i.e. lower densities) within the two blueshifted and redshifted outflow
regions. These might be either two separate outflows, or approaching/receding sides of
the same outflow cone.

Moreover, both optical and near-IR line emission points to the key role played by
shocks to ionise/excite gas in NGC 6240. Indeed, LINER-like ionisation is largely de-
tected across the field, with more extreme shock-ionised regions surrounding the western
outflows, as revealed by the largest optical [N 11]/Ha and [S11]/Hp ratios. Near-IR line
emission gives further support to thermal shocks as one of the dominant excitation source
of H, line emission in NGC 6240 (see Figs. 4.14 and 4.16). In particular, shock excitation
seems to affect more narrow systemic line components than outflow ones, which are
more consistent with AGN-like excitation (see Fig. 4.16). The comparison of the results
from optical and near-IR emission-line diagnostics highlights the importance of using
to latter to probe gas excitation/ionisation mechanisms of more dust-enshrouded ISM
components, which cannot be investigated deeply enough by optical - more extincted -
emission lines.
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In future, we will complete the analysis by calculating outflow properties (e.g. velocity,
mass rate) for different gas phases. In addition to ionised and warm molecular outflows,
we will also map the neutral atomic phase of outflows via NaD 1 absorption lines, and
complement our three-phase outflow description with archival ALMA data tracing the
cold molecular component of outflows. We will compare the properties of outflows in
these four distinct gas phases and shed light on their most likely nature as due to either
AGN or starburst, or even a combination of both. The comparison of large-scale outflow
energetics with that of nuclear X-ray winds (Mizumoto et al., 2019) will also help us
distinguish among different acceleration mechanisms. This study will hence provide a
unique view of spatially resolved properties of multi-phase outflows on kpc scales in a

nearby impressive galaxy merger such as NGC 6240.






Chapter 5

Connecting X-ray UFOs with galaxy-scale
ionised winds in two z~1.5 lensed AGN

The work presented in this chapter aims at investigating the connection of galaxy-scale out-
flows with X-ray nuclear winds, to shed light on the acceleration mechanism of AGN-driven
winds on kpc scales. We use VLT/SINFONI observations to trace the ionised phase of galaxy-
scale outflows in two lensed quasars known to host X-ray UFOs at z~ 1.5, that is close to the
Cosmic Noon - the golden epoch of AGN feedback. Our inferred results considered along
with those from similar studies provide interesting insights of the link between large-scale
and nuclear outflows, in the framework of wind feedback models. Adapted from Tozzi et al.
(2021), A&A, 649, A99.

Throughout Sect. 1.2, we have seen that X-ray UFOs (Sect. 1.2.3.1) are considered
promising candidates as nuclear ‘engine’ powering more massive outflows on galaxy
scales, as predicted by wind feedback models (e.g. King and Pounds 2015). According to
these models, galaxy-scale outflows propagate in either a momentum-driven or an energy-
driven regime, depending on the cooling efficiency in the shocked gas shell. Momentum-
driven winds are expected to provide a low-efficiency feedback, whereas energy-driven
counterparts involve larger gas mass and energy, hence they can efficiently either remove
or heat the galactic gas via energy injection (see Sect. 1.2.2.1).

Whereas UFOs have been widely detected in the Local Universe (e.g. Tombesi et al.
2010, Gofford et al. 2013, Nardini et al. 2015), the search for UFOs at high redshift (z > 1) is
hampered by resolution and/or sensitivity limits of the current observing facilities. In fact,
there are currently only 14 AGN known to host X-ray UFOs at z > 1 (see Dadina et al. 2018,
Chartas et al. 2021 on the list of published objects). Among these, twelve are gravitationally
lensed systems (Hasinger et al. 2002, Chartas et al. 2003, 2007, 2009b, 2016, 2021, Dadina
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et al. 2018). Thanks to the magnified view of background sources, strong gravitational
lensing is indeed a well-known, powerful tool to investigate properties of high-redshift,
which has enabled new measurements and spatially resolved studies, which otherwise
would not have been possible beyond the local Universe (e.g. Peng et al. 2006, Ross et al.
2009, Bayliss et al. 2017, Spingola and Barnacka 2020, Stacey et al. 2021).

To shed light on outflow acceleration mechanisms, we need to collect larger and larger
samples of AGN with detection of both X-ray UFOs and large-scale outflows, so that we
can compare wind energetics on nuclear and galaxy scales to finally test model predictions.
In such a perspective, in this chapter we investigate the connection between nuclear UFOs
and large-scale outflows for the first time - in two lensed quasars close to the peak of AGN
activity (z ~ 2). In doing so, we combine VLT/SINFONI observations (analysed in Sect. 5.2)
to trace ionised outflows via [O 111] 15007 line emission (Sect. 1.2.3.2) and measurements
from the literature on X-ray, highlighting (and taking advantage of) of the rare strong
gravitational lensing affecting these two objects. In this chapter, we adopt a ACDM flat
cosmology with Q0 = 0.27, Q5 0 =0.73 and Hy =70 km s~! Mpc™1.

5.1 Description of the quasars in this work

5.1.1 Selection of targets

Our sample consists of two z ~ 1.5 multiply lensed quasars, HS 0810+2554 and SDSS
J1353+1138, observed with VLT/SINFONI (Eisenhauer et al., 2003) within as part of the
observing program 0102.B-0377(A) (PI: G. Cresci). These objects were specifically selected
for being known UFO hosts (Chartas et al., 2016, 2021), and having a redshift (z ~ 1.5 and
z ~ 1.6 for HS 0810+2554 and SDSS J1353+1138, respectively) such that rest-frame optical
[O 111]A5007 emission lies in the near-IR wavelength range observed by SINFONI. This
selection in redshift leads to consider objects at epochs close to the Cosmic Noon (z ~ 2),
with [O 111] 15007 redshifted to the near-IR J-band (A ~1.1-1.4 um) of SINFONI for z ~ 1.5
targets (as those two examined in this work).

In total, there are 14 known high-redshift (z > 1) quasars with UFO detection (see
Dadina et al. 2018, Chartas et al. 2021 for the full list). These are among the brightest - in

0% erg s™!, except for PID352 Ly_1¢ jev ~ 10*

terms of 2—-10 keV luminosity (Ly-19 kev > 1
erg s—!) - quasars at high redshift. This is because they are: either intrinsically luminous
(of the total 14-AGN sample, only HS 1700+6416 and PID352; Lanzuisi et al. 2012, Vignali
et al. 2015); or subject to gravitational lens magnification (Hasinger et al., 2002, Chartas

et al., 2003, 2007, 2009b, 2016, Dadina et al., 2018, Chartas et al., 2021). In both cases,



5.1 Description of the quasars in this work 117

Table 5.1 Properties of HS 0810+2554 and SDSS J1353+1138, the quasars examined in this chapter. ® Redshifts
are measured from the [O111] systemic component in integrated spectra extracted from the nuclear region of
both sources (Sects. 5.2.1.1 and 5.2.2).

Target name «(J2000) 6(J2000) z? scale
HS 0810+2554 08"13M31%5.3  +25°45'03” 1.508+0.002 8.67 kpc/”
SDSSJ1353+1138 | 13P53™M06°.34 +11°38'04".7 1.632+0.002 8.69 kpc/”

X-ray observations of these objects have delivered high-quality spectra exhibiting clearly
X-ray UFO absorption features, in spite of their high redshift (z > 1). Amongst this z >
1 UFO-host sample, APM 08279+5255 (z ~ 3.9; Hasinger et al. 2002) is the only z > 1
quasar with a clear detection of both nuclear UFOs and a galaxy-scale outflow detected
in molecular phase (Feruglio et al., 2017). Recent ALMA observations have revealed
the tentative detection (at ~3-50 confidence level) of a molecular outflow also in HS
0810+2554 (Chartas et al., 2020). Therefore, this work will map for the first time ionised
outflows in known UFO-hosts at z > 1, thus extending to three the number of z > 1 quasars
for which it is possible to investigate the connection of nuclear UFOs with large-scale
outflows (in at least one gas phase). HS 0810+2554 will be also the first quasar ever having
a three-phase description of AGN winds, including nuclear UFOs: highly ionised (X-rays;
Chartas et al. 2016, 2021), ionised (optical; this work) and molecular (millimetric; Chartas
et al. 2020. In the following, we provide a short description of HS 0810+2554 and SDSS
J1353+1138, with their main properties listed in Table 5.1.

5.1.1.1 HS 0810+2554

HS 0810+2554 is a radio-quiet, NAL (one of the few known NAL system with X-ray UFO
detection; see Sect. 1.2.3.1) quasar at z ~ 1.5, which was discovered by Reimers et al. (2002).
It consists of four lensed images in a typical fold lens configuration with the two southern,
brightest images in a merging pair configuration (A+B), as shown in the Hubble Space
Telescope (HST) image in Fig. 5.1 (left panel). The lens galaxy (labelled with G) is detected
in the HST image, and its redshift is estimated to be z; ~ 0.89 from the separation and
the redshift distribution of existing lenses (Mosquera and Kochanek, 2011). Quadruply
lensed quasars occur in extremely strong lensing regimes (e.g. Narayan and Bartelmann
1996), when the compact and bright UV accretion disk and X-ray corona emission regions
overlap the lens caustics. This leads to high magnification factors, whose values strongly
depend on the image and lens positions. As a consequence, a small change in the input
parameters to the lens models (image and lens positions) can lead to a significant change
in the image magnifications. For HS 0810+2554, estimates of the magnification factor
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in different spectral bands are found in the literature, in particular for the X-ray (u ~ 103;
Chartas et al. 2016), optical (i1 ~ 120; Nierenberg et al. 2020), and radio emission (u ~ 25;
Jackson et al. 2015).

HS 0810+2554 was singled out as an exceptionally X-ray bright lensed object during an
X-ray survey of NAL AGN with outflows of UV absorbing material (Chartas et al., 2009a).
More recent Chandra and XMM-Newton observations (Chartas et al., 2016) provided
definitive X-ray proofs for the presence of a highly ionised, relativistic wind in the source
nuclear region. The strongly blueshifted absorptions of highly-ionised metals (i.e. Fe xxv,
Six1v) indicate outflow velocity components within the range of 0.1 —0.4 ¢. The VLT/UVES
spectrum of HS 0810+2554 also shows blueshifted absorptions of C1vand N v doublets,
which point to the existence of UV absorbing material moving with an outflowing speed of
vcrv = 19,400 km s™! (Chartas et al., 2014, 2016). Although classified as radio-quiet object,
VLA observations at 8.4 GHz (Jackson et al., 2015) show that HS 0810+2554 hosts a radio
core, thus demonstrating that it is not radio-silent.

HS 0810+2554 was also recently observed with ALMA in the mm-band (Chartas et al.,
2020). The analysis of ALMA data has shown the tentative detection of high-velocity
clumps of CO(J=3—2) emission, suggesting the presence of a massive molecular outflow
on kpc scales. With our characterisation of the ionised gas phase of the outflow blowing
in HS 0810+2554, we have - for the first time ever - a three-phase description of an AGN-
driven wind at high redshift, from nuclear to the galaxy scales: the highly-ionised, ionised,
and neutral molecular gas phases, thanks to a broadband spectral coverage ranging from
X-ray to optical and mm bands.

5.1.1.2 SDSSJ1353+1138

Unlike HS 0810+2554, widely observed in several spectral bands, SDSS J1353+1138 has
been less intensively studied, as its discovery is more recent (Inada et al., 2006). This object
was selected from the SDSS as a candidate double lensed quasar at z ~ 1.6. Inada et al.
(2006) during the University of Hawai'i 88-inch Telescope (UH88) follow-up observations
of SDSS J1353+1138, obtaining V, R, I and H-band images of the source. The two lensed
images are well-distinguishable (see right panel in Fig. 5.1), with an angular separation of
A ~1.40" (Inada et al., 2006).

More recently, on 2016 January 13, SDSS J1353+1138 was observed with XMM-Newton.
The analysis of its X-ray spectrum (Chartas et al., 2021) revealed a significant absorption
at ~ 6.8 keV (consistent with Fe Xxv), indicating the presence of a ~ 0.31¢ UFO.
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HS 0810+2554 SDSS J1353+1138
H

Fig. 5.1 Lensed images of HS 0810+1154 (left) and SDSS J1353+1138 (right). Left. HST ACS F555W image
of HS 0810+2554 showing the four magnified images of the background quasar in fold lens configuration:
the C and D images are spatially resolved, while the pair A+B is blended together. At the centre, we can see
the emission from the foreground lens galaxy. Right. V and H-band images from Inada et al. (2006) SDSS
J1353+1138 taken at the UH88 telescope (upper panels) and corresponding images after the subtraction of A
and B components (lower panels), clearly showing the lens galaxy (component G).

5.1.2 SINFONI observations and data reduction

SINFONI observations of HS 0810+2554 and SDSS J1353+1138 were carried out on two
different nights in February and March 2019, respectively, in the near-IR J-band (A ~1.1-
1.4 ym) and with a spectral resolution R = 2000. The observations were performed in
seeing-limited mode!, using the 0.250” x 0.125" pixel scale which provides a total FoV of
8" x 8", essential to map gas dynamics on galaxy scales. The airmass varied during the ob-
servations of each target, spanning a range of ~1.7-1.9 and ~1.2-1.3 for HS 0810+2554 and
SDSS J1353+1138, respectively. The data were obtained in eight and sixteen integrations of
300s each, for a total of 40 min for HS 0810+2554, and 80 min for SDSS J1353+1138. During
each observing block, an ABBA pattern was followed: the target was put alternatively in
two different positions of the FoV about 4.3" apart, to perform sky subtraction through a
nodding technique. A dedicated star observation to measure the PSF was not available in
either case but the estimated angular resolution is ~0.7" (~0.8") for HS 0810+2554 (SDSS
J1353+1138), based on the measured extent of the spatially unresolved BLR emission (see
Sect. 5.2.3). Finally, a standard B-type star for telluric correction and flux calibration was
observed shortly before or after the on-source exposures.

We reduce SINFONI data using the ESO SINFONI pipeline (v. 3.2.3). Before flux cali-
bration and co-addition of single exposure frames, we correct for atmospheric dispersion

IThe SINFONI AO module was not available at the time of the observations, since SINFONI had been
already moved from UT4 to UTS3 for the last few months of its research activity.
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effects consisting in a significant change of the AGN continuum emission across the FoV
of both sources. This is a consequence of the differential atmospheric dispersion at dif-
ferent wavelengths, which makes the measured spectra not as ‘straight’ as expected. In
practical terms, as the wavelength increases, an increasingly larger fraction of emission
gets deposited into adjacent pseudo-slits, producing a coherent spatial shift of the target
as a function of A. Additionally, possible flexures in the instrument may contribute to
producing the observed shift. In order to limit the impact of these optical distortions,
we spatially align the emission centroid channel-by-channel in each single-exposure,
sky-subtracted cube by adopting the following procedure.

For each cube, we first determine, in every spectral channel, the average position of
the emission centroid on the FoV through a 2D-Gaussian fit. Then we calculate the shift
of the centroid mean position with respect to the centroid position in the first spectral
channel, assumed as reference channel. In both spatial directions on the FoV, we find an
increasing trend of the shift at increasing wavelengths, which we model with a two-degree
polynomial to neglect the presence of some spikes, due to noisier channels. The spatial
shift, totally observed from the bluest to the reddest spectral channel, spans the range
of ~ 0.5 — 1 pixel among the various single-exposure cubes of both targets. As the spatial
shifts are fractional in units of pixels, we adopt the Drizzle algorithm (Gonzaga et al., 2019,
Fruchter and Hook, 2019) to optimise the alignment of every spectral channel in each raw
single-exposure data cube.

Finally, we perform the flux calibration and the co-addition of the single-exposure
cubes. The final sky-subtracted, flux-calibrated data consist of 100 x 72 x 2234 data cubes,
hence, each one including more than 7,000 spectra. Each spectrum is sampled by 2234
channels with a 1.25 A channel width and covers the spectral range ~ 1.1 — 1.4 um, corre-
sponding to about 4400 — 5600 A rest-frame wavelengths.

5.1.3 Lens models for the two quasars

As both objects are gravitationally lensed quasars, lens models are required to infer intrin-
sic (i.e. unlensed) outflow properties, such as its intrinsic radius and unlensed flux, which
are key ingredients to derive outflow energetics.

Both quasars are lensed by a foreground elliptical galaxy and detailed lens models
for both objects can be found in the literature. In particular, for HS 0810+2554, there
are several lens models reported in literature obtained from observations performed in
different spectral bands (e.g. from VLA-radio data in Jackson et al. 2015, from ALMA-
mm data in Chartas et al. 2020). In this work, we adopt the most recent model for HS
0810+2554 obtained by Nierenberg et al. (2020), based on HST-WFC3 IR observations:
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images and lens galaxy positions have been measured from direct F140W wide imaging
(central wavelength ~1392 nm), while slitless dispersed spectra have been provided by
the grism G141 (useful range: 1075-1700 nm). Assuming z; ~ 0.89 for the lens galaxy
(Mosquera and Kochanek, 2011), Nierenberg et al. (2020) modelled the deflector mass
distributions with a singular isothermal ellipsoid (SIE), plus an external shear to account
for tidal perturbations from nearby objects.

Detailed lens models for SDSS J1353+1138 are presented in Inada et al. (2006) and
Rusu et al. (2016), based on imaging observations in the i-band with the Magellan Instant
Camera (MagIC) on the Clay 6.5m Telescope and in the K-band with the Subaru Telescope
adaptive optics system, respectively. Inada et al. (2006) modelled the lens mass distribu-
tion using either a SIE model, or a singular isothermal sphere (SIS) model plus a shear
component (y), and estimated the lens redshift to be z; ~ 0.3 based on the Faber-Jackson
relation (Faber and Jackson, 1976). The resulting total magnification factors p are 3.81 and
3.75 from the SIS+y and SIE model, respectively. Still assuming z; ~ 0.3, Rusu et al. (2016)
found slightly lower values for total magnification: p ~ 3.47 (SIS+y), p ~ 3.42 (SIE) and
1~ 3.53 (SIE+y). We use all these magnification values from the literature to determine
the unlensed flux carried by the ionised outflow in SDSS J1353+1138. Instead, for HS
0810+2554, we will provide an estimate of the ionised outflow magnification (tou; ~ 2)

starting from our data. Such values will be discussed further in Sect. 5.3.2.

5.2 Data analysis

5.2.1 Spectral fitting

For the spectral analysis of SINFONI data, we adopt the fitting procedure presented in
Marasco et al. (2020) (see Sect. 1.3.3. Here, we implement the code to handle SINFONI
data, introducing adjustments and new functionalities depending on the specific necessi-
ties of our data. In particular, we aim at performing a kinematic analysis of diffuse ionised
gas, with primary focus on [O 11115007 line emission (hereafter [O 111]), the optimal tracer
of ionised outflows, as mentioned at the beginning of this chapter (see also Sect. 1.2.3).
Since reduced data cubes are produced by the ESO SINFONI pipeline with no noise cubes
associated, we associate a single noise value to each channel in our SINFONI data cubes,
computed as root mean square (rms) of the fluxes extracted spaxel-by-spaxel in a region
with no significant emission from the target. Details on the spectral analysis of SINFONI
data of HS 0810+2554 and SDSS J1353+1138 are provided below.
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5.2.1.1 Phases I-II. Modelling full data cubes

As described in Sect. 1.3.3, we start with the spectral modelling of full SINFONI data cubes.
The spectral components detected in our SINFONI data (hence, to be fitted) are: AGN
continuum, BLR emission lines, and narrow emission lines from diffuse gas; instead, stellar
continuum is undetected, being AGN continuum entirely dominant. In the rest-frame
wavelength range observed by SINFONI (AA ~4200-5600 A), BLR emission consists of two
components: broad Balmer hydrogen emission lines (Hf in HS 08010+2554, Hf and Hy
in SDSS J1353+1138) and several Fe 11 broad emission lines, whereas diffuse gas emission
of the [O 111] emission line doublet and the narrow components of Balmer hydrogen lines.

For the BLR modelling of HS 0810+2554 (phase I, see Sect. 1.3.3), we extract a high-S/N
spectrum from an aperture of 0.3" radius, centred on the observed blended emission of
A+B images (see Fig. 5.1), and fit all the previously mentioned components simultaneously.
We model the AGN continuum through a 1st-degree polynomial. The Fe 11 emission lines
are modelled using the semi-analytic templates of Kovacevic et al. (2010), while the BLR
component of HB with two broad Gaussian components. Narrow emission lines are fitted
through two Gaussian components. Given the complexity of BLR Hf line profile in HS
0810+2554, we additionally associate spatially unresolved residuals from the fit to this
component, following the approach detailed in Marasco et al. (2020). In case of SDSS
J1353+1138, where the two lensed images (A and B in Fig. 5.1) are well distinguishable and
spatially resolved, matters are complicated by the fact that we observe a significant change
between nuclear spectra extracted from the two distinct images. As a consequence, this
prevents us from considering a single BLR template. The procedure followed for the BLR
modelling of SDSS J1353+1138 is described separately in Sect. 5.2.2.

After that, we fit the whole data cubes with PPXF (Cappellari and Emsellem, 2004,
Cappellari, 2017), leaving the best-fit BLR template obtained in phase I to change only in
amplitude across the FoV (phase II, see Sect. 1.3.3). To model narrow emission lines of
both HS 0810+2554 and SDSS J1353+1138, we consider a number of Gaussian components
ranging from 1 to 3 (finding the latter optimal to reproduce the most complex line profiles)
and select in each spaxel the (minimum) optimal number of components via a KS test.
Then, we subtract spaxel-by-spaxel BLR and AGN continuum emission, thus obtaining for
each galaxy the corresponding subtracted cube.

5.2.1.2 Phase II1. Modelling narrow emission lines in subtracted data cubes

As detailed in Sect. 1.3.3, the phase III of the fitting procedure focuses on the refined
modelling of narrow emission lines that remain after the subtraction of BLR and AGN con-
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tinuum emission components. The only residual significant emission in our subtracted
data is the [O 111] emission doublet, while the narrow components of Balmer hydrogen
lines are very weak and marginally resolved. Therefore, we model residual narrow emis-
sion lines through multiple Gaussian components, adopting some reasonable constraints:
the two emission lines of the [O 111] doublet are fitted by imposing the same central velocity
and velocity dispersion, with the intensity ratio 1(5007)/1(4959) fixed at 3 according to the
theoretical expectations of the atomic theory; whereas, for weak narrow components of
Balmer hydrogen lines, we assume the same [O 111]A5007 line shape and leave only the
flux as a free parameter. This is a reasonable assumption as we expect that narrow Balmer
hydrogen and [O 111] emission lines come from regions with the same gas kinematics.

Similarly to the fit in phase II, we consider a number of Gaussian components ranging
from 1 to 3, using a KS test as before to determine spaxel-by-spaxel the optimal number
of components required. In both quasars, most line profiles are well reproduced by two
Gaussian components: a narrow, bright component close to the systemic velocity, plus
a broad blueshifted component to reproduce the [O 111] blue wing observed in most of
the FoV, which we identify with approaching outflow emission. In HS 0810+2554, three
Gaussian components are required in some spaxels to reproduce properly the faint but still
visible red wing in the [O 111] line profile, tracing the fainter, redshifted outflow component
receding from us. On the contrary, in SDSS J1353+1138, two Gaussian components are
sufficient to model even the most complex line profiles, as we do not detect the [O 111] red
wing anywhere.

In order to study physical and kinematic properties of ionised outflows, we have to
carefully identify [O 111] emission associated with high-speed outflowing gas, disentangling
it from [O 111] emission due to the gas bulk motion within the host galaxy. To do so, we
adopt the same selection criterion used in Marasco et al. (2020) to identify line emission
due to ionised outflows in two local AGN. For each Gaussian component employed in the
[O 111] modelling in a given spaxel, we focus on the fraction of total line flux contained
in the line wings with a velocity shift |v — vpeak| larger than a certain threshold width
Wi, Where vpeqa is the peak velocity of the line in each spaxel. If this fraction is higher
than a given threshold fraction 7, the Gaussian component is classified as a possible
‘outflow’ component, to be confirmed by the following kinematic analysis (Sect. 5.3.1);
otherwise, it is classified as a ‘narrow’ component, due to systemic gas motions in the
host galaxy. We verify the decomposition in several representative spaxels to select the
optimal threshold values. In HS 0810+2554, we use T = 0.5 and wy, = 300 km s~!: the
Gaussian component reproducing the narrowest, brightest emission near the systemic

velocity has been typically classified as narrow; while any additional Gaussian component
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Fig. 5.2 Representative scheme of our fitting procedure. Top panels. SINFONI J-band spectra of HS 0810+2554
(left) and SDSS J1353+1138 (right), zoomed in the spectral region of [O 111] and Balmer hydrogen emission
lines. Both spectra have been extracted using an aperture of ~0.44" -radius, centred on the peak of the AGN
continuum emission (located on image A in SDSS J1353+1138). Black dashed lines show the data, while
red solid lines show the best-fit models obtained in phase II of our analysis (see Sect. 5.2.1.1). The latter is
partitioned into the contributions of various components: AGN continuum (yellow), BLR emission in Balmer
hydrogen emission lines (green) and Fe 11 (purple), and narrow line emission from the diffuse gas (light blue)
represented as sum of multiple Gaussian components. Middle panels: J-band spectra extracted from the
subtracted cubes, with the same aperture used in the top panels. Subtracted data (black lines) are compared to
the best-fit models (red lines) resulting from the refined emission-line (EL) modelling implemented in phase
III (see Sect. 5.2.1.2). Green lines highlight the outflow component alone. Bottom panels. Residuals obtained
by subtracting the full EL model from the subtracted spectra.
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used to model either the blue or the red wing in [O 111] profile is identified as an outflow
component. In SDSS J1353+1138, to get the expected classification we slightly relax the
width threshold (wy, = 250 km s™1).

Figure 5.2 summarises our spectral-fitting strategy. Top panels show J-band spectra of
HS 0810+2554 and SDSS J1353+1138, extracted from SINFONI data cubes with an aperture
of ~0.44"-radius, centred on the peak of the observed emission (located on image A in
SDSS J1353+1138). The best-fit models shown are obtained in the phase II of our spectral
modellig (see Sect. 5.2.1.1). Since no distinctions between a possibly broad outflow and
narrow systemic components are made at this stage of the procedure, the diffuse gas
model is plotted as sum of multiple components. We notice that in HS 0810+2554, there is
a faint, broad emission line at ~ 4700 — 4750 A (rest-frame) present in the Fe 11 templates,
which is not present in our data. However, this does not affect the overall fitting procedure,
as the observed Fe 11 emission is reproduced well by the templates at all other wavelengths.
The middle panels show the spectra extracted from the subtracted cubes using the same
aperture as above, along with the results from the refined multi-Gaussian fit of diffuse
gas emission lines (phase III, at the beginning of this subsection). In both subtracted
spectra, the [O 111] line profile exhibits a prominent, asymmetric blue wing that is already
visible in the full spectra shown above. This strongly suggests the presence of high-speed
outflowing material moving towards the observer, which we discuss in greater detail in
Sect. 5.3.1.

5.2.2 Modelling a ‘double’ BLR in SDSS J1353+1138

As noted in Sect. 5.2.1.1, for SDSS J1353+1138, we find a significant change in the spectral
shape within the wavelength range including Hf and [O 111] lines, while comparing the
nuclear spectrum of the brighter image A (spectrum A) with that of the fainter image B
(spectrum B), shown in upper and lower panels of Fig. 5.3, respectively. In particular,
while in the former we can easily identify the [O 111] line doublet, we do not detect any
counterpart in the latter. Moreover, Hf line profile in spectrum B is broader, with an
evident brighter blue wing. Both effects are likely due to an overall increase in Fe 1
emission in image B, as Hf line width is not expected to intrinsically vary between different
lensed images. The anti-correlation between Fe 11 and [O 111] emission in AGN spectra
reflects a well-known effect known as Eigenvector-1 (Boroson and Green, 1992) and
represents one of the most frequent differences among AGN properties. Although subject
of many studies, a clear physical understanding of its origin is still lacking. Boroson and
Green (1992) suggest that high column densities in the BLR enhance Fe 11, while reducing
the ionising radiation able to reach the NLR. In a spectral principal component analysis
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Fig. 5.3 Best-fit models of nuclear spectra of SDSS J1353+1138 extracted from an aperture of 0.3" radius,
centred on image A (upper panel) and on image B (lower panel). The various spectral components, the total
model and data are represented with different colours (see the plot legend). In spectrum A, a broken power
law distribution is perfectly suited to reproduce the BLR Hp profile, while in spectrum B, an additional broad
Gaussian component was required to adequately reproduce the broad peak in the BLRHp line profile, which
is entirely dominant over the barely detected Hf3 narrow component (solid light-blue line). The two spectra
clearly differ from each other mostly for the lack of [O 111] detection and the presence of a prominent blue wing
in the HP line profile in spectrum B.

of AGN from SDSS, Ludwig et al. (2009) instead argue that the covering factor of the NLR
likely cause the observed range in [O 111] strength, while Ferland et al. (2009) suggest
that the higher column densities required for the infall in more luminous AGN would
additionally account for the observed correlation of Fe 11 strength with L/ Lgqq.

In spite of its still unclear origin, there are two main possible explanations for the
observed significant variation in Fe I1 emission between the two lensed images. The first
one is based on the typical short time scales (i.e. days, weeks; e.g. Kaspi et al. 2000)
on which AGN BLR are seen to vary. Because of different paths followed by the light
from the background quasar, the two lensed images are produced with a time delay of
about 16 days (Inada et al., 2006). This temporal shift is comparable with the typical BLR
variation timescale, therefore, it could be at the origin of the substantial change in BLR
emission we observe. Given the short time scale probed here, this could carry interesting
implications on AGN accretion variations and in the consequent response of the BLR gas.
Alternatively, the observed variation could be the consequence of microlensing effects
(e.g. see Nierenberg et al. 2020) produced by either single stars or low-mass dark matter
halos intervening along the line of sight. Microlensing effects typically affect only the
emission originated on small scales, while the emission from the NLR is insensitive. Of
the two possibilities, the latter seems to be less likely, as we do not observe any significant
counterpart variation in the strength of the BLR Hf component, in addition to that
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observed in the Fe 11 strength. However, a remarkable simultaneous variation in both HS
and Fe 11 strength is what we would expect in the case when the two emissions are strictly
co-spatial, whereas we know that the BLR is stratified and that microlensing magnifies
the emission from the most compact regions more strongly. Therefore, we do not exclude
the microlensing hypothesis. A detailed analysis of the different BLR spectra from the two
images is beyond the scope of this work and will be presented in a forthcoming paper.
Therefore, in this work, we focus on how we accounted for this effect during the spectral
analysis.

Consequently, in SDSS J1353+1138, we extract two distinct nuclear spectra, namely,
spectrum A and B that are shown in Fig. 5.3 (left and right panel, respectively), using a 0.3”
radius aperture centred on the emission peak of each lensed image, and fit them separately.
In both spectra, we use a 1st-degree polynomial to model the AGN continuum that is
still dominant over the stellar continuum. Unlike the BLR modelling of HS 0810+2554,
the multiple Gaussian fit is not sufficient to reproduce the broader and complex profile
of the broad Balmer emission lines, especially H line emission in spectrum B. In fact,
even though both Hf prominent wings are likely due to the Fe 11 emission, as discussed
above, the Fe 11 templates employed by the code are not able to reproduce such observed
emission. Therefore, we model both wings as part of the broad Hf line profile without any
focus on their physical interpretation, as we are simply interested in identifying the overall
BLR spectrum to finally remove it. For the modelling of the broad Balmer emission lines
observed in SDSS J1353+1138 (i.e. HB and Hy), we use a broken power law distribution
convolved with a Gaussian profile (Nagao et al., 2006):

Fy x (%)HI, for A <Ay

FA) = -B ,
FOX(/%) , for 1> A

(5.1)

where the free parameters of the fit, for each line, are the central wavelength Ay, the two
power law indices a and S, the normalisation Fj, and the width o of the Gaussian kernel.
In spectrum A (upper panel), Hf and Hy are modelled separately through the line profile
described in Eq. (5.1). Spectrum B (lower panel) has required instead an additional broad
Gaussian component to suitably reproduce both the more extended red wing and the
broad peak (o ~ 800 km s 1) in Hp profile. Moreover, we have constrained Hy line profile
through that of Hp. Different Fe 11 templates have been selected in the BLR best-fit models
for the two nuclear spectra. To model narrow emission line profiles, we use three Gaussian
components in spectrum A, while a single Gaussian component in spectrum B, since we

do not actually observe any narrow component.
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Then, we fit the whole data cube following the procedure described in Sect. 5.2.1.1,
with the main difference that in each spatial pixel, PPXF considers a linear combination
of the two BLR models, weighing their relative contribution and providing their most
suitable combination as the overall BLR model in that specific spaxel. In general, in those
spaxels close to one of the lensed images, we basically get the BLR model directly obtained
in the modelling of the respective nuclear spectrum; while a combination of the two BLR

models in those spaxels ended up roughly between the two images, as expected.

5.2.3 Testing the spatially resolved emission of the ionised outflows

Before analysing the outflow kinematics across the FoV, we test whether the ionised
outflow emission is spatially resolved. This is crucial for the calculation of the outflow
energetics. As our observed data have missed a dedicated PSF star, we compare the spatial
extent of the [O 111] outflow emission with that of the BLR emission (both obtained from
our spectral modelling, see Sect.5.2.1). In fact, being unresolved in our data, BLR emission
is suitable for reproducing the instrumental response. We hence fit a 2D-Gaussian profile
to the BLR flux map, obtained by integrating in wavelength our BLR model, to estimate
the angular resolution of our seeing-limited observations. The resulting best-fit Gaussian
profiles are not circularly symmetric, especially in the case of HS 0810+2554, whose
profile is elongated in the NW-SE direction. Such an elongation is mostly due to lens
stretching effects and to the blending of A and B images, rather than to a possible intrinsic
asymmetry of the PSE Therefore, for both sources we assume as representative of the true
PSF extent the minor-axis angular size of the best-fit Gaussian profile, as this is heading in
the direction where lens stretching effects are expected to be minimal. For HS 0810+2554
and SDSS J1353+1138, we estimate a PSF FWHM (0,,s) of 0.7 and 0.8”, respectively. These
near-IR values are slightly smaller than the optical seeing measurements obtained with
the differential image motion monitor (DIMM) during the observations, namely, 0.9” and
1.0”, respectively (Oya et al., 2016).

To test whether the detected ionised outflows are spatially resolved, we create flux
maps of [O 111] outflow and BLR emission and then produce corresponding ratio maps
of [O 111] outflow ([O I11] o) flux to BLR flux. The resulting ratio maps obtained for both
quasars are shown in left panels of Fig. 5.4. The increasing trend in [O 111] oy¢-to-BLR ratios
with the distance from the central emission peak indicates that the [O 111] outflows are
spatially resolved in both objects. Moreover, the ratio map of HS 0810+2554 highlights the
existence of a preferred NE-SW direction along which the highest ratio values are found.
Such a direction is perpendicular to the blending direction of the images A+B. Unlike HS
0810+2554, the two lensed images of SDSS J1353+1138 are spatially well-resolved and not
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Fig. 5.4 Spatially resolved ionised outflows in HS 0810+2554 (top) and in SDSS J1353+1138 (bottom). Left
panels. Ratio maps of [O 111] outflow flux to BLR flux (both from best-fit models). Coloured pixels refer to a SIN
2 2 (S/N Z 3) on the full [O 111] emission line (i.e. narrow + outflow components) for HS 0810+2554 (SDSS
J1353+1138). Location of the continuum emission peak of resolved lensed images is marked with a white ‘+,
while white dotted lines indicate the contour levels of BLR emission at 75%, 50%, and 25% of its peak; for SDSS
J1353+1138, we also show the level at 90%. Right panels. Normalised intensity profiles along the pseudo-slit
(black dotted-dashed lines in the ratio map) and in circular annuli of increasing radius for HS 0810+2554
(top) and SDSS J1353+1138 (bottom), respectively: BLR model (red lines), [O 111] outflow model (blue dotted
lines) and [O 111] blue wing from data (cyan lines). Blue points represent ratio values of [O 111] outflow flux
to BLR flux (referred to the right-hand logarithmic scale). Dashed black line in the plot of SDSS J1353+1138
corresponds to the radial distance of the centre of image B.
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affected by significant lens stretching effects. As a consequence, the [O I11]5,,¢-to-BLR ratio
map of SDSS J1353+1138 shows an isotropic pattern of increasing ratio values moving
outwards from the centre of image A (we recall that we detect [O 111] emission only from
this image, as discussed in Sect. 5.2.2).

Spatially-resolved properties of outflows can be better appreciated by comparing
spatial profiles. In particular, we infer spatial profiles of [O 111] outflow and BLR emissions,
as well as of their ratio, and study how they vary with increasing distance from the central
peak of the overall emission. In HS 0810+2554, since [OI1I] emission is preferentially
located along the NE-SW direction, we define a pseudo-slit in such a direction (6 ~ 130°)
with a width of five spaxels, along which to derive various spatial emission profiles. On
the contrary, given the overall isotropic emission pattern in SDSS J1353+1138, we infer
spatial profiles in circular annuli of increasing radial distance from the centre of image A
(lower panel). All spatial profiles thus obtained are shown in the right panels of Fig. 5.4.
Each one has been normalised to its own 0”-value, that is the value at the peak position of
the overall emission. For [O 111] outflow and BLR profiles, the 0”-value corresponds also to
their own peak value. This is helpful in further confirming our previous conclusion that
the [O 111] outflows detected in both galaxies are spatially resolved, since [O 111] outflow
profiles are broader than the respective BLR profiles. A unique exception occurs in SDSS
J1353+1138 at about 1.5” from the centre, where we observe a clear bump in the BLR
emission profile: this is due to the flux contribution from image B and, therefore, does
not affect our previous conclusion. As a further test, we also infer the spatial emission
profile of the [O 111] blue wing - associated with outflowing gas - by collapsing the spectral
channels in the subtracted data cube over the wavelength range 4976 —5000 A (4970 —4996
A) for HS 0810+2554 (SDSS J1353+1138). The two [O 111] outflow profiles, obtained from
the fit (blue dotted line) and from the spectrally-integrated (cyan solid line) subtracted
data, agree very well.

To estimate the angular extent of ionised outflows on the image plane?, we focus on
the ratio values of [O 111] outflow flux to BLR flux. These are plotted in logarithmic scale
(on the right-hand side of the plots), after being rescaled to 1 in the central pixel. In this
way, we can easily identify values larger than 1 as regions producing a significant [O 111]
outflow emission and, hence, determine the spatial extent of resolved ionised outflows.
The associated errorbars have been computed by propagating the uncertainties on the
[O111] and BLR fluxes in the spatial pixels involved. Uncertainty on fluxes has been in turn
obtained by propagating the error (mostly due to the noise) associated with the spectral
channels collapsed to get the total flux of that spatial pixel. At this point, we take the

2To be still corrected for lens effects.
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maximum distance, including solely ratio values not consistent with 1, as both radius
within which to spatially integrate the flux of the [O 111] outflow component, and observed
outflow radius (R,ps) to be still corrected for SINFONI PSF and lens stretching effects.

To correct for PSF smearing, we apply the correction Rpgg = \/ R(z)bs — (Ores/2)?, where

Rpgr is the PSF-corrected radius, Rgps is the radius observed in the image plane and 0, is
our seeing estimate (0.7” and 0.8” for HS 0810+2554 and SDSS J1353+1138, respectively).
In HS 0810+2554, we spatially integrate the [O 111] outflow flux up to Ryps = 1.25", finding
a total observed flux of (3.73 £ 0.05) x 107!% erg s™! cm 2 and Rpsp ~ 1.2"”. In SDSS
J1353+1138, we take R,ps = 1.13” and assess a total observed flux of (8.6 +0.6) x 10716
ergs~' cm™2 and Rpsg ~ 1.06” for the [O 111] outflow®.

5.3 Results

5.3.1 Distribution and kinematics of the ionised gas

The main purpose of the work presented in this chapter is to map the kinematics of [O 111]
emission, with a primary focus on the outflow component. Figures 5.5 and 5.6 show a
global overview of the distribution and the kinematics of the ionised gas resulting from the
modelling of the [O 111] emission line in HS 0810+2554 and SDSS J1353+1138, respectively.
The moment-0 (intensity field), moment-1 (velocity field), and moment-2 (dispersion
field) maps for the narrow and the outflow components are shown separately, to better
trace their distinct spatial and velocity distributions. All maps have been produced report-
ing only spatial pixels with a S/N equal or higher than 2 for HS 0810+2554 (Fig. 5.5), and
higher than 3 for SDSS J1353+1138 (Fig. 5.6).

The candidate [O 111]-outflow component is extended up to large distance from the
galaxy centre of both systems, and it stands out for its strongly blueshifted velocities and
high velocity dispersion values (|v| = 500 km sland o 2600 km s~ respectively; see
moment-1 moment-2 maps in Figs. 5.5 and 5.6 relative to the outflow component). Such
velocity dispersions are well above the values measured in typical star-forming systems at
these redshifts (o ~ 100 km s™1, e.g. Cresci et al. 2009, Law et al. 2009) and, along with the
overall blue-shifted motion, they provide clear evidence for large-scale outflows in these
galaxies. Moreover, while in HS 0810+2554 the outflow and the narrow components have
almost the same intensity across the FoV, we note that in SDSS J1353+1138, [O 111] outflow

3The estimates for Rpgp are here provided with no uncertainty. We evaluate the error on the outflow
intrinsic radius after correcting for lens effects in Sect. 5.3.2.
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emission is brighter than [O 111] narrow emission produced by the bulk of the gas of the
host galaxy.

For the narrow component, expected to trace mostly systemic galactic motions, we
obtain low velocity and velocity dispersion values (Jv| < 50 km s™!, 0 <200 km s~! for
HS 0810+2554, and |v| <100 km s~}, 0 <300 km s~! for SDSS J1353+1138; see moment-
1 and moment-2 maps in Figs. 5.5 and 5.6 relative to the narrow component) in the
central region, where also the outflow emission is detected, which further supports our
component decomposition during the spectral analysis of both quasars. In more external
regions of HS 08101+2554, we observe slightly higher values of velocity dispersion (¢ < 300
km s71), as the line profile is modelled with a unique Gaussian component, given that
here the [O111] emission line is fainter and the S/N is lower. This could indicate that [O 111]
outflow emission is still present, but cannot be isolated from the [O 111] narrow component
because of its faintness and the worse S/N.

Similarly to Marasco et al. (2020) and given the complexity of the [O111] line profile
across the FoV, we prefer adopting the following definitions of velocity and width for the
outflow characterisation (e.g. see also Zakamska and Greene 2014, Carniani et al. 2015,
Cresci et al. 2015a, 2023, Brusa et al. 2016), rather than moment-1 and moment-2 values.
The latter are indeed more affected by geometrical projection and dust absorption effects.
In each spatial pixel, we determine the 10th and 90th velocity percentiles (v;9 and vgg) of
the overall emission line profile (i.e. narrow + outflow components if present), as represen-
tative velocities of the approaching and receding outflow components, respectively. The
null velocity value corresponds to the systemic velocity peak of the narrow component
in the central spectrum. From v;o and vq9, we compute the line width Wy, defined as
Vg — V19- The Wgo width is approximately equal to the FWHM for a Gaussian profile. Maps
of vy9, v99 and Wy, are shown in Fig. 5.7.

Maps of v;¢ show highly blueshfited velocities in most of the field of HS 0810+2554
and SDSS J1353+1138. In the former, a slightly steeper velocity gradient is present in the
west direction from the centre, where we observe velocities as high as about —2170 km
s~1; in the latter, the outflow region is preferentially elongated in the NE-SW direction
with highest velocity values (up to —2410 km s~!) at the SW end of the strongly blueshifted
region. In HS 0810+2554, we clearly detect also the redshifted component of the outflow
in the two reddest regions of the v99 map, where the outflow is seen receding from us at
velocities up to about 1730 km s~! along the line of sight. Looking at the Wy, maps, we
observe extremely large values (1100 km s™! < v <3500 km s™!) in the outflow regions,
which is consistent with other z ~ 2 AGN-driven outflows found in the literature (Carniani

et al., 2015). Furthermore, by comparing [O 111] outflow moment-1 and v;o maps of each
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Fig. 5.5 Moment-0 (intensity field), moment-1 (velocity field), and moment-2 (dispersion field) maps of the
[O 111] line emission in HS 0810+2554. The maps for the total, narrow and outflow components are shown
separately, reporting only spatial pixels with a SIN equal or higher than 2. Black +’ indicate the AGN emission
centroid, while dotted lines represent the contour levels of BLR emission at 75%, 50%, and 25% of its peak.
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Fig. 5.6 Moment-0 (intensity field), moment-1 (velocity field), and moment-2 (dispersion field) maps of the
[O111] line emission in SDSS J1353+1138. The maps for the total, narrow and outflow components are shown
separately, reporting only spatial pixels with a S/N equal or higher than 3. Black +’ indicate the AGN emission
centroid, while dotted lines represent the contour levels of BLR emission at 75%, 50%, and 25% of its peak.
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Fig. 5.7 v10, veo, and Wy maps of the [O 111] emission line in HS 0810+2554 (upper panels) and in SDSS
J1353+1138 (lower panels). We have applied the same cut in S/N as in the moment maps of Figs. 5.5 and 5.6,
namely, with a S/N equal or higher than 2 and for HS 0810+2554, and higher than 3 for SDSS J1353+1138.

quasar, we note that the shape of the former reflects the bluest region in the v,y map,
suggesting that any additional Gaussian component added to model the wings in the
[O 111] profile has been correctly classified as outflow component (compare also [O 111]
outflow moment-2 and Wgy maps).

We rule out the possibility of alternative scenarios, such as galactic inflows or a galaxy
merger event. In fact, in the few reported cases of their detection, galactic inflows have
been observed mostly in absorption and with quite small bulk velocities (~ 200 km s™1) and
velocity dispersions (e.g. Bouché et al. 2013). Moreover, for the inflowing gas theoretical
modelling predicts a small covering factor (e.g. Steidel et al. 2010), making its direct
observation rare especially at high redshift (e.g. Cresci et al. 2010). Finally, we exclude
also the galaxy merger scenario since deep optical images of both HS 0810+2554 and
SDSS J1353+1138 (see Fig. 5.1) do not show any continuum emission counterpart in
correspondence of the outflow region, which could support such a scenario.

Finally, we stress that the obtained maps are relative to the lens plane and, thus,
they do not account for gravitational lensing effects. While these are expected not to
significantly affect the observed gas kinematics (hence, outflow velocity), they strongly
alter the observed gas spatial distribution and surface brightness: fluxes are magnified
and spatial dimensions are stretched. Therefore, the obtained maps cannot be used to
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infer directly outflow intrinsic radius and its total flux, which are key ingredients, along
with outflow velocity, in the computation of outflow energetics. Therefore, we first need
to quantify lensing effects, and then derive unlensed physical properties of the outflow.
These aspects are discussed in Sect. 5.3.2.

5.3.2 Correcting outflow properties for lens effects

As discussed in Sect. 5.3.1, both spectral analysis and kinematic study have been per-
formed in the lens plane. For this reason, we must correct for lens effects to determine the
actual outflow extent and flux.

There are several adaptive-mesh fitting codes which, given a mass distribution for the
lens and a surface brightness profile for the background source, fit the resulting forward
lensed image to the observed data and use a statistics test (e.g. the minimum y? method)
to establish the best-fit models for both the lens and the source. These algorithms usually
require the knowledge of the instrumental PSF to allow a correct comparison with the
observed data. The output of these fitting codes is a 2D or 3D reconstruction (depending
on the code used) of the unlensed source. In order to achieve an accurate reconstruction,
it is also required that the lensed images are all detected and spatially resolved?, as their
position depends on the first derivative of the gravitational potential of the lens, while
their flux on the second derivative (e.g. Jackson et al. 2015, Nierenberg et al. 2020). In other
words, the knowledge of both position and flux of the multiple lensed images provides
strong constraints on the lens and background source models.

Unfortunately, we cannot use such fitting codes to fully reconstruct the unlensed
outflow in the source plane for either HS 0810+2554 or SDSS J1353+1138, since our data
do not meet the necessary requirements. In fact, in the case of HS 0810+2554, the spatial
resolution of SINFONI data is too low to resolve the various lensed images and, therefore,
we recover just a partial reconstruction of the background outflow using the lens-fitting
code from Rizzo et al. (2018) and adopting an approximated procedure (see Sect. 5.3.2.1).
In SDSS J1353+1138 instead, the complete lack of [O111] detection in image B prevents
us from attempting any background source reconstruction starting from our data, as no

constraints can be put on this image.

5.3.2.1 Approximated reconstruction of the unlensed outflow in HS 0810+2554

As just mentioned, for HS 0810+2554 we obtain a partial 2D-reconstruction of the outflow
emission in the source plane using the gravitational lens-fitting code by Rizzo et al. (2018),

*In addition or alternatively to single lensed images, fitting codes handle also lensed arcs.
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which adopts the lensing operator described in Vegetti and Koopmans (2009). This de-
pends, in particular, on lensing operators describing the lens as a power law plus a shear
component (see Sect. 2.2 in Rizzo et al. 2018 for details).

We start with simulating possible intrinsic geometries of the outflow. We consider
multiple conical configurations, differing in radius and aperture angle, while the position
angle of the cone is kept fixed to 8 ~ 130°, that is the direction in which we observe the
major [O111] outflow emission in the lens plane (see Sect. 5.2.3). To reduce further the
number of free parameters characterising the outflow geometry, we fix the origin of all
simulated cones to the position of the emission centroid of the unlensed outflow, obtained
through a first tentative full 2D-reconstruction with the lens-fitting code by Rizzo et al.
(2018) and a lens model fixed to that found in Nierenberg et al. (2020). In fact, although
it cannot be used to infer the intrinsic extent of [O 111] outflow due to the presence of
residual effects from the PSF deconvolution, it still provides reliable constraints on the
centre position of the background outflow emission. In doing so, each cone is modelled
as a uniform distribution of homogeneous point-like sources, which are then individually
lensed forward (i.e. singularly mapped and magnified in the lens plane) through the
reconstruction algorithm by Rizzo et al. (2018), still keeping the lens model fixed to
Nierenberg et al. (2020). As a result, we obtain the whole forward lensed image of each
starting background cone, differing in radius and aperture angle.

To infer the intrinsic size of the outflow in HS 0810+2554, we select only those cones
with a radius compatible with the detected [O 111] outflow emission, by visually comparing
the extent of the forward resulting lensed emission with the maximum distance of the
[O 111] outflow, once corrected for the SINFONI PSE that is Ryax = 9.5 pixels5. In Fig. 5.8,
we show an example of our forward lensing method: a background homogeneous cone
with radius of 8 pixels and aperture of 60° (left), and its forward lensed image (right). The
red solid circumference has a radius equal to Ryax = 9.5 pixels, that is the maximal extent
reached by the observed (PSF-corrected) [O 111] outflow emission (see caption of Fig. 5.8
for a detailed description). In this way, we find that the cones with a radius ranging from
6.5 to 9.5 pixels are compatible with R .. Taking the average of these more plausible radii
and the maximum deviation from the mean as error, and converting into kpc units, we
estimate the intrinsic outflow radius to be Ry, = (8.7 £1.7) kpc, with z = 1.508 + 0.002
being the redshift measured from the nuclear spectrum extracted during the BLR fitting

(described in Sect. 5.2.1.1). We point out that our z measurement is consistent with

SFor simplicity, being this an estimate of the outflow radius based on a qualitative comparison, we
report projected distances in units of SINFONI pixels, here recalling that Ry,x ~ 8.7 kpc corresponds to ~ 8
SINFONI pixels. At the end, we will provide the estimate of the intrinsic size of the outflow in physical units.
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Fig. 5.8 Example of forward lensing (Rizzo et al., 2018) of a background homogeneous cone with radius of 8
pixels and aperture of 60° (left) into the respective lensed image (right). In both images, the orange star, red
and black ‘+’ indicate, respectively, the position of the cone origin, the emission peak observed by SINFONI,
and the lens centre. Red dashed and solid circumferences in the right panel have a radius, respectively, equal
to the intrinsic cone size in the source plane (i.e. 8 pixel in the example shown here), and to the maximum
extent of the observed (PSF-corrected) [O 111] outflow emission (i.e. Rmax = 9.5 pixels). Both circumferences
are centred on the observed emission peak (red ‘+’). Black dashed and dotted lines identify the position angle
(~ 130°) and the aperture (here 60°) of the intrinsic cone. Note that the conical source does not intercept the
lens centre, thus being subject to a low magnification.
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the centroids of the ALMA CO(J=3—2) and CO(J=2—1) emission lines of HS 0810+2554
reported in Chartas et al. (2020).

Finally, to estimate the lens magnification factor, we consider multiple aperture angles:
30°, 45°, 60°, and 90°, for each defined-radius cone, and calculate the magnification factor
as the ratio of the total flux in the lens plane to the total flux in the source plane. All
simulated conical configurations provide low magnification factors, weakly dependent on
the assumed geometry of the cone (they differ by a factor ~1.4 at most). This follows from
the fact that simulated cones do not intercept the lens caustics and extend to large scales,
where the lens magnification is reasonably lower. Therefore, to determine the total mean
magnification of the outflow in HS 0810+2554, we focus only on the magnification values
obtained in correspondence to the established range of more plausible outflow radii, that
is 6.5 —9.5 pixels. We hence average over these values, thus finding oy = 2.0 £0.2, where

the error is given by the maximum deviation from the mean.

5.3.2.2 Inferring unlensed size and flux of ionised outflows

Thanks to the partial 2D-reconstruction of the unlensed [O 111] outflow in HS 0810+2554
obtained in Sect. 5.3.2.1, we find the outflow magnification factor and intrinsic radius
to be oyt =2.0+0.2 and Ry = (8.7 £ 1.7) kpc, respectively. By correcting for poy¢ the
observed [O 111] outflow flux (see Sect. 5.2.3), we obtain an unlensed outflow flux Fy;; =
(1.940.2) x 10715(2.0/ our) erg s 'em™2. Our oy ~ 2 estimate is also close to what Chartas
et al. (2020) found for a high-velocity CO-clump at a similar distance in ALMA data of
HS 0810+2554. On the contrary, it remarkably differs (up to two orders of magnitude)
from the other values from the literature presented in Sect. 5.1.1.1. This follows from the
fact that the latter (i.e. high-magnification values) are estimates of lens magnification
affecting emission from compact (UV disk and X-ray corona) regions, while our estimate is
relative to a large-scale extended (~8 kpc) emission. Moreover, the reconstructed unlensed
outflow does not intercept the lens caustics (see Sect. 5.3.2.1) and, hence, it misses the
contribution from these highly-magnified regions.

On the contrary, the complete lack of [O 111] detection in image B of SDSS J1353+1138
prevents us from achieving any reconstruction of the background source starting from
SINFONI data, as mentioned at the beginning of this section. Therefore, we make simpli-
fied assumptions, referring to the lens models for SDSS J1353+1138 by Inada et al. (2006)
and Rusu et al. (2016) (see Sect. 5.1.3), based on AGN plus host galaxy emission in i- and
K-band images, respectively. Our assumptions rely on the fact that in SDSS J1353+1138
gravitational lensing effects are supposed to be smaller than in HS 0810+1154 (e.g. Narayan

and Bartelmann 1996). As a consequence, compared to HS 0810+1154, for this object we
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Table 5.2 Directly measured properties of the [0 111] ionised outflows in HS 0810+2554 and SDSS J1353+1138,
and adopted outflow magnification factors. Starting from left, columns are defined as follows: maximum
values observed in vyo, vgo and Wey maps (vi™, vgy™ and Wgy®, respectively), intrinsic outflow radius (Rout),
unlensed [O 111] outflow flux (Foyt) corrected for the outflow magnification factor (toyt), reported in the last
column.

AGN V%ax U&I)ax Wgr(r)lax Rout Fout Hout
kms™! kms™! kms™! kpc ergs 'cm™2

HS 0810+2554 —-2170+70 1730+60 3360+110 8.7+1.7 (1.9+0.2)x10""° 2.0+0.2
SDSSJ1353+1138 | —2410+80 2270+130 3850+90 9.2+1.1 (2.4+0.3)x107'6 3.6+0.4

expect: (1) a milder and almost isotropic stretching of physical dimensions, as we indeed
observe; (2) smaller and less variable-in-space values of differential magnification. On
the basis of the first argument, we neglect lens stretching effects and approximate the un-
lensed outflow angular size to Rpsg = 1.06” £0.13” (determined in Sect. 5.2.3). Regarding
lens magnification instead, we expect total magnification factors of a few units, weakly
dependent on the geometrical details of the flux distribution for background emissions
with comparable spatial extent. Consequently, we take as a proxy for the total outflow
magnification pq¢ the average between reported i-band (i.e. = 3.81 and u = 3.75; Inada
et al. 2006) and K-band values (i.e. u =3.47, u =3.42 and u = 3.53; Rusu et al. 2016) of total
magnification factor, under the assumption of comparable unlensed physical sizes. Given
the unknown real unlensed distribution of /-band outflow emission, we conservatively
assume an uncertainty of 10% on our adopted py¢ value, thus obtaining oy = 3.6 + 0.4.
Correcting finally for lens magnification and converting to kpc units, we find the unlensed
outflow flux and intrinsic radius to be Fyy = (2.4 £0.3) x 10716(3.6/ 0y erg s~'cm™2
and Ryyt = (9.2 +1.1) kpc, using z = 1.632 + 0.002 as measured from the nuclear spectra
extracted during the BLR modelling (described in Sect. 5.2.2).

In Table 5.2, we summarise the main outflow properties for HS 0810+2554 and SDSS
J1353+1138 obtained up to this point. First columns show the maximum velocity values
observed in vy, v9o and Wy maps (see Sect. 5.3.1), respectively, labelled as v}, vgy™ and
Wep®™. Then, we report our lens-corrected estimates of Roy¢ and Foy, the latter corrected
for the outflow magnification factor o, shown in the last column. Most of these physical
quantities are also employed in the computation of the outflow energetics in Sect. 5.3.3.

5.3.3 Outflow energetics

We derive physical properties of the large-scale ionised outflows in HS 0810+2554 and
SDSS J1353+1138 from the observed [O 111]A5007 emission, following the prescriptions
described in Cano-Diaz et al. (2012) as done also in Marasco et al. (2020). The [O 111] line
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luminosity is given by:
Liom va€[onl]f av, (5.2)

where V is the volume occupied by the ionised outflow, f the filling factor of the
[O 111] emitting clouds in the outflow, and |01y the [O111] line emissivity which, at the
temperatures typical of the NLR (~ 10% K), is weakly dependent on the temperature

(x T%1) and can be written as:
€onrn = 1.11 x 10_9E[01H] Nnp2+ Ne €18 s_lcm_s, (5.3)

with Ejoqyy as the energy of the [O111] photons, ng:+ and ne, the volume densities
of O?* ions and electrons, respectively. Then, assuming that most of the oxygen in the

ionised outflow is in the form of 0%, it follows that:

[O/H]

€olr = 5x 10_13E[01H] 71510 erg s_lcm_?’, (5.4)

where [O/H] gives the oxygen abundance in solar units. The mass of the outflowing

ionised gas can be derived from the following expression:

Mout = A/“/ 1.27mHnef dV, (5.5)

where myj is the mass of the hydrogen atom and the factor of 1.27 follows from includ-

ing the mass contribution of helium. By combining Egs. (5.2) and (5.5), we get:

Liom )( (ne) 3)‘1 C

Moy =5.33 x 107 (
out 10* ergs=1/ 1103 cm~ 10[O/H]

Mo, (5.6)
where (n,) is the electron density averaged over the ionised outflow volume (i.e. (1) =
Jynef dV1 [, f dV)and C = (ne)*/(n2) is the so-called ‘condensation factor’. Under the
simplifying hypothesis that all ionising gas clouds have the same density, we get C = 1 and
eliminate the outflow mass dependence on the filling factor of the emitting clouds.

To compute ionised outflow energetics, we make further simplifying assumptions
for the outflow geometry and structure: we assume that the outflow has a (bi-)conical
geometry with an opening angle QO and a radial extent, Ry, and that it consists of a
collection of ionised gas clouds, uniformly distributed within the cone and outflowing

with a speed v,y The mass outflow rate is given by:

Moyt = {p) Vour QR?, (5.7)
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where (p) is the average mass density computed over the total volume V occupied
by the conical outflow®. By substituting {p) in Eq. 5.7 with its definition in terms of My
(using Eq. 5.6) and V, we obtain:

Moyrl,  (5.8)

__— Liomy (ne) 71 Vout Rour\™! 1
Mom_164(1044ergs‘1)(103cm‘3) (103kms—1)(kpc) 10[0/H]

where we have assumed C = 1. The mass outflow rate thus inferred does not depend
on either the opening angle Q of the outflow cone or the filling factor f of the emitting
clouds.

Finally, we calculate the kinetic energy Eyiy, kinetic luminosity Lyj, and momentum

rate poyt of the outflow by means of the following expressions:

Mot Vout \2

Eiin = 9.94 x 10*? erg, (5.9)
. ( Mo ) (km s_l) g
M, v 2
o 35 out out -1
Lign = 3.16 x 10 (Mo yr—l) (km s_l) ergs!, (5.10)
M, v,
. _ 30 out out

Pout = 6.32 x 10 (M@ yr—l) [ s—l) dyne. (5.11)

Equations 5.6-5.11 require the knowledge of different physical properties of the out-
flow, some of which can be derived, while others have to be assumed. These are: the
oxygen abundance, which we fix to the solar abundance, and the electron density, which
we assume to be 77, ~ 1000 cm™3, in agreement with the values measured in similar studies
at high redshift (see e.g. Perna et al. 2017a, Forster Schreiber et al. 2019). The second as-
sumption, in particular, affects the derived outflow energetics (Davies et al., 2020, Kakkad
et al,, 2020) but it is necessary though, since we cannot measure n, directly from our data.

We now focus on the physical quantities we can calculate. In Sect. 5.3.2, we have
provided values of intrinsic radius Ry and flux Fy of the ionised outflows detected in HS
0810+2554 and SDSS J1353+1138, traced by [O 111] line emission. From F,, we infer the
corresponding intrinsic [O 111] line luminosity to then use in the mass outflow expression
(Eq. 5.6). We thus find (pouc-corrected) [O 111] luminosity values of Liojij = (2.8 +0.3) x 1043
erg s~! and Liory = (4.4 +0.6) x 10*? erg s™! for HS 0810+2554 and SDSS J1353+1138,
respectively.

To establish ionised outflows’ velocity, we focus on the kinematic maps of vy and vy

(Figs. 5.5 and 5.6). Our spectral analysis and study of the gas kinematics in HS 0810+2554

6We note that unless f =1, in general {p) # 1.27my(ne), with (ne) averaged over the volume occupied by
the emitting clouds and not over the whole conical volume.



5.3 Results 143

and in SDSS J1353+1138 have revealed the presence of an extended central region hosting
outflowing gas directed towards us along the line of sight (Sect. 5.3.1), leading to very high
v10 values. Moreover, in HS 0810+2554, we detect also a red [O 111] wing in two smaller
regions apart from the peak of the overall emission, corresponding to the high-velocity
receding component of the ionised outflow. In this case, following Marasco et al. (2020),

we define the outflow velocity as:
Vout = max (|vjp™ — Usysl, |Vg(l)ax — Usysl), (5.12)

where v{i*™ and vg** are the maximum values observed, respectively, in the v;o and
V9o maps (see Sect. 5.3.1), and vsys is the bulk (or systemic) velocity of the galaxy, inferred
from the nuclear spectrum used for the BLR fitting (in Sect. 5.2.1.1) and set to the value of
0 km s™!, as described in Sect. 5.3.1. This definition is required by the unknown geometry
and orientation of the outflow with respect to the line of sight: since we ignore the true
angle of the outflow with respect to the line of sight, and given that the bulk of the outflow
unlikely points towards the observer, we assume that the best representation of the outflow
speed is provided by the velocity ‘tail’ of the line profile, that is, v;o and vyg in Eq. (5.12).
These values are thought to be more suited to represent vy, than the mean (or median)
velocity of the line, which strongly depends on projection effects and dust absorption (e.g.
Cresci et al. 2015a).

The same argument holds also for the determination of the outflow velocity in SDSS
J1353+1138. But in this case, possibly because of the different orientation with respect to
the observer and higher dust absorption, we do not observe any asymmetric red wing in
the [O 111] profile produced by the receding part of the outflow (as stressed in Sect. 5.3.1).
Therefore, for SDSS J1353+1138 we focus only on the blue tail of the [O 111] line associated
with the outflow, and hence assume vy = V7™ as outflow velocity for SDSS J1353+1138.

We calculate the uncertainties on the quantities in Egs. (5.6)-(5.11) via error propa-
gation starting from inferred errors on Roy:, Lioiii) and veut, and a typical uncertainty of
50% on n, (e.g. Perna et al. 2017a, Forster Schreiber et al. 2019). The physical properties
of the ionised outflows detected in HS 0810+2554 and in SDSS J1353+1138 are listed in
Table 5.3, including also our estimates of kinetic efficiency and momentum-boost. The
former is defined as the ratio of outflow kinetic luminosity Ly, (defined in Eq. 5.10) to
AGN bolometric luminosity Ly, (corrected for lens magnification); while the latter is
defined as the ratio of outflow momentum rate (poy¢) to the momentum initially provided
by AGN radiation pressure (i.e. Lyo1/c), approximately identified with the momentum rate
of the X-ray UFO. The values of Ly adopted in this work are (2.5 + 0.9) x 10*° erg s ! and
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(39+2) x 10%° erg s~! for HS 0810+2554 and SDSS J1353+1138, respectively, which will be
discussed in Sect. 5.4.1.

We find mass outflow rates of ~2 M, yr ! and ~12 M, yr™}, and kinetic efficiencies
of ~9x107° and ~ 700 x 107> for SDSS J1353+1138 and HS 0810+2554, respectively.
The values obtained for HS 0810+2554 are in good agreement with the predictions at
Lpol ~ 2 x 10% erg s~! of the Moyt — Lpop and Lyin — Lpol scaling relations (Carniani et al.,
2015, Fiore et al., 2017) for the ionised outflow component. On the contrary, the inferred
My value for SDSS J1353+1138 is small (by a factor of ~ 100) compared to the predictions

0% erg s~!. Our findings are however

for the ionised outflow component at Lo ~ 4 x 1
relative only to the ionised phase of large-scale outflows, while a significant amount
of outflowing gas may be in neutral molecular and/or atomic phase. Given the typical
bolometric luminosities of our galaxies (Lpo ~ 10%° —10% erg s1), outflow mass rates
predicted for the molecular component may indeed exceed our ionised gas measurements
by a factor ~ 100. Chartas et al. (2020) have recently claimed the tentative detection of a
massive (Mout, mol ~ 4 X 10° M) CO-molecular outflow in HS 0810+2554, with an overall
mass rate and velocity of ~400 Myyr~! and 1040 km s™!, respectively. Other gas phases
might contribute and lead to a significant increase of total outflow mass and energetics.
A possible contribution might come from neutral atomic outflows, although these are
primarily observed in ULIRGs systems (see Sect. 1.2.3.3 and Chapter 4), showing both
intense SF and AGN activity (e.g. Rupke et al. 2005, Cazzoli et al. 2016, Fluetsch et al. 2019,
2021). However, any contribution of additional gas phases may significantly increases the
overall outflow mass and energetics (e.g. Cicone et al. 2014, Carniani et al. 2016, Fiore et al.

2017). Implications of all these results will be discussed in detail in Sect. 5.4.

5.4 Discussion

5.4.1 Connection with nuclear X-ray UFOs

The main purpose of this work is to shed light on the acceleration mechanism of ionised
outflows on large scales. In this regard, we compare the energetics of galaxy-scale ionised
outflows with the UFOs detected on nuclear scales, to test whether they are causally
connected (i.e. whether they are subsequent phases of the same AGN-accretion burst).
In case of a causal connection, we can go on to investigate the nature of the acceleration
mechanism distinguishing between momentum-driven and energy-driven winds.
Whereas energetics measurements of large-scale ionised outflows in HS 0810+2554
and SDSS J1353+1138 have been inferred in Sect. 5.3.3, in this section we present X-ray
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measurements from the literature of the co-hosted UFOs, here used to determine the sub-
pc scale wind energetics. For both quasars, we refer to Chartas et al. (2021), who presented
the first X-ray spectral analysis of SDSS J1353+1138, and new UFOs measurements for HS
0810+2554 obtained from the most recent Chandra observation acquired in 2016 using
the updated version of the photoionisation code XSTAR (Bautista and Kallman, 2001).

As done in Marasco et al. 2020, we follow Nardini and Zubovas (2018) to re-compute
UFO energetics in a consistent way based on the same assumption we made in the
calculation of the large-scale outflow energetics. We hence assume that the UFO is
launched from the escape radius resc = 2GMpy/ v%FO of the BH and derive its mass outflow
rate as:

. Q N M, v
Muro =0.3 (E)(loz‘lciln‘z)(logMzP}Ifr‘l)( UcFO
where ) is the solid angle subtended by the UFO, Mgy the black hole mass, Ny the
hydrogen gas column density, and vygo the wind speed. We take the values of vyro
and Ny inferred by Chartas et al. (2021). For HS 0810+2554, these values (reported in
Table 5.4) slightly differ from those previously published (i.e. vyro,1 = 0.12f8:8f ¢, Ny =
3.4*19x10% cm™ and vyro,2 = 0.41700%7 ¢, Ny = 2.9%42 x 10%3 cm ™ for the two distinct
detected UFO components; Chartas et al. 2016), but are still in agreement. Adopted
Mgy values are virial estimates based on Hf for HS 0810+2554 (Assef et al., 2011) and on
C1v for SDSSJ1353+1138 (Chartas et al., 2021). The C1v-based measurement of Mgy for

SDSS J1353+1138 has been corrected following the prescription published in Coatman

-1
) M yr), (5.13)

et al. (2017) for C1v-based virial BH mass estimates, known to be systematically biased
compared to BH masses derived from Balmer hydrogen lines. Finally, we assume for
both UFOs a covering factor of f = % = 0.4J_r8:§, on the basis that about 40% of local AGN
have been observed to host UFOs (Tombesi et al., 2010, Gofford et al., 2013). With all
these ingredients, we calculate the mass rate Myro (with Eq. 5.13), the momentum rate
puro (.e. puro = Myro vyro) and the momentum-boost (defined as pyro/ (Lpoi/ ¢)) of the
nuclear winds. As uncertainty on all quantities, we take the minimum-maximum range
of possible values, considering the values of vyro, Ny and Mpy as inferred in Chartas
et al. (2021). For Ly}, we consider the average between the u-corrected values obtained
in Chartas et al. (2021) with two different methods: the 2-10 keV bolometric correction
(Lusso et al., 2012) and the estimate from the continuum luminosity at 1450 A (Assef et al.,
2011, Runnoe et al., 2012).

Table 5.4 summarises physical properties of UFOs in HS 0810+2554 and SDSS J1353+1138,
derived following the prescriptions in Nardini and Zubovas (2018), along with the physical
quantities taken from Chartas et al. (2021). For HS 0810+2554 the values of Mygo and
puro/ (Lpel/ ) refer to the total UFO, as sum of the two detected UFO components moving
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Table 5.3 Derived properties of ionised outflows in HS 0810+2554 and SDSS J1353+1138, as derived from
the analysis of [0 111] line emission. From left, for the detected ionised outflows columns report the measured
values of: velocity, mass, mass rate, kinetic energy, kinetic efficiency and momentum-boost. The values of Ly
are shown in Table 5.4.

AGN Vout Mout Mout Exin Lyin/ Lol Pout

kms™! 1My, Mo yr‘1 10°6 erg 1075 Lyoi/c
HS 0810+2554 217070 15+8 12+6 7+4 700+ 500 1.9+1.2

SDSSJ1353+1138 | 2410+80 24+1.2 19+1.0 14+0.7 9+7 0.022+0.018

Table 5.4 Physical properties of the UFOs in HS 0810+2554 and SDSS J1353+1138, as derived from X-ray
measurements reported in Chartas et al. (2021) using prescriptions of Nardini and Zubovas (2018). (a) My
values are virial estimates based on Hp in HS 0810+2554 (Assef et al., 2011), and on C1v in SDSS J1353+1138
(Chartas et al., 2021), respectively. The C 1v-based measurement of Mgy in SDSS J1353+1138 has been corrected
following the prescription for C1v-based virial BH mass estimates published in Coatman et al. (2017). (b)
Values of Ly are corrected for lens magnification and computed as average of the two independent estimates
of AGN bolometric luminosity, obtained through the 2-10 keV bolometric correction (Lusso et al., 2012) and
from the continuum luminosity at 1450 A (Assef et al., 2011, Runnoe et al., 2012).

AGN log(Mgp) 2 Lo ° Ny VUFO f Myro Puro
Mo 10® ergs™! 10?3 cm™3 c Moyt Lyoi/c
2'1+1.0 0'11+0.05
HS 0810+2554 8.62+022 2.5+0.9 -L1 003 94402 | 12742 39t176
0.22 1 4+0.3 0 43+0.04 1.1 3.5
* =05 ©-0.05
SDSSJ1353+1138 | 9.41*030 39+2 3.9723  034%002 0402 | 47 1771

at different speeds (for which we separately report Ny and vypp in Table 5.4), originally
discovered in Chartas et al. (2016) and confirmed in Chartas et al. (2021).

Figure 5.9 shows the momentum-boost as a function of the outflow speed for HS
0810+2554 and SDSS J1353+1138. Given the two X-ray UFOs measurements (repre-
sented as circles), dashed horizontal and diagonal lines represent the predictions for
a momentum-driven and an energy-driven scenario, respectively. Errorbars on UFOs
points indicate the minimum-maximum range of possible values, as mentioned previ-
ously. In comparing with ionised outflow points (represented as squares), we observe
that while the [O 111] outflow of HS 0810+2554 is consistent (within the uncertainty) with
the expectations for a momentum-driven mode, that of SDSS J1353+1138 is smaller by
a factor of ~100 than the predictions for a momentum-driven propagation, therefore, it
is far from any tentative connection with the UFOs on nuclear scale. We reiterate that
our measurement is a lower limit, as we do not detect [O I11] emission from the second
lensed image and, moreover, we have approximated the outflow intrinsic radius to the
observed one (just PSF-corrected). Nevertheless, even accounting for all these issues

and approximations made, such a discrepancy between observations and theoretical
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Fig. 5.9 Momentum-boost versus wind velocity diagram for both UFOs (represented as circles) and galactic
outflow components (represented as squares) of HS 0810+2554 (red) and SDSS J1353+1138 (blue). Dashed
lines represent the predictions for a momentum-conserving regime (horizontal) and energy-conserving mode
(diagonal). For HS 0810+2554, we also plot as a red star the measurement relative to the total (i.e. ionised +
molecular) large-scale outflow.

predictions can hardly be explained, as it amounts to about two orders of magnitude.
Even associating half of the [O 111] flux observed in image A to image B, on the basis of the
flux ratio measurement of the two H-band images (Inada et al., 2006), we would obtain
a momentum-boost larger than the previous one by only a factor ~ 1.5. Similarly, it is
unlikely that we are underestimating the stretching effects so much as to overestimate
Ryt by a factor of ~100. Therefore, we conclude that such a significant discrepancy must
have a different origin. The more plausible hypotheses are: 1) either the likely presence
of a massive molecular outflow in this galaxy that our work is not accounting for; or 2)
the possibility that the observed UFO is caused by an extraordinary burst episode (see
e.g. Zubovas and Nardini 2020) in the BH accretion activity of SDSS J1353+1138, while the
large-scale outflow must be considered as the resultant effect of AGN activity averaged
over longer timescales (Woo et al., 2017). For this object, Chartas et al. (2021) estimate a
photon indexI" ~ 2.2, which is typical of narrow-line type-1 AGN (Leighly, 1999, Vaughan
et al., 1999) and a typical signature of highly accreting systems (Huang et al., 2019). The
Eddington ratio Agqq (defined as Lyo1/ Lgqq, see Sect. 1.1.1) estimated for SDSS J1353+1138
iS Agqq = 0.20 £ 0.02 (Chartas et al., 2021), which is larger by a factor ~3 than that inferred
for HS 0810+2554 (Agqq = 0.07 £ 0.03; Chartas et al. 2021). Such results could support the



148 Connecting X-ray UFOs with galaxy-scale ionised winds in two z~1.5 lensed AGN

recent post-burst scenario. Certainly, each hypothesis does not necessarily exclude the
other and the real situation can be a combination of the two (effects).

The small values of momentum-boost (~ 0.02 —2) and of kinetic efficiency (~ 9 —700 x
1072), inferred for the ionised outflows in SDSS J1353+1138 and HS 0810+2554, could be
explained by an overall scarcity of [O 111] (not only for the outflow component) in highly
accreting AGN, observed in other local galaxies with similar properties (e.g. Sulentic et al.
2000). In our two quasars, the poor outflow energetics is indeed due mainly to small
values of outflow mass, and not to particularly low velocities. Such a scenario is related
to the Eigenvector-1 effect: while sources accreting at high rates (close to the Eddington
limit) are actually the most promising candidates for hosting an active UFO (e.g. Nardini
et al. 2019), they usually present a very bright Fe 11 emission and a faint, outshined [O 111]
emission. As a consequence, [O111] line emission may be not ideal to trace the ionised
phase of large-scale outflows in AGN accreting at high rates, since the bulk of the ionised
gas could be in the form of different chemical species.

It is also possible we underestimated the uncertainty of the [O111] outflow in HS
0810+2554, mostly due to our approximated procedure in the unlensed reconstruction.
Moreover, given the recent tentative detection of a more massive CO-outflow on large
scales claimed in Chartas et al. (2020), such a small value of momentum-boost for the
ionised outflow is not as unexpected given that it accounts only for the ionised gas traced
by the [O111] emission. Hence, we also determine the momentum-boost of the total
(i.e. ionised plus molecular) large-scale outflow (pouttot/ (Lbor/€) ~ 38), assuming its
velocity to be equal to the mass-weighted average between the ionised and CO-molecular
outflow velocities (Vout,tor ~ 1044 km s~1). Given the two orders of magnitude of difference
between ionised and molecular outflow masses, the mass-weighted velocity is essentially
the molecular outflow velocity (vout,tor = 1040 km s~1; Chartas et al. 2020).

In Fig. 5.9, we report the CO + [O 111] point with its uncertainty. Once the contribution
of the molecular component is included, the energetics of the overall large-scale outflow in
HS 0810+2554 is compatible with an energy-driven scenario of wind propagation, within
the (large) UFO uncertainty. However, deeper observations are required to confirm the
CO-outflow detection and to constrain its energetics.

5.4.2 Comparison with other AGN hosting UFOs

Our study has revealed that the energetics of the galaxy-scale ionised outflow in HS
0810+2554 is consistent with the expectations of a momentum-driven regime, whereas in
SDSS J1353+1138, the ionised outflow does not seem to be related with the detected UFO
event on sub-pc scales. However, the exiguity of our two-AGN sample prevents us from



5.4 Discussion 149

10 — - o — ] momentum-driven
— * ‘ (6] = energy-driven
ionised outflows
# molecular outflows
1071 4
-
1073 T T

Pout/Puro

@
-0
<@
pECE
=
1)
o
oomm

atomic outflows

(HASAA 26-04%
W

1 18 24 31
\ W 1-d ¥252 ek 2
6119207 e 3 W22 s 08T

51 56 55
> e P & o 0219+
W S Y N

007
03-58 558 119%
G0 02 F
¥s 08 pS pS

Fig. 5.10 Ratio of galaxy-scale to sub-pc scale outflow momentum rates for different AGN hosting UFOs.
Measurements for individual objects are shown in blue with the respective errorbars, using different markers
according to the gas phase of the observed large scale outflow. The galaxy points are ordered by increasing
Lyo1. The horizontal dashed line shows the prediction for a momentum-driven wind (Pout/ Puro = 1), while
the orange rectangles indicate individual predictions for energy-driven winds. Filled and empty squares
represent ionised outflow measurements based on Ha and [O 111] emission, respectively. For HS 0810+2554,
our [O 111] -based measurement is shown both alone and combined with the CO-measurement of the molecular
outflow (Chartas et al., 2020), with the respective symbol and combination of symbols (see the plot legend).

testing the predictions of theoretical models, as well as making general considerations
on the nature of the mechanism powering AGN winds on large scales. For this reason,
we consider our results along with those of a sample of well-studied AGN, hosting both
UFOs and galactic outflows, we collected in Marasco et al. (2020). This AGN-sample
consists of two local objects, MR225-178 and PG 1126-041, analysed in Marasco et al.
(2020) to trace the ionised phase of large-scale outflows, similarly to this work, but at
low redshift; and, other AGN (all local but one) having reliable UFOs and molecular or
atomic outflow measurements. In terms of redshift, the only exception is the lensed quasar
APM 08279+5255 at z ~ 3.9 (Hasinger et al., 2002), found to host a molecular outflow in
an energy-driven regime (Feruglio et al., 2017). In addition to HS 0810+2554 and SDSS
J1353+1138, this is the only other case at high redshift, for which it has been possible so
far to study the connection between nuclear and galaxy-scale winds. This highlights once
again the importance of gravitational lensing as a powerful tool to overcome the limits
imposed by current observations.

In Marasco et al. (2020), we re-computed the UFO mass rate (and wind energetics,
consequently) for each quasar of their gathered sample, starting from the known estimates
for Mgy, Ny, and vygo. All measurements for molecular outflows have been re-scaled
to the same luminosity-to-mass conversion factor aco = 0.8 (Kkm g1 pcz)_1 Mo, typical
of quasars, starburst and submillimeter galaxies (Downes and Solomon, 1998, Bolatto
etal., 2013, Carilli and Walter, 2013). The main AGN parameters, as well as X-ray wind and
large-scale outflow properties of the known AGN-sample are listed in Table B.1 in Marasco
et al. (2020).
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Figure 5.10 represents the updated version of Fig. 9 in Marasco et al. (2020), including
now the measurements obtained for HS 0810+2554 and SDSS J1353+1138. The plot shows
the ratios between galaxy-scale and sub-pc scale outflow momentum rates (po,¢ and
puro, respectively), ordered according to the increasing Ly of the AGN galaxy. This
is an alternative way (with regard to Fig. 5.9) to compare observational results with
theoretical predictions for each AGN and to distinguish between the two main regimes.
The energetics of the large-scale outflow in 10 out of 12 AGN results to be consistent (or
nearly consistent) with either a momentum-driven or an energy-driven regime: in seven
(six) and three (four) objects, respectively, if we exclude (include) the contribution of
the tentatively detected molecular outflow in HS 0810+2554. This globally confirms the
conclusion drawn by Marasco et al. (2020) that models of either momentum- or energy-
driven outflows describe the mechanism of wind propagation on galaxy-scales very well.
The only two exceptions are SDSS J1353+1138 and IRAS 17020+4544, representative of
the two extreme opposite situations in which the energetics on large and nuclear scales
seem to be completely unrelated. As discussed in Sect. 5.4.1, the low value of pout/ Puro
in SDSS J1353+1138 could be due to the presence of a massive molecular outflow, which
our work does not account for. Alternatively, it could indicate that SDSS J1353+1138 has
recently undergone a burst episode of its AGN activity. In terms of high AGN variability,
the high value of pout/ puro inferred for IRAS 17020+4554 could be explained by invoking
a past higher BH accretion activity compared to present day, but observations reveal
that IRAS 17020+2554 is now accreting at a substantial fraction of its Eddington rate
(Agdq ~ 0.7; Longinotti et al. 2015). Finally, we do not observe any remarkable trend in
Pout/ Puro values with Ly, nor any evident dependence of wind acceleration mechanism
on galaxy redshift upon separately inspecting the results obtained for the high-redshift
(our two objects plus APM 08279+5255) and low-redshift quasars (the remaining ones) in
the sample.

5.5 Conclusions

Galaxy-wide outflows powered by AGN activity are thought to play a fundamental role
in shaping the evolution of galaxies, as they allow us to reconcile theoretical models to
observations. However, even though observations have widely confirmed their presence
in both local and high-redshift galaxies, a clear understanding of the mechanism which
accelerates these powerful, galaxy-scale winds is still lacking. To test the predictions of
the current theoretical models, we need to compare, in a given object, the energetics of

sub-pc winds with that of galaxy-wide outflows. Optimal sources in attempting the make
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a connection between different scales are the powerful quasars near the peak of AGN
activity (z ~ 2), where AGN feedback is expected to be more effective.

In such a perspective, this work has focused on two z ~ 1.5 multiple lensed quasars,
specifically selected to host UFOs (HS 0810+2554 and SDSS J1353+1138) and observed
with the near-IR integral field spectrometer SINFONI. Thanks to strong lens magnification
and to the spatially resolved SINFONI data, which trace the dynamics of the ionised gas
phase through rest-frame optical emission lines, it has been possible, for the first time,
to attempt to make the connection between the sub-pc winds and large-scale ionised
outflows in two quasars near the peak of AGN activity. The only other well-studied case at
high redshift is APM 08279+5255 (z ~ 3.9), which has been suggested to host a molecular
outflow in energy-conserving regime (Feruglio et al., 2017). Moreover, the recent analysis
of ALMA data of HS 0810+2554 has revealed the tentative detection of CO-molecular
outflow (Chartas et al., 2020). Therefore, the characterisation of the ionised phase of the
outflow in HS 0810+2554 provides the first three-phase description of an AGN-driven wind
at high redshift, from X-ray to optical and mm bands, corresponding to highly ionised,
ionised, and molecular gas phases, respectively.

In the following, we summarise the main results obtained in this chapter:

1. We studied the gas kinematics to identify the presence of outflowing gas by tracing
the emission of the forbidden line doublet [O 111]114959,5007, whose line profile is
highly asymmetric in presence of outflows, with a typical broad, blueshifted wing
corresponding to high speeds along the line of sight. In both AGN, we detected the
presence of extended (~ 8 kpc) ionised outflows moving up to v ~ 2000 km s~! in
the image lens plane.

2. After correcting for gravitational lens effects, we found that the ionised outflow
in HS 0810+2554 is consistent within the uncertainty with the predictions for a
momentum-driven regime and with an energy-driven propagation once the contri-
bution of the molecular outflow is included. On the contrary, the ionised outflow
in SDSS J1353+1138 appears to be unrelated to the nuclear scale energetics, likely
requiring either the presence of a massive molecular outflow or a high variability
among the AGN activity.

3. By comparing our inferred results with those of the small sample of known AGN from
the literature, each hosting both sub-pc scale UFOs and neutral or ionised winds
on galaxy scales, we found that the momentum- and energy-driven frameworks
describe all the observed targets very well, with the exception of SDSS J1353+1138
and IRAS 17020+4544. Therefore, these driving mechanisms appear to explain how



152  Connecting X-ray UFOs with galaxy-scale ionised winds in two z~1.5 lensed AGN

the energy released by the AGN activity is coupled with the galactic ISM, thus driving

the wind propagation on a large scale.

Altogether, the observations presented in this work provide important pieces of in-
formation on the long sought-after ‘engine’ of large-scale outflows and feedback at the
Cosmic Noon, highlighting once again the power of IFS in this type of study. Follow-up CO
observations of these sources will be necessary to confirm the molecular outflow detection
and to constrain its energetics in HS 0810+2554, and to test whether a massive molecular
outflow is responsible for the mismatch between the wind energetics at different scales
observed in SDSS J1353+1138.



Chapter 6

Fast & Furious: type-2 AGN host faster

ionised winds than type-1 atz~2 in
SUPER

In this chapter, we present spatially resolved VLT/SINFONI spectroscopy of z~2 type-2
AGN from SUPER (Survey for Unveiling the Physics and Effect of Radiative feedback),
showing evidence of fast ionised winds (v = 600 km s™') on 1-3 kpc scales, traced via
[O 111]A5007 line emission. Interestingly, our analysis reveals that type-2 AGN host faster
ionised winds compared to SUPER type-1 systems within the same range of bolometric
luminosity (Lpo ~ 10*487465 erg s71). We speculate that these X-ray selected type-2 AGN
represent the ‘blow-out’ phase predicted by galaxy evolutionary models, where a larger pres-
ence of obscuring material might ultimately favour the acceleration of large-scale ionised
outflows via radiation pressure on dust. Based on Tozzi et al. (2023), to be submitted.

To date we have plenty of observational evidence of multi-phase AGN-driven outflows
from low to high redshift (see Sect. 1.2.3 also Chapters 4 and 5), with the high-redshift
search primarily focused on bright distant sources, being easier to detect and to investigate.
However, a number of questions still remain open due to the lack of clear observational
evidence confirming definitely model predictions (as discussed in Sect. 1.2), which mo-
tivates us to continue our research. Among these observationally-untested theoretical
predictions, there is the evolutionary sequence through different obscuring states followed
by AGN galaxies (e.g. Hopkins et al. 2006, Menci et al. 2008; see Sect. 1.1.2.2). According to
this picture, AGN galaxies go through a first dust-enshrouded phase, where the central
nucleus is obscured by dust and gas, thus fuelling both supermassive BH growth and SF

efficiently. All this sets the stage to the so-called ‘blow-out’ phase (e.g. Hopkins et al. 2008),
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during which powerful AGN-driven winds sweep away obscuring material and make the
central AGN visible and unobscured.

Although JWST has opened a new window on unprecedented high redshifts (i.e. z > 4),
the Cosmic Noon (z~2) still represents the golden epoch where to catch AGN feedback in
action, and can be deeply investigated also with ground-based AO-assisted facilities. The
completed ESO Large Programme SUPER (Survey for Unveiling the Physics and Effect of
Radiative feedback; PI: V. Mainieri, ID: 196.A-0377), carried out with VLT/SINFONI has
collected AO-assisted IFU data of a representative sample of X-ray AGN (Ly > 10* erg
s~ at z~2, over a wide range of bolometric luminosity (Lo ~ 1044748 erg s71), selected in
unbiased way with respect to the chance of hosting outflows (selected sample presented
in Circosta et al. 2018). SUPER primarily aims at investigating AGN ionised outflows and
studying their physical properties as a function of fundamental AGN and host galaxy
parameters (e.g. bolometric luminosity, stellar mass, star formation rate), to finally assess
the impact of outflows on their host.

This chapter continues the series of publications dedicated to SUPER!, presenting
the latest results obtained for the type-2 AGN subsample. We will analyse SINFONI
observations of SUPER type-2 AGN and search for evidence of large-scale ionised outflows
using [O 111]A5007A line emission as tracer. The inferred results on type-2 ionised outflows
will be then compared those detected in SUPER type-1 AGN (Kakkad et al., 2020), aiming
at studying possible differences between type-1 and type-2 AGN populations. A ACDM flat
cosmology with Qp, 0 = 0.3, Q5 9 = 0.7 and Hy =70 km s~! Mpc™! is adopted throughout
this work.

6.1 The SUPER survey

The sample presented in this chapter is part of the SUPER survey, a completed ESO Large
Programme (ID: 196.A-0377; PI: V. Mainieri) awarded 280 hours of SINFONI observing
time with AO, to obtain near-IR IFU observations of 39 blindly selected X-ray AGN at z ~ 2
(see Circosta et al. 2018 for details on selection criteria an the original selected 39-AGN
sample). The main scientific goals of SUPER are: (i) providing a first unbiased investigation
of ionised gas conditions in z~2 AGN, with an unprecedented spatial resolution of ~ kpc
thanks to SINFONI AO; (ii) inferring the impact of outflows on active SF; and (iii) linking
outflow properties (e.g. velocity, mass rate) with fundamental AGN and host galaxy
parameters (e.g. bolometric luminosity, stellar mass, star formation rate). Since part of
the survey was executed in visitor mode rather than service mode, a considerable fraction

ILink to visit the SUPER webpage (http://www.super-survey.org/).


http://www.super-survey.org/

6.1 The SUPER survey 155

of time got lost because of bad weather conditions and a few selected targets (6 objects)
were not observed. The final observed sample therefore consists of: 21 type-1 AGN and
12 type-2 AGN. Whereas SINFONI observations of the type-1 sample have been already
analysed and published in Kakkad et al. (2020), we here present type-2 AGN datasets.

6.1.1 The type-2 AGN subsample

SUPER has targeted 12 type-2 AGN in total: six sources are from the Chandra Deep
Field-South (CDF-S; Luo et al. 2017); whereas other six from the COSMOS-Legacy survey
(Civano et al., 2016). Before being observed by SINFONI, they were selected to be type-2
systems based on the absence of BLR emission in archival rest-frame UV spectra (Cicone
et al., 2018); then, the absence in SINFONI spectra of BLR components in rest-frame
optical Balmer hydrogen lines (Ha and Hp, less affected by extinction than rest-frame
UV emission lines) has confirmed their spectral classification as type-2 AGN. In Table
6.1, we list some main properties of the 12 observed type-2 AGN, including spectroscopic
redshift z; bolometric luminosity Ly, stellar mass M., and SFR, all derived from SED
fitting (Circosta et al., 2018); 2-10 keV X-ray luminosity L,_;¢ kev and hydrogen column
density Ny inferred from archival X-ray spectra (Circosta et al., 2018). Redshift values
have been obtained from SINFONI rest-frame optical spectra (see Sect. 6.2.1), except for
sources being undetected or marginally detected (five in total) in our SINFONI data (see
Sect. 6.1.2). Redshift of these sources have been measured from archival rest-frame UV

spectra (marked with 1),

6.1.2 Observations and data reduction

SUPER targets were observed with SINFONI between November 2015 and December 2018,
as part of the ESO Large Programme 196.A-0377 (PI: V. Mainieri), in both service and
visitor mode. All SINFONI observations were planned to be carried out in AO mode in
both H band, targeting HB and [O 111]A14959,5007A emission lines, and K band, targeting
Ha, [N11]A16549,83A, and [S11]AA6716,31A.

Observations of ten out of 12 type-2 AGN were performed in AO-assisted mode with
no tip-tilt star (i.e. in Seeing Enhancer mode), using both H and K gratings (R ~3000 and
R ~4000, respectively); whereas the remaining two objects were observed with no-AO
(cid_1253 with H and K gratings, cid_971 with the HK grating, R ~1500), to optimize the
reduced fraction of time available during the visitor mode observing run because of bad
weather conditions. For AO-assisted observations, we adopted a plate scale of 3" x 3" with
a spatial sampling of 0.05” x 0.1”, then re-sampled to 0.05” x 0.05” in the final data cube.
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Table 6.1 Main properties of the 12 observed type-2 AGN from SUPER. From left, columns report: coordinates
of the optical counterpart of the target (J2000); spectroscopic redshift z; galaxy stellar mass M., star formation
rate (SFR), AGN bolometric luminosity Ly, all with 1o uncertainties, derived from SED fitting (Circosta
et al., 2018); 2-10 keV X-ray luminosity L,_1g xev and hydrogen column density Ny with 90% confidence
level errors, measured from archival X-ray data (Circosta et al., 2018). Redshift values have been measured
from rest-frame optical SINFONI spectra (Sect. 6.2.1), except for sources undetected or marginally detected in
SINFONI observations (Sect. 6.1.2)). For these objects, we report the spectroscopic redshift measured from
archival rest-frame UV spectra (marked with ").

Field & Target ID RA DEC z log M., SFR log Ly logLy_10kev  log Ny
(hh:mm:ss) (dd:mm:ss) Mol Mo yr'l] [erg s [erg s [cm™2]
CDF-S XID36 03:31:50.77 —27:47:03.41 2255 10.68+£0.07 1849 4570+0.06 43.84703} >24.1
CDF-SXID57 03:31:54.40 —27:56:49.70 22987 10.49+0.11 <34  44.26+0.18 44.0470)7 23307032
CDF-SXID419 03:32:23.44 —27:42:54.97 2143 10.89+0.02 424 45541005 43.8470% 2428701
CDF-S XID427 03:32:24.20 -27:42:57.51 23037 10.87+0.08 <72  44.60+0.13 4320750  22.43+021
CDF-8 XID522 03:32:28.50 —27:46:57.99 2.3097 10.42+£002 492+25 45.02+0.02 43517050  >225
CDF-S XID614 03:32:33.02 —27:42:00.33 2.453 10.78+0.08 247+12 44.97+0.13 43617018  24.25701

COSMOS cid_1057 | 09:59:15.00 +02:06:39.65 2210 10.84+0.07 85+4 4591+0.06 44.537020  23.98702%

COSMOS cid_451 | 10:00:00.61 +02:15:31.06 2.444 11.21+0.05 <125  46.44+0.07 45.1870% 2387012

-0.19 —0.15
COSMOS cid_2682 | 10:00:08.81 +02:06:37.66 2.437 11.03+£0.04 <93  4548+0.10 44.30702%  23.92%;9
COSMOS cid_1143 | 10:00:08.84 +02:15:27.99 2.443 10.40+0.17 108+18 44.85+0.12 44.8370%  24.017077

COSMOS cid_971 | 10:00:59.45 +02:19:57.44 24737 10.60+0.12 <96  44.71+0.24 43871030  <23.68

COSMOS cid_1253 | 10:01:30.57 +02:18:42.57 2.1477 10.99+0.25 280+194 45.08+0.18 43.92702%  23.22+047

Instead, for the two targets observed in seeing-limited mode during the visitor-mode runs
we selected the largest FoV (8" x 8”), corresponding to a pixel scale of 0.25” x 0.25” in the
final reduced data cube. Before or after each observing block, a dedicated PSF star was
observed to derive an estimate of the final AO PSF FWHM (reported in Table 6.2).

For a detailed description of both our observational strategy and reduction procedure,
we refer to the second SUPER paper (Kakkad et al., 2020). Here, we just summarise the
main steps of the reduction procedure applied to SINFONI data cubes. We reduced all
observations using the ESOREX pipeline (3.1.1), which returns a distortion-corrected and
wavelength-calibrated data cube of the science target, as well as of the PSF and telluric
stars. We then removed background sky emission via the IDL routine ‘skysub.pro’ (Davies,
2007), and used our own custom-made python routines to perform flux calibration (based
on Piqueras Lopez et al. 2012) and to reconstruct the final data cube for each observed
target. As a final check, we compared the synthetic photometry measured from SINFONI
integrated spectra with both archival photometric measurements (Circosta et al., 2018),
and the synthetic photometry from KMOS integrated spectra, when available (Scholtz et
al., in prep.). From this comparison, we estimated a typical relative uncertainty on the flux
calibration of our SINFONI data of about 20% for all employed bands.

In Table 6.2, we show some main parameters of SINFONI observations of the 12
SUPER type-2 AGN. For each target, we specify the observing mode (AO/noAO), and list
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Table 6.2 SINFONI observations of the 12 type-2 AGN from SUPER. For each target, we indicate the observing
mode (AO/noAO), and list the following parameters for each adopted grating (H, K, HK): absolute (AB)
magnitude measured from SINFONI integrated spectra, total exposure time (exp), spatial resolution Opsg),
computed as PSF FWHM, and emission lines (EL) being detected. Boldface characters indicate targets detected
with a spatially integrated S/N>2 on [O 111]; when detected at SIN<2, [O 111] and Ha are accompanied by a 4

ok

symbol. For targets marked with *, a correction factor (~ 2) was required to match the previous synthetic
measurements (Circosta et al., 2018).

Target Obs mode H band K band
mag (AB) fegp (hr) 07" [ EL | mag(AB) fupthr] P EL
(Ops [kpc)) (Opsk [kpc))
0.29 x 0.26 0.15x 0.15
XID36 AO 21.45 5.3 24x2.1) HB, [0m)] | 21.13 2.0 L2x1o He N, isu
0.32 x 0.30 0.33x0.27
XID57 AO - 80 e - - Y0 07y )
0.47 x 0.52 0.24x0.22
* *
XID419 AO 22.69 0.8 (3.9x43) [O111] 21.85 1.0 2.0x18) Ha, [N11]
0.23 x 0.20 . 0.28 x 0.20 :
XID427 AO 22.72 1.0 19 18) - 21.90 1.0 2.3x16) Ha
0.25 x 0.20 0.25x0.19
Xibs22 A0 ) L0 (2.0x1.6) ) ) 1.0 (2.0x1.6) )
0.38 % 0.37 0.27 x 0.28
*
XID614 AO 22.41 11.5 3.1x3.0) HB, [Om] | 21.79 3.5 22x23) Ha, [N11]
0.32x0.30 0.46 x 0.43
. . B
cid_1057 AO 21.80 2.0 2.6x25) HB, [Om] | 2091 0.7 (3.8x3.6)
. 0.28 x 0.30 . 0.28 x 0.27
cid_451 AO 21.73 5.0 2.3 2.4) [O111] 21.69 2.0 322 Ha, [N11]
. 0.33x 0.28 . 0.28 x 0.25
cid_2682 AO 21.58 5.6 2.7%2.3) [0 11] 21.01 1.8 2.3%2.0) Ha, [N11]
0.41 x 0.38 0.30 x 0.30
i T
cid_1143 AO 22.44 5.5 (3.3x3.1) HB, (O] |  22.66 2.0 2.4x2.4) Ha
0.68 x 0.63 0.66 x 0.61
id_12 Al 22.4 4, t 21.61 1. f
cid_1253 noAO 5 0 (5.6x5.2) [O111] 6 0 (5.5x5.1) Ha
HK band
mag (AB) fexp [hi] Ops ("] EL
(Bpsk [kpc])
¢id 971 | noAO 1.8 0.420.39 -

(3.4%x3.2)
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the following parameters for the corresponding adopted grating (H, K, HK): absolute (AB)
magnitude measured from SINFONI integrated spectra, total exposure time (Zexp), spatial
resolution (fpsr), and emission lines (EL) being detected. The spatial resolution fpsr has
been computed as FWHM of a 2D-Gaussian profile fitted to the total flux distribution of
the PSF star observed in H and K bands. The brightest emission lines are [O 111] and Ha in
H and K bands, respectively: when detected with a total S/N<2 in SINFONI integrated
spectra, these lines are marked with . Seven type-2 sources are detected in [O 111] line
emission with a total, spatially integrated S/N>2 (target IDs in boldface in Table 6.2). Five
of these have also Ha+[N 11] detected with a S/N>2, whereas in cid_1057 and cid_1143
Ha is totally undetected and marginally (S/N<2) detected, respectively. In two sources
(namely, XID427 and cid_1253), we detect [O 111] and/or Ha (i.e. only Ha in XID427, both
[O111] and Her in cid_1253) just marginally (i.e. S/N<2), whereas the remaining three
targets (i.e. XID522, XID57 and cid_971) are totally undetected in SINFONI observations.
These undetections or poor detections in H- or K-band datasets are a consequence of
lower integration time, due to observing time lost because of bad weather conditions,
which particularly penalised SUPER type-2 objects, being also the faintest sources of the
SUPER sample (Lpo < 10%6 ergs™1).

The rest of this chapter will focus on the seven type-2 AGN with [O111] detected at
S/N>2 (listed in boldface in Table 6.2), for which it is possible to perform a spatially-
resolved, spectral analysis of [O I11] line emission, aiming at searching for ionised outflows
signatures.

6.2 Data analysis

In this section, we analyse SINFONI H-band data cubes of the seven type-2 AGN well
detected (S/N>2) in [O 111] (listed with boldface labels in Table 6.2), to spatially map [O 111]
line emission and its kinematics, looking for evidence of high-velocity outflowing gas
(Sect. 6.2.1). Unfortunately, the quality of K-band data is worse (i.e. lower S/N) for most
objects, which prevents us from an accurate mapping of K-band line emission across the
SINFONI FoV. However, in Sect. 6.2.2 we use combine integrated measurements of Ha
and Hp flux from K and H-band data, respectively, to estimate dust extinction. Being
these targets obscured (type-2) AGN, correcting for dust extinction is a crucial step to get
reliable estimates of outflow energetics (see Sect. 6.3.2).



6.2 Data analysis 159

6.2.1 Spectral fitting

For the spectral fitting of SINFONI H-band data cubes, we adopt the fitting code presented
in Sect. 1.3.3, and fit all cubes in the rest-frame optical wavelength range of 4800-5200A.
Being distant type-2 AGN, their SINFONI spectra show neither BLR emission nor strong
(AGN and/or stellar) continuum, but consist of only ‘narrow’ (FWHM <2000 km s™!)
emission lines, either originating from AGN NLR or due to a different kinematics (i.e.
outflow, disk rotation). In addition to [O 111]A15007,4959A emission line doublet (detected
in all seven examined sources), we also detect faint Hf line emission in four H-band data
cubes.

As a first step, we increase the S/N of SINFONI data by means of a Gaussian smoothing,
avoiding carefully deteriorating further the instrumental PSE Therefore, we smooth each
data cube with a Gaussian kernel of width o g0t ~ 0.1 —0.2”, that is as larger as possible,
but still smaller than the instrumental PSF (see Table 6.2, 0gnooth < Opsr/2.35). After this,
we model spaxel-by-spaxel the observed line emission via multiple Gaussian components,

following the prescriptions summarised below:

e We fit two Gaussian components to the [O 111]A15007,4959A line doublet, with a
fixed flux ratio of 3, and same kinematics (i.e. velocity v and velocity dispersion o).
Hereafter, we refer to the brighter doublet component (i.e. [0 111]15007A) simply as
[O111].

* When detected, faint Hf line emission is modelled with v and o fixed to the best-fit

values obtained for [O 111], hence with flux as a free parameter only.

* In each spaxel, we reiterate the line modelling using variable number of Gaussian
components, ranging from one to a maximum number which best reproduces
complex line profiles in high S/N spaxels. We then select the optimal (minimum)
number of Gaussian components required in each spaxel via a Kolmogorov-Smirnov
test on the residuals. Five H-band datasets require up to two Gaussian components;
cid_1057 up to three components, given the presence of both blue and red [O 111]
wings detected; instead, one component is sufficient to model single-spaxel line
emission in XID419.

* We also add a 1st-degree polynomial to reproduce any faint continuum emission
over the entire fitted wavelength range.

Overall, several spectra require multiple Gaussian components to reproduce simulta-
neously both narrow, low-velocity line emission and broad, high-velocity wings in [O 111]
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line profile. Whereas the latter are considered the typical signature of fast outflowing gas
(discussed in Sect. 6.3.1), narrow, low-velocity line emission is typically due to nearly
systemic gas motions (e.g. NLR, disk rotation). For this reason, we compute the redshift of
each source from the peak of [O 111] narrow line emission. In particular, we extract H-band
integrated spectra from a small (i.e. radius of 1”) aperture centred on the overall H-band
emission peak (corresponding to [O, I11] emission peak) and set to 0 km s~! the peak of
the [O, 111] narrow line component. We estimate an uncertainty of A z = 0.001 on our
[O 111]-based measurements of z, due to SINFONI H-band spectral resolution (R ~3000).

6.2.2 Integrated H and K-band spectra

Since the targets here examined are type-2, obscured AGN (N = 10**cm™2; Circosta
et al. 2018), it is important to correct flux/luminosity measurements for dust extinction.
In particular, in Sect. 6.3.2 we will need to correct for dust extinction [O 111] luminosity
associated with outflowing gas, to estimate intrinsic energetics of ionised outflows. Below,
we describe how we estimate rest-frame optical dust extinction from spatially integrated
Ha/Hp ratios for the seven examined type-2 AGN.

To accurately correct for dust extinction, we should: (i) account for spatial variations
of Ha/Hp across the FoV using spaxel-by-spaxel measurements; (ii) consider extinction
effects exclusively on the outflow component, which may differ from those affecting the
bulk of the ionised gas or any other kinematic component (e.g. disk rotation, AGN NLR).
Yet, the S/N on Ha and Hp is not high enough for such an accurate, spatial mapping
of dust extinction. Indeed, their detection is mostly limited to central brighter spaxels,
with HB undetected in three sources (even in integrated spectra), whereas Ha is totally
undetected in cid_1057 and marginally (S/N<2) detected in cid_1143. Therefore, we
extract integrated K and H-band spectra of each object to increase the S/N Ha and Hp,
so as to estimate (or put constraints on) dust extinction. The only target of the 7-AGN
examined sample for which this is not possible is cid_1057, being totally undetected in
Ha. Therefore, in the following we describe first how we estimate (or constrain) from
integrated spectra dust extinction in the remaining six objects, and then assumptions
adopted for cid_1057.

We extract integrated K- and H-band spectra of each object using an aperture of
~0.25"-radius centred on the source (see Figs. 6.1, 6.2, 6.3), and fit them following the
same prescriptions described in Sect. 6.2.1. In particular, Gaussian profiles fitted to Ha
and [N 11]A16549,83 are constrained to have the same velocity and velocity dispersion, with
the additional constraint of a fixed flux ratio of 3 on the two [N 11] doublet components. In

XID36, we model also faint [S11]AA6716,31 line emission, following the same prescriptions
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adopted for HB in H-band datasets. In most cases, one Gaussian component is enough
to reproduce K-band emission lines; XID36 and cid_451 instead require an additional
broader component (o ~800 km s™! in XID36, o ~400 km s~! in cid_451). In Figs. 6.1
and 6.2, we show H- and K-band spectra extracted with a 0.25"-radius aperture from
SINFONI data cubes, after subtracting a 1st-degree polynomial used to reproduce any
residual faint continuum emission. Data are shown in black, with total emission-line
model drawn on the top in red. In case of multi-Gaussian fitting, we plot separately
components used to reproduce narrow, systemic line emission (lightblue), and broad
high-velocity line emission (green), likely associated with fast outflowing gas. In Fig. 6.3,
we also show an integrated H-band spectrum of cid_1057, extracted with the same 0.25"-
radius aperture. In this source, the [O111] emission line exhibits an asymmetric profile
which is well reproduced by three Gaussian components: one to reproduce systemic,
narrow line emission (lightblue component in Fig. 6.3), two to model blue and red wings
detected in [O111] (in different green colours).

Since we do not detect broad, high-velocity emission in Hf profile, possibly associated
with outflows, in any object (in Ha only in XID36 and cid_451), we use integrated total-line
flux ratios (i.e. Ha/Hp) to obtain an estimate of total dust extinction (Calzetti et al., 2000)
and use it as an estimate of the one affecting the outflow emission. For XID36, XID614
and cid_1143, with both hydrogen lines detected, we estimate Ay and relative uncertainty
via error propagation. For cid_1143, due to the low S/N on Ha and Hf, we obtain a
value of Ay consistent with 0 (i.e. no extinction) within the uncertainty (Ay = 1.2 +1.8).
Since Ay must be non-negative, we adopt Ay = 1.2*1%. In XID419, cid_2682 and cid_451
instead, where we do not detect Hf, we estimate a lower limit to Ay, considering a 20 oise
upper limit to Hp flux. Finally, for cid_1057, the only source totally undetected in Ha, we
consider an Ay value computed as the average of the three Ay measurements obtained
for XID36, XID614 and cid_1143, taking the maximum distance of these estimates from
the mean as uncertainty (i.e. Ay = 1.8+ 1.0). In Table 6.3, we list all Ay values adopted to

correct observed outflow [O 111] fluxes for each source.

6.3 Results

6.3.1 Ionised gas kinematics: evidence of spatially resolved outflows

Our spectral modelling of [O 111] line emission has revealed clear prominent [O 111] wings
across the FoV of four galaxies (i.e. XID36, cid_1143, cid_451, cid_1057; see Figs. 6.1-6.3),

pointing to the presence of gas moving at high speed with respect to the galaxy systemic
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Fig. 6.1 Integrated H- and K-band spectra extracted from SINFONI data cubes of XID36 (top), XID419
(middle) and XID614 (bottom), with a 0.25" -radius aperture, after subtracting a 1st-degree polynomial used
to reproduce any residual faint continuum emission. Data are shown in black, with total emission-line

model drawn on the top in red. For multi-Gaussian modellings, we plot separately components used to
reproduce narrow, systemic line emission (lightblue), and broad high-velocity line emission (green), likely
associated with fast outflowing gas. Shaded grey regions indicate channels of sky emission (masked during the
modelling), while vertical dotted lines mark emission line rest-frame wavelengths at redshifts, as computed in

Sect. 6.2.1. Below each main panel, a second one shows corresponding residuals (i.e. data—model).
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Fig. 6.2 Integrated H- and K-band spectra extracted from SINFONI data cubes of cid_1143 (top), cid_2682
(middle) and cid_451 (bottom), with a 0.25" -radius aperture, after subtracting a 1st-degree polynomial used
to reproduce any residual faint continuum emission. Same as in Fig. 6.2. In K-band spectrum of cid_1143, we
fitonlyHa line emission due to the low S/N (S/N<2) of this dataset.
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Fig. 6.3 Integrated H-band spectrum of cid_1057, extracted from SINFONI data cube with a 0.25" -radius
aperture, after subtracting a 1st-degree polynomial used to reproduce any residual faint continuum emission.
Same as in Fig. 6.2. Three Gaussian component are used to properly model [O 111] line profile: one to reproduce
systemic, narrow line emission (lightblue), two for the blue and red wings detected in [O 111] (different green
colours).

velocity. Also in XID614 and cid_2682, [O 111] line profile apparently has a faint blue wing
(see Figs. 6.1, 6.2), whereas it is hard to assess at first sight the presence of any possible
blue [O 111] wing in XID419 (see Fig. 6.1), due to bright residual sky emission (see Fig. 6.1).
Therefore, we inspect kinematic maps of [O 111] line emission in all galaxies (Figs. 6.4-6.6),
either to confirm the outflow nature of broad, high-velocity line emission when clearly
detected, or to search for kinematic evidence of ionised outflows in more ambiguous
cases.

In Figs. 6.4-6.6, we show maps of [O 111] line emission, describing spatial distribution
and kinematics of ionised gas in all seven examined type-2 AGN, with S/N>3 cut. First-
column maps display the [O 111] intensity field computed as moment-0 of the total line
profile (upper panel); and ratio values (f300) of the flux in high-velocity channels (|v| >300
km s™1) to moment-0 flux (lower panel), being the first quantity a simplified but reasonable
approximation of [O111] flux carried by outflows (Kakkad et al., 2020). For the seven
examined type-2 AGN, we find the total (i.e. spatially integrated) flux at |v| >300 km s~!
represents a significant fraction of the total moment-0 flux, ranging from 21% (in cid_1057)
to 66% (in XID36).
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Fig. 6.4 Morphology and kinematics of ionised gas in XID36, XID419 and XID614, as traced by total [O 111]
line emission. For each target, maps show: the intensity (moment-0) field; percentile velocities (vsg, V19, V90)
and line width (wgy = v9g — v19); and the ratio of the flux contained in [O 111] wings (i.e. |v| > 300 km s~ L) over
moment-0 flux (f30). Dashed and dotted circumferences correspond to the 0.25" -radius aperture used to
extract integrated spectra (Sects. 6.2.2 and 6.3.3.1), and to the mean H-band PSF (i.e. radius equal to (Opsp) /2
in Table 6.2), respectively. In XID419 the two circumferences have the same 0.25" radius. In all maps, we also
mark the position of [O 111] peak emission with a cross, and apply a SIN>3 cut.
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Fig. 6.5 Morphology and kinematics of ionised gas in cid_1143, cid_2682 and cid_451, as traced by total
[O111] line emission. Same as in Fig. 6.4.
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Fig. 6.6 Morphology and kinematics of ionised gas in cid_1057, as traced by total [O 111] line emission. Same
as in Fig. 6.4.

In addition, maps in the second and third columns of Figs. 6.4-6.6 show ionised gas
kinematics described in terms of non-parametric percentile velocities>. Compared to
parametric values, percentile velocities have the advantage of being independent on the
adopted fitting function (e.g. the number of Gaussian components), which in turn may
strongly depend on the S/N of the examined data (e.g. Harrison et al. 2014, Zakamska
and Greene 2014). In particular, we adopt vsg, v10, V9o Velocities, and wgg line width (i.e.
wgo = V9o — V19), which is approximately equal to the FWHM of a Gaussian profile. Extreme
v10 and vgq values are widely adopted as a reliable approximation of outflow velocity, for
its approaching and receding components (e.g. Harrison et al. 2014, Carniani et al. 2015,
Cresci et al. 2015a), respectively. Compared to moment-1 and moment-2 values (i.e. mean
velocity and velocity dispersion, respectively), strongly affected by geometrical projection
effects, v19 and vgg better avoid possible underestimates of the real outflow velocity, since
we ignore its intrinsic geometry and inclination with respect to the line of sight. For all
galaxies, v19 and v9p maps overall feature high velocities, with absolute values up to 800-
1100 km s~ ! in four targets (XID36, XID419, cid_1143, cid_451), and to 600-700 km s~! in
the remaining three (XID614, cid_1057, cid_2682). These large velocities are accompanied
by wg line widths larger than 800 km s~ in most of the FoV of all targets, with maximum
values of at least 1000 km s~! (about 1700 km s™! in XID36 and 1200 km s™! in cid_451).
Such large velocities and line widths point to ionised outflows as the most likely origin of
such observed turbulent, high-velocity kinematics. Alternative phenomena can hardly
explain such extreme kinematics. In fact, SF-driven outflows are typically characterised

Zpercentile velocities vy used in the following are defined as the velocity containing xx% of the total
[O111] line flux.
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by low peak velocities (e.g. Arribas et al. 2014, Forster Schreiber et al. 2019); whereas
galactic inflows are mostly observed in absorption with low bulk velocities and o values
(e.g. Bouché et al. 2013). From the relatively overall unperturbed morphology we can
also exclude merging scenarios. Large line widths might also be due to turbulence in the
galactic medium induced by the interaction of nuclear activity with the host environment,
as observed in low-redshift type-2 active galaxies (e.g. Woo et al. 2016, Fischer et al. 2018,
Venturi et al. 2021). Yet, such turbulence-induced effects are generally associated with
relatively low centroid velocities (i.e. |v| < 200 —300 km s~1: Woo et al. 2016, Fischer et al.
2018), typical of gas at systemic or following rotation. This seems to be not the case of
the broad Gaussian components used to reproduce [O 111] line wings in SUPER type-2
systems, which mostly exhibit centroid velocities |v| > 300 km s~ ! and appear not being
associated with galaxy rotation. Finally, we point out that turbulence-induced effects have
been traced in detail in observations of local Seyfert galaxies at high spatial resolution
and sensitivity (see e.g. Fischer et al. 2018, Venturi et al. 2021). As a consequence, it might
be hard to detect such effects in lower-quality data of z ~ 2 AGN, such as our SUPER
observations with a spatial resolution of 2-4 kpc (see Table 6.2).

On the other side, vsy velocities are useful to describe the velocity field of the com-
ponent dominating the overall kinematics of ionised gas. We find moderate vsy values
in all galaxies (|vso| <400 km s™1; even |v50| <100 km s~! in XID614 and cid_2682), and
blueshifted v5y values in most cases. This means that a significant fraction of total [O 111]
line emission is found in the blue wing of the line profile, further supporting the presence
of fast ionised outflows in these galaxies. Similarly, vso velocities in XID36 appear almost
everywhere redshfted (reaching 400 km s1) asa consequence of the extended [O 111] red
wing dominating the overall [O 111] kinematics in this object (see Fig. 6.1). Moreover, we
detect a regular velocity gradient of v5 in a few galaxies: whereas in cid_1143 the v field
is still outflow-dominated (i.e. totally blueshifted), with increasing absolute values from
NW to SE (N is up, E to left), in XID419 and XID614 it seems to be consistent with galaxy
disk rotation, with velocities going from negative to positive values passing through the
galaxy centre.

In all maps, we draw two circumferences corresponding: to the 0.25”-radius aperture
(dashed) used in Sect. 6.2.2 (also later in Sect. 6.3.3.1) to extract integrated SINFONI
spectra; and to the mean H-band PSF (dotted), namely, with a radius equal to (Opsr)/2 (see
Table 6.2). In XID419 (Fig. 6.4) the two circumferences have the same radius. Compared
to the corresponding H-band PSE we see that in all galaxies except for XID614 the extent

1

of S/N>3 [O111] line emission at |v| > 300 km s™" is clearly larger than the instrumental

PSF radius. This ensures us that high-velocity [O 111] emission associated with outflows is
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spatially resolved in at least six objects of our sample. In XID614, S/N>3 [O 111] maps and
H-band PSF have approximately the same extent in all directions. (see Fig. 6.4). However,
the fact that we see structures and variations in gas kinematics across the FoV of XID614
suggests that high-velocity [O111] line emission at large distance is at least marginally

spatially resolved in our data.

6.3.2 Ionised outflow properties and energetics

Since Hp is detected at low S/N in H-band type-2 data due to extinction effects® we derive
ionised outflow properties from higher-S/N [O111] line emission. Some properties can

be directly measured from SINFONI data, such as outflow velocity voy, radial extent

[O111]

Rout, and [O 111] luminosity L,

associated with outflows. On the contrary, to estimate
outflow mass rate M, we first need to make assumptions on quantities which cannot be

measured from our data (i.e. electron density ne, and oxygen abundance [O/H]).

6.3.2.1 Directly measured outflow properties: velocity, radius and luminosity

L[OIII]

Outflow properties we can directly measure are voyt, Rour and L,

. As outflow velocity
Vout, We take for each target the maximum value of all observed v;( or vyg velocities (i.e.
Vout = Mmax[ vy, vgol). This definition of outflow velocity is widely adopted in the literature
(e.g. Cresci et al. 2015a, Carniani et al. 2015, Tozzi et al. 2021, Vayner et al. 2021a,b) and
relies on the assumption that all observed lower velocities are consequence of projection
effects. Other works use wgg as outflow velocity (e.g. Harrison et al. 2012, Kakkad et al.
2016, 2020). Yet, inferred wgg line widths strongly depend on the line profile, possibly
determined by dust extinction. In fact, measuring outflow kinematics with wg, leads to
higher velocities for symmetric lines compared to strongly asymmetric ones. Since here we
are dealing with type-2 AGN, we expect significant dust extinction resulting in asymmetric,
usually blueshifted line profiles, as a consequence of the redshifted outflow component
being obscured by dust. Therefore, we measure vy, from vy or vgg values, unlike what
previously done in Kakkad et al. (2020), who employed wg, for the SUPER type-1 AGN
sample. However, as mentioned in Sect. 6.3.1, all type-2 AGN show wgy > 800 km s !
in most of the FoV and in correspondence of highest [O 111] velocities, thus meeting the
wgo > 600 km s~! criterion used in Kakkad et al. (2020) to identify [O 111] outflow emission

(e.g. see also Harrison et al. 2016).

3Inferring ionised outflow properties from [O 111] line emission requires more assumptions than using
Ha or HB. However, as widely discussed throughout this chapter, hydrogen lines are overall detected at a
lower S/N compared to [O 111].
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Using vou: = max|[|vigl, [v9oll, we hence obtain wind velocities within v4,; ~600-1100
km s~!, with a mean outflow velocity (Voyui) ~830 km s~1. For comparison, we also compute
for each object the outflow velocity defined as vmax = Vpro + 20110 (Rupke and Veilleux,
2013), where vy, and oy are velocity and velocity dispersion, respectively, of broad
Gaussian components associated with outflows. This parametric definition of outflow
velocity typically delivers values slightly larger compared to the v, definition based vy
and vgg but, being adopted in several works (e.g. Brusa et al. 2015, Fiore et al. 2017, Leung
et al. 2019), it is a useful quantity to compute for comparing our results with other from
the literature (see Sect. 6.4). For XID419, we estimate vnyax as twice the o value of the
single Gaussian employed, as done in Kakkad et al. (2020). The v, values inferred for
each galaxy are listed in Table 6.3, along with maximum observed values of v, and wg
(as well as other outflow properties inferred in the following).

To estimate R,y instead, we first infer the observed (maximum) outflow radius Ry,
measured from [O 111] maps in Figs. 6. 4-6 6 as the maximum extent from the centre
of [O111] line emission at |v| > 300 km s™'. We then correct R, for H-band PSF (i.e.
Rout = \/ R? - (Opsp/2)?; Opsp values listed in Table 6.2), thus obtaining intrinsic radii of
a few kpc for spatially resolved outflows (Rqyt ~2—4 kpc). For XID614, where the ionised

outflow is marginally resolved, we consider the resulting measurement as an upper limit
to Royt (i.e. Rout < 1.9 kpc). All Ry estimates and upper limits are listed in Table 6.3).

To estimate the amount of [O 111] flux associated with ionised winds, we follow same
prescriptions adopted in Kakkad et al. (2020) for the SUPER type-1 AGN and sum over
all S/N>3 spaxels the [O111] flux contained in high-velocity line channels (i.e. |v| >300
km s~1). A non-parametric approach is more suitable for our data than a parametric one
based on multi-Gaussian modelling, where the flux of broad, high-velocity is associated
with outflows. In fact, the detection of a broad ‘outflow’ component depends on the S/N
of data. Yet, as shown by the f3 ratio map in Fig. 6.4, a not negligible fraction (varying
within 0.3-0.5) of [O 111] flux is found in |v| >300 km s~ ! line channels, overall suggesting
that this high-velocity gas is associated with outflows (discussed in Sect. 6.3.1). However,
we point out that [O 111] outflow fluxes obtained by summing spaxel-by-spaxel the flux
of broad Gaussian components (for the six objects - all but XID419 - requiring a multi-
Gaussian modelling of [O 111]) are consistent with our non-parametric estimates within the
uncertainty, differing on average by a factor of about 2 (same found in Kakkad et al. 2020
for type-1 AGN). Finally, all inferred (non-parametric) [O 111] outflow fluxes are corrected

for dust extinction using Ay values obtained in Sect. 6.2.2), and converted to intrinsic

L [OIII] [OII]

[O 111] outflow luminosities L out

in Table 6.3.

. All resulting dust-corrected L values are reported
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Table 6.3 Main properties of ionised outflows in the seven SUPER type-2 AGN examined in this chapter. From
left, columns list for each galaxy: (1) V -band extinction Ay (inferred in Sect. 6.2.2); (2) outflow radius Roy; (3)
outflow velocity voy: according to our adopted definition as voyu: = max[|viol, |veoll; (4) dust-corrected [O 111]
outflow luminosity Lg?lltm , inferred from |v| > 300 km 57t line channels; (5) outflow mass rate Mout; maximum

observed values of (6) wgy and (7) Vmax (i.€. Vmax = Ubro + 20bro; Rupke and Veilleux 2013).

Target ID Ay Rout Vout LL?JIIH] Mou Wsgo Umax
kpc kms™! 102 ergs™! Mg yr! kms™! kms™!
(1 2 3 4 (5) (6) @
XID36 1.3+£0.8 | 3.5 990 £50 14+5 10+6 1760+120 1450+ 80
XID419 >0 3.6 790+ 120 >0.3 >0.2 1020+£110  800+40
XID614 28+16 | <1.9 590 £ 60 22+1.6 >1.7 960 + 140 910+ 80
cid_1057 1.8+1.0 3.1 720170 22+1.0 1.3+£0.9 | 1130+130 1420+130
cid_1143  12%% | 29 1070+120 3n! 3+29 1320£70  1370+120
cid_2682 >0.6 2.0 670+£80 >0.9 >0.8 1130£90 1240+130
cid_451 >2.7 2.6 950+ 40 > 30 >27 1270£70  1290+40

6.3.2.2 Ionised outflow mass rate

The three quantities directly measured in previous subsection - namely, voyt, Rour and

L[OHI]

out - are fundamental ingredients to compute mass rate of ionised outflows. Following

prescriptions adopted in Kakkad et al. (2020) for the SUPER type-1 AGN sample, we
compute the mass of ionised outflows as follows (for an electron temperature of T ~ 10%
K; e.g. Carniani et al. 2015, Kakkad et al. 2016):

(o " M
— 8 out (S o)
Mour =08x10 (1044 ergs~1/ 500 cm—3) 10/0/H)” 6.1

where all oxygen is assumed to be ionised to O%*, n, and [0/H] are electron density and
oxygen abundance in solar units, respectively. For a uniformly filled (i.e. constant ne)
outflow of bi-conical geometry, the mass rate Moy at a certain radius R,y can be then
calculated as (Fiore et al., 2017):

Mout =90 (6.2)

which gives the instantaneous mass rate of ionised gas crossing a spherical sector at
a distance Ry from the central AGN. Equation 6.1 requires values of [O/H] and n, to
compute ionised outflow mass, but none of them can be measured from our data. Hence,
we assume a solar [0/H] abundance and 7, = 500 + 250 cm ™2 (i.e. 50% uncertainty) in
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agreement with previous studies (e.g. Storchi-Bergmann et al. 2010, Carniani et al. 2015,
Riffel et al. 2015, Davies et al. 2020, Cresci et al. 2023) and consistently with prescriptions
adopted in Kakkad et al. (2020) for SUPER type-1 AGN. In principle, n, can be inferred
from [S11]A6716/[S11]A6731 flux ratio (e.g. Osterbrock and Ferland 2006), but [S11] is
undetected in SINFONI K-band data of type-2 AGN except for some faint [S 11] emission
in XID36 (see Fig. 6.1).

In Table 6.3, we summarise inferred properties of ionised outflows in the seven SUPER

type-2 AGN, with corresponding uncertainties. We list also Ay estimates (or lower limits,

L[OIH]

out Measurements

derived in Sect. 6.2.2) used to obtain corresponding dust-corrected

(or lower limits). Errors on vgy, wgp and vmax are lo-uncertainties resulting from kine-

L[OIII

10N and Moy are computed via error propagation.

O and Moy, for this

object correspond to the minimum-maximum range of possible values, determined by

matic analysis, while those on Ay,
Due to the asymmetric uncertainty on Ay for cid_1143, errors on L

the minimum/maximum values of the physical quantities they depend on. Despite being
not obvious how to estimate them, we do not expect errors on Ry, smaller than the SIN-
FONI spatial pixel (i.e. 0.05”), which corresponds to about 0.4 kpc at z ~ 2. However, the
uncertainty on our My, estimates is dominated by the large uncertainties on Ay (larger
than 50%) and n, (assumed equal to 50%). The inferred upper limit to Ry in XID614
leads to a corresponding lower limit to Moyt (.. Moyt > 1.7 Mg yr‘l).

Before SUPER observations, the galaxy cid_415 was observed with SINFONI in AO-
mode, but with the largest 0.250” pixel-scale and at lower spectral resolution with the
HK filter (R ~1500). We notice that our inferred values of Ry and voyt (Rout ~ 2.6 kpc
and vou: ~950 km s~!) are both smaller than those previously published (Rqy: ~ 5 kpc and
Vout ~1600 km s™!; Perna et al. 2015b), based on these first SINFONI dataset. The smaller
value of Ry is likely consequence of a surface brightness loss in our SINFONI data, due
to the smaller pixel (0.100”) adopted in SUPER. Instead, the discrepancy in vy is due to
different definition of outflow velocity adopted in Perna et al. (2015b) (i.e. vy2), combined
also with slightly different redshifts measured from [O 111] peak in this work (z = 2.444)
and in Perna et al. (2015b) (z = 2.45), leading to a systematic difference of about ~520

1

km s~ in the adopted systemic galaxy velocity (with respect to velocities are computed).

Accounting for these discrepancies, v,y values result to be consistent.

6.3.3 Comparison with SUPER type-1 AGN

In addition to presenting results on ionised outflows in SUPER type-2 AGN, we aim at
unveiling any difference in outflow properties between type-1 and type-2 AGN, to shed

light on the intrinsic nature of these two classes. To reach this goal, we make assumptions
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on type-1 wind properties (vou: and Royt) consistently with those adopted for SUPER type-
2 systems. These are slightly different from definitions originally employed in Kakkad et al.
(2020), but necessary considering characteristics of [O 111] outflow emission in SUPER
type-2 AGN datasets. As discussed in Sect. 6.3.2.1, vjp and vg9y indeed provide more
suitable definitions of vy in type-2 AGN, since its value is less sensitive to line profile
shape, possibly driven by dust extinction, compared to wg, originally adopted as outflow
velocity in Kakkad et al. (2020). Moreover, being [O 111] line emission unresolved in most
of the SUPER type-1 AGN sample, Kakkad et al. (2020) computed outflow mass rates at
a fixed radius of 2 kpc for all targets, which corresponds to about the maximum extent
of observed unresolved emission. This is not the case for the overall type-2 AGN sample,
where ionised outflows are clearly spatially resolved in six out of seven objects, with
hints at [O 111] outflow emission marginally resolved in the remaining one (i.e. XID614).
Therefore, for the few type-1 AGN with clear detection of spatially resolved outflows, we
take as outflow radius Ryy: the maximum distance of [O 111] outflow emission (see Table 4
in Kakkad et al. 2020). For all other unresolved type-1 AGN, we use the maximum distance
(or corresponding upper limit) from the AGN where is found the bulk of the ionised gas, as
resulted from spectroastrometry analysis (Kakkad et al., 2020). With these values of voy¢
and Ry, we re-compute My, for the type-1 subsample, consistently with type-2 AGN
(see Sect. 6.3.2.2).

6.3.3.1 Faster outflows in type-2 AGN at the low-luminosity end of SUPER

Since the analysis of ionised outflows in SUPER type-2 AGN complements the results pre-
viously published for type-1 AGN (Kakkad et al., 2020), we here investigate wind properties
as a function of fundamental host galaxy properties (i.e. bolometric luminosity Ly, stellar
mass M., SFR), for the full SUPER sample. AGN and host galaxy properties of all SUPER
galaxies were derived via SED fitting (Circosta et al., 2018), using the code CIGALE (Code
Investigating GALaxy Emission; Noll et al. 2009). Regarding Ly, values inferred for SUPER

0748 erg s71) are in general too high to have a significant contribution

targets (Lpo) ~ 1
from the host, therefore, they mainly reflect AGN luminosity.

We find the key result of our study by comparing wind kinematics as a function of Ly,
while no clear trend of outflow properties (i.e. velocity and mass rate) with neither M, nor
SFR comes out. In Fig. 6.7, we show outflow velocity as a function of Ly, for SUPER type-2
(coloured thick crosses) and type-1 (grey squares) AGN. Left and middle panels show
along the y-axis voy = max|[|vigl, [v9ol]l and vmax = Vbro + 20110 (se€ Table 6.3), respectively.
For comparison, in the middle panel we also draw the well-known empirical vmax — Lol

relation inferred in Fiore et al. (2017) (dotted line), and an updated version by Musiimenta
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Fig. 6.7 Outflow velocities vout and vmax (left and middle panels; Table 6.3) as a function of Lye), and Vout/ Lol
ratios versus X-ray Ny measurements (right panel). Coloured thick crosses and grey squares represent SUPER
type-2 and type-1 AGN (Kakkad et al., 2020); coloured/grey triangles in the right panel indicate upper/lower
limits Ny. In the middle panel, we also draw the well-known empirical relation by Fiore et al. (2017) (dotted
line), along with a more recent version from Musiimenta et al. (2023) (dashed), including new measurements
and only z > 0.5 objects. The overall distribution of measurements points to faster winds in type-2 obscured
AGN than in type-1 systems, within the range of Ly = 10*+87465 erg 571 (orange shading in leftimiddle
panels; orange shaded symbols for type-1 AGN in the right panel).

et al. (2023), including recent results and considering z > 0.5 AGN only. Interestingly,
SUPER type-2 AGN, residing all in the lower Ly regime (i.e. Lpo ~ 10487465, orange
shading), host faster outflows than SUPER type-1 objects within the same Ly, range. Such
a discrepancy appears in terms of both vy, and vpax, with XID419 having the lowest vpax
value among SUPER type-2 AGN, since it is computed as vyax = 20, where o ~ 400 km g1
is the velocity dispersion of the only, nearly systemic Gaussian component employed (see
Sect. 6.3.2.1).

To shed light on the nature of such a type-1/type-2 dichotomy observed in SUPER,
we investigate the effect of different nuclear obscuring conditions on driving outflows in
the right panel of Fig. 6.7. To remove any dependence of vy, on AGN luminosity (a well-

0% ergs™),

known effect, discussed in Sect. 6.4), we normalise vyy; t0 Ly (in units of 1
and study how vqy¢/ Ly ratios vary with hydrogen column density Ny (derived in Circosta
et al. 2018 for the full SUPER sample), measured from X-ray data. Upper/lower limits on
Ny are shown as triangles, and an orange shading is used to identify SUPER type-1 AGN
lying in the low- Ly, regime (i.e. Ly, ~ 10448746-5) highlighted in left and middle panels.
In the right panel, we can see that SUPER type-1 and type-2 AGN occupy two distinct
regions of the (voui/ Lyol) — Nu plane. The separation along the x-axis reflects the X-ray
obscured/unobscured classification, which well agrees with the optical type-2/type-1
one, as already noticed in Circosta et al. (2018), with type-2 systems having X-ray column

densities larger than about 10** cm™2 (Ny < 10%* cm™2 for type-1 AGN in SUPER). Yet, it
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is more interesting the combined separation along the y-axis: the SUPER type-2 sample
indeed features voy¢/ Lpo) Values varying within ~30-1500 (with only cid_451 smaller than
80), with a mean value of ~400, while almost all type-1 AGN have ratios smaller than 50,
with an overall mean value of ~40.

To confirm the presence of faster-ionised outflows in the SUPER type-2 population
than in type-1 counterparts, as well as to rule out the possibility that it might be due to
systematic differences in our [O 111] line modelling compared to that performed in Kakkad
et al. (2020), we separately stack [O 111] spectra of type-2 and type-1 AGN in SUPER, to

| ~ 104487465 thege are

directly compare [O 111] line profile of the two subsamples with Ly,
all type-2 systems, and eleven type-1 AGN (all points lying within the orange shading in Fig.
6.7). Selecting objects over this broad (about two orders of magnitude) range of luminosity
ensures us to account for possible over/underestimates of Ly, from SED fitting in type-2
AGN (Circosta et al., 2018), due to fainter AGN emission hardly to constrain. Indeed,
we find for type-2 AGN that L, values obtained from SED fitting differ from estimates
based on dust-corrected [O 111] luminosity (Lamastra et al., 2009) a mean factor of about 2
(computed for the four objects with Ay estimates, see Table 6.3), and from X-ray 2-10 keV
luminosity (Duras et al., 2020) by a mean factor of 4, without obvious biases towards higher
or lower Ly, from the SED fitting derivation. For each Ly -selected AGN, we extract an

4, using an aperture of 0.25"-radius. From

integrated, subtracted [O 111]A5007 spectrum
the stack, we exclude spectra with a S/N<5 on [O 111], which prevent us from an accurate
comparison of line profiles, due to the high noise. We hence remain with six spectra of
type-2 AGN (all but XID419), and six spectra of type-1 AGN (X_N_66_23, X N_115_23,
cid_467, S82X1905, S82X1940, S82X2058; Kakkad et al. 2020). In the stack, each integrated
spectrum is weighed by its squared noise, and the final stacked type-2 and type-1 spectra
(red and blue spectra in Fig. 6.8, respectively) are normalised to their resulting [O 111] peak.
We point out that results similar to those described below are obtained even by stacking
unweighted spectra.

In Fig. 6.8, we show the resulting stacked spectra of [O 111] emission line, obtained for
type-2 (red) and type-1 (blue) AGN in SUPER, using a binning twice larger than SINFONI
spectral channel to remove noisier channels. The type-2 [O 111] line profile exhibits more
prominent blue and red wings than type-1 spectrum. Yet, whereas all type-2 objects
contribute to the [O111] blue wing, the red wing is dominated by XID36, as revealed by
multiple stacks of type-2 integrated spectra, each time excluding one object.

“4Subtracted [O111] spectra of type-2 AGN have been obtained after removing the best-fit 1st-degree
polynomial used to model continuum emission (see Sect. 6.2.1), whereas for type-1 after removal of both
continuum and BLR emission (Kakkad et al., 2020).
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Fig. 6.8 Stacked [O 111 A5007 spectra of type-2 (red) and type-1 (blue) AGN from SUPER with Ly ~ 104487465
(orange shading in Fig. 6.7), resulting from integrated (aperture of 0.25" -radius), subtracted [O 111] spectra
with S/IN>5. Integrated spectra are averaged by squared noise, and then normalised to their [O 111] peak.
Comparing the two stacked spectra, we find a statistically significant (> 20) difference in [O 111] blue wing,
which is more prominent in type-2 spectrum of about 500 km s~' compared to the type-1 stack.

To quantify the difference in [O 111] blue wing profile, we measure v;( for both stacked
spectra and run a boot-strapping of 400 stacks of six spectra, randomly selected according
to a uniform distribution and allowing for repetitions, to calculate corresponding un-
certainty as standard deviation of the 400 resulting v;p measurements. We thus obtain
v?(’)z = —1200 + 80 km s~ for the type-2 line profile, and v%l = —-730+90 km s~ ! for the
type-1 spectrum (see Fig. 6.8), pointing to a statistically significant (> 20) difference in
[O 111] blue wing from the two distinct AGN populations. The origin of such an observed

difference, revealing faster ionised outflows in type-2 AGN, is discussed in Sect. 6.4.

6.3.3.2 Outflow mass rate as a function of bolometric luminosity

In Fig. 6.9, we study outflow mass rates as a function of Ly, for the full SUPER sample, to
search for possible differences between distinct AGN populations. In the left panel, we
plot M,y values (same coloured markers as in Fig. 6.7), most of which are lower limits
(coloured and grey triangles for type-2 and type-1 AGN, respectively). Lower limits are
consequence of an upper limit to Ry, and/or a lower limit to Ay (see Table 6.3). Similarly,
the right panel shows M. values obtained by using in Eq. 6.2 viay values (Rupke et al.,
2005), 50 as to compare all measurements with My,ax — Ly scaling relations by Fiore et al.
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Fig. 6.9 Outflow mass rates as a function of Ly for the full SUPER sample. We show Moy, (based on
prescriptions described in Sect. 6.3.2.2) and My (USiNg Umay in Eq. 6.2) in left and right panels, respectively.
Upper/lower limits to mass rates are indicated with triangles. In right panel, scaling relations from Fiore et al.
(2017) and Musiimenta et al. (2023) are shown as dotted and dashed lines, after being re-scaled to ne = 500
adopted for our targets, while values of Mmax have been multiplied by a factor of 2 to match definitions
adopted in Fiore et al. (2017) and Musiimenta et al. (2023).

(2017) (dotted line) and Musiimenta et al. (2023) (dashed), after being re-scaled to our
adopted ne ~ 500 cm ~3. Moreover, since both scaling relations have been obtained by
taking the flux of broad Gaussian components to calculate outflow mass rates, we correct
all inferred mass rates (based on our non-parametric approach; see Sect. 6.3.2.1) by a
factor of 2, corresponding to the approximated mean ratio of [O 111] luminosity from broad
Gaussian components to that from line channels at |v| > 300 km s~! (same factor of = 2
obtained for both type-2 and type-1 AGN, as calculated in Kakkad et al. 2020).

As opposed to Fig. 6.9, the large number of inferred lower limits to mass rates hampers
any accurate comparison within the low-luminosity range previously selected (Lpo ~
10%48-165; grange shading). However, excluding lower limits, we find mean values of
Mout ~ 5 Mo ylr_1 and Mpax ~ 7 Mo yr_1 for type-2 AGN, and Mout ~ 5 Mo yr‘1 and
Mumax ~ 15 Mg yr~! for low- Ly, selected type-1 AGN. Compared to Fig. 6.7, here it is
harder to establish whether a separation between type-2 and type-1 AGN is actually
present or not, due to the large uncertainty on outflow mass rates. Indeed, as explained in
Sect. 6.3.2.2, mass rate estimates require several quantities to be assumed (e.g. ne, [O/H],
ionisation), and strongly depend on the accuracy of the other measured parameters (e.g.
Ay, Rou)- All this uncertainty contributes to increasing the scatter in the resulting mass
rate values, which might hide any possible type-2/type-1 dichotomy, visible instead in

terms of outflow kinematics.
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6.3.4 Canionised outflows escape galaxy gravitational potential?

To significantly affect their host galaxy, AGN-driven outflows must be energetic enough to
sweep away a substantial amount of gas on large scales, up to escaping the gravitational
potential of their galaxy. To establish whether ionised outflows may potentially reduce the
gas reservoir of their host, we need to compare outflow velocities with the escape velocity
Vesc Of each galaxy. Following prescriptions from the literature (Marasco et al., 2023), we
use the python package galpy (Bovy, 2015) to build a dynamical mass model consisting
of a dark matter (DM) halo, a stellar disk, and a gaseous disk, to derive the total ves: profile
for SUPER targets with known M., derived from SED fitting (Circosta et al., 2018). All
examined type-2 AGN galaxies have M, estimates ranging within M, ~ 10107112 M,
while for only few type-1 systems M, estimates are available (M, ~ 1010-1=11-2 \f .y n fact,
the bright AGN component in type-1 systems typically overwhelms stellar emission, thus
preventing us from constraining M, in most cases (only six SUPER type-1; see Table A.2 in
Circosta et al. 2018).

For the DM halo, we assume a Navarro-Frenk-White (NFW, Navarro et al. 1997) profile,
with a virial mass M derived from M, via the stellar-to-halo mass relation (Moster et al.,
2013), and a concentration ¢ determined from the Mgy — ¢ relation (Dutton and Maccio,
2014); both relations are computed at the redshift of each target. We model the stellar
disk with a double-exponential profile of scale-length Ry and scale-height R4q/5, assuming
R4 equal to the half-light radius Rs5 divided by 1.68 (correct for a pure exponential disk,
Sérsic index n = 1). We determine Rs5( from the size- M, relation for a disk galaxy (n =1) at
z~ 2.2 (Mowla et al., 2019). Since we have CO-based measurements of molecular gas mass
Mg, for a few SUPER AGN (Circosta et al., 2021), we model a gaseous disk of Mg, equal to
the mean value measured for SUPER targets (i.e. Mgas ~ 6 X 10° M), and same size as the
stellar disk, since we expect the molecular gas to extend on scales comparable to those of
stars. In doing so, we derive the ves profile of the total modelled mass distribution.

Since we are assuming that outflows move with constant speed, we compare v, with
the total vesc at the maximum inferred outflow radius R,y (listed in Table 6.3) for type-2
(coloured symbols) and type-1 (grey) AGN in SUPER, with known M, (Circosta et al.,
2018). A dashed line indicates the locus of points with voy; = Vesc. Under the simplifying
assumption that our dynamical modelling introduces no further uncertainty, we consider
an error on veg: due to the total uncertainty on M., given by both statistical (from SED
fitting Circosta et al. 2018) and systematic (~0.1 dex; Pacifici et al. 2023) uncertainties.
Triangles indicate lower limits to vesc, corresponding to upper limits to Rgyt, Since vegc

increases at decreasing Roy;.



6.4 Discussion 179

T

$3 cid_1057 $§ XID36 7
$3 cid_1143 $3 XID419 7
$3 cid_2682 > XID614 .,

P

4
cid_451 SUPER tyl ,

Vout [km s71]
r
|

103
Vesc [km s71]

Fig. 6.10 Outflow velocity voy as a function of vesc computed at Ry, as inferred from our galaxy mass
modelling of type-2 (coloured symbols) and type-1 (grey) AGN in SUPER, with known M, (Circosta et al.,
2018). Triangles represent lower limits to vesc (due to inferred upper limits to Rout), Whereas dashed line
indicates Voyt = Vesc Values. Most AGN have vesc larger than vey., implying ionised outflows not fast enough
to escape the gravitational galaxy potential.

As shown in Fig. 6.10, eight galaxies (~62% of the total 13-AGN sample considered)
have vegc values (or lower limits) larger than vy, whereas four (~31%) have vy larger
than or consistent with corresponding ves.. There is also a type-1 AGN (cid_467) with an
lower limit to veg lying just above the voy¢ = vesc line, but its real value is likely located in
the vout < vesc part of the plane. The overall picture seems to point to a minority of outflows
fast enough to escape the gravitational potential of their galaxy. Moreover, our dynamical
modelling necessarily relies on several simplified assumptions, such as outflows moving
at constant velocity and uncertainty on veg. only due to that M,. Moreover, we are
considering only gravity and no possible hydrodynamic effects: outflows could indeed
get trapped in gaseous halos, eventually cool and re-accrete, even if they have initially
high velocities. All these suggest that, despite the larger velocities in type-2 sources, only a
small fraction of outflowing gas might escape the galaxy halo, thus questioning the ejective
ability of outflows to expel the gas reservoir of their host as expected by several models
(see Sect. 1.2.2).

6.4 Discussion

The main result of this chapter is that, in the lower Ly, regime (Lpo ~ 10448746:5) SUPER
type-2 AGN host faster ionised outflows than their type-1 counterparts, as traced by higher
[O 111] velocities. At low redshift (z < 0.8), several studies have investigated ionised outflow
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Fig. 6.11 Same panels as in Fig. 6.7, showing SUPER type-2 (red filled circles) and type-1 (blue filled circles)
measurements along with IFU-based results from the literature of other type-2 (red empty star; Brusa et al.
2016) and type-1 AGN (blue empty symbols; Cano-Diaz et al. 2012, Carniani et al. 2015, Vayner et al. 2021a)
at z ~ 1 -3. In orange, we highlight points relative to optically-classified type-1 AGN but red and obscured
objects (Perrotta et al., 2019, Vayner et al., 2021b). Outflow velocities from Brusa et al. (2016) and Perrotta
etal. (2019) have been corrected to account for discrepancies with vy and vmax definitions here adopted (see

Sect. 6.4). While ‘standard’ blue type-1 and red type-2 from the literature agree with values found in SUPER,

~1

the orange points, almost all at Lo > 10*7 ergs™!, clearly show that higher outflow velocities are recovered if

we select optical type-1 but dusty obscured objects.

in large AGN samples, searching for differences between type-2 and type-1 systems. Most
of them have found narrower and more symmetric [O111] line profiles in type-2 AGN
pointing to the detection of both blueshifted and redshifted outflow components; on the
contrary, type-1 AGN host almost exclusively blueshifted, with typically larger line widths
and more negative velocities (e.g. Mullaney et al. 2013, Bae and Woo 2014, Rakshit and
Woo 2018, Wang et al. 2018, Rojas et al. 2020). This is can be explained in terms of biconical
outflow geometry in the context of standard unification models (e.g. Antonucci 1993, Urry
and Padovani 1995; see Sect. 1.1.2.1), as a consequence of orientation effects along the
line of sight combined with dust obscuration: assuming a nearly face-on orientation of
type-1 AGN (i.e. with BLR emission well visible along the line of sight), the receding cone
of the outflow remains hidden on the other side of the galaxy disk plane. However, most of
low-redshift studies do not consider the well known dependence of outflow kinematics on
AGN luminosity and accretion rate (e.g. Bae and Woo 2014, Woo et al. 2016, Rakshit and
Woo 2018), and compare overall more luminous type-1 AGN with fainter type-2 samples,
which may lead to an only apparent discrepancy. Moreover, as discussed in Sect. 1.1.2.3,
nowadays increasing - such as the discovery of CL AGN (e.g. Shappee et al. 2014 and Tozzi
et al. 2022 in Chapter 3; see Ricci and Trakhtenbrot 2022 for a recent review) - supports
also other mechanisms at the origin of the type-1/type-2 AGN dichotomy, such as distinct

phases within a common evolutionary sequence.



6.4 Discussion 181

At high redshift (z > 1), where more complex processes take place - especially at crucial
cosmic epochs of galaxy evolution such as ~ 2 - orientation effects might play a minor role
compared to low redshift. Indeed, different AGN classes have been proposed as distinct
evolutionary phases of galaxies’ life cycle (Hopkins et al., 2006, Menci et al., 2008). In
particular, X-ray bright but obscured (L_1¢ xev > 1042 erg s™1, Ny pe 10%? cm~2) AGN at
z ~ 2 have been proposed to be in the active ‘blow-out’ phase of AGN galaxies’ evolution
(e.g. Brusa et al. 2010, 2016, Zakamska et al. 2016, Perna et al. 2015a,b). In these obscured
sources, dusty material favours the acceleration of outflows (e.g. Ishibashi and Fabian
2015, Costa et al. 2018), which efficiently clear out obscuring dust, and finally unveil the
AGN. Radiation-pressure on dust has been indeed identified as the main mechanism
responsible for the larger [O111] velocities and line widths observed in extremely red
and luminous quasars (ERQs; Ly > 104 erg s™!), compared to blue quasars at z =2 —3
(Perrotta et al., 2019). A similar discrepancy in [O 111] velocities has been observed at lower
redshift (z < 0.4) by DiPompeo et al. (2018), who selected obscured AGN, resembling the
obscured high-redshift population, based on their optical-IR colours, and compared them
with unobscured objects in matched luminosity bins.

Figure 6.11 displays same panels as in Fig. 6.7 and compares, as more homogeneously
as possible, SUPER results of type-2 (red filled circles) and type-1 AGN (blue filled) along
with [FU-based measurements from the literature for which homogenized quantities
could be derived, obtained for other type-2 (red empty star; Brusa et al. 2016) and type-1
AGN (blue empty symbols; Cano-Diaz et al. 2012, Carniani et al. 2015, Vayner et al. 2021a)
at z =1-3. In orange, we highlight measurements relative to red and obscured AGN but
showing BLR emission (hence, optical type-1 systems), which should be considered as an
intermediate class of objects between standard blue type-1 and red type-2 AGN. These
are: the obscured quasar XID2028 at z ~ 1.6 we studied in Cresci et al. 2023 (orange empty
pentagon), the powerful obscured ERQs from Perrotta et al. (2019) (orange empty circles);
and the sample of obscured quasars from Vayner et al. (2021b) (orange diamonds), among
which all but one (the lowest-velocity orange diamond) are selected as ERQs.

The first panel compares vy, measurements from SUPER and the literature based on
v10/ V99, as obtained in Vayner et al. (2021a,b) (diamonds) and Cresci et al. (2023); whereas
higher percentile outflow velocities were used in Brusa et al. (2016) and Perrotta et al.
(2019) (i.e. vo5 and vgy, respectively). Therefore, we correct outflow velocities inferred in
Brusa et al. (2016) and Perrotta et al. (2019) by a factor of 0.86 and 0.77, respectively, cor-
responding to the mean ratio of v;¢,90-t0- Vo595 and vy 99-t0- vg2,93 measured for SUPER
type-2 AGN. We also add measurements from Cano-Diaz et al. (2012) and Carniani et al.

(2015). Similarly, we re-scale vy, outflow velocities from Perrotta et al. (2019) by a factor of



182 Fast & Furious: type-2 AGN host faster ionised winds than type-1 at z~2 in SUPER

1.2, as obtained from the mean v ax-to- vz 98 ratio for SUPER type-2 AGN, and plot them
in the vmax — Lpol plane (middle panel), along with v, measurements for SUPER type-2
(derived in Sect. 6.3.2.1) and type-1 AGN (Kakkad et al., 2020).

As shown in Fig. 6.11, standard blue (unobscured) type-1 and red (obscured) type-2
AGN from the literature lie close to SUPER type-1 and type-2 points, respectively. However,
within the optical type-1 AGN population, high outflow velocities appear if we select
‘hybrid’ obscured type-1 AGN, as shown by the distribution of orange points, consistently
with the picture derived in this work.

The right-hand panel indeed shows that the hybrid type-1 AGN XID2028 from Cresci
et al. (2023) (empty pentagon), which lies close to SUPER type-2 AGN (hence, with no
difference in v,,) in the left-hand panel, here clearly stands out from the type-2 popula-
tion and locates at lower Ny along with the SUPER type-1 sample. On the contrary, the
obscured type-2 AGN XID5395 (empty red star; Brusa et al. 2016) has a large voy¢/ Lo ratio
(i.e. ~130) comparable with those of SUPER type-2 systems, and a slightly smaller column

023 cm™2) but still placing in the nuclear high-obscured regime.

density (Ny ~ 1

Therefore, radiation pressure of dust might be the dominant mechanism explaining
the presence of faster-ionised outflows in type-2 AGN, also at lower bolometric with
respect to that typical of ERQs (Lpe] > 1047 erg s~ 1) from Perrotta et al. (2019). Our analysis
has furthermore revealed a clear type-1/type-2 dichotomy which fully reflects the X-
ray unobscured/obscured classification based on obscuring material on nuclear scales.
The SUPER type-2 AGN are all highly X-ray obscured with Ny > 10?4 cm™2, which may
explain the higher velocity of ionised outflows observed in type-2 AGN, compared type-1
counterparts within the same luminosity range. The novelty of our study is that, unlike
previous works at z ~ 2 (Harrison et al., 2016, Perrotta et al., 2019), SUPER has provided
evidence for the first time of a possible evolutionary origin of the type-2/type-1 AGN
dichotomy at high redshift, where obscured type-2 systems evolve towards an unobscured
type-1 phase, as radiation-pressure driven outflows blow out obscuring material, and
make the central AGN and its BLR emission visible. The high-luminous (Lpo > 107 erg
s~1) sample of z = 2—3 ERQs studied in Perrotta et al. (2019) indeed consists of type-1 AGN
only. On another side, the published results from the KASHz survey (Harrison et al., 2016)
relative to X-ray bright AGN (L,_1 xev > 10*? erg s™!) at z=0.6 — 1.7, shows no evidence
for more extreme gas kinematics in obscured (type-2) objects than in unobscured (type-1)
counterparts (see left panel of Fig. 6.7). We point out that this might be consequence of the
lower S/N of KASHz data compared to SUPER, which leads to miss any extended [O 111] line
wing. This is indeed the case for cid_1143 and cid_451, among the few targets in common
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to both surveys (Scholtz et al., in prep.), where the shallower KMOS data completely miss

the broad [O 111] wing due to the outflow, thus underestimating its velocity.

6.5 Conclusion

This chapter has completed the analysis of SINFONI observations of the SUPER survey,
by presenting new results on type-2 AGN. We analysed H-band data cubes (Sect. 6.2.1)
and studied kinematics of ionised gas via [O 111] line emission, finding evidence of ionised
outflows in all seven examined type-2 AGN (Sect. 6.3.1). Detected ionised outflows are
spatially resolved in five objects, while marginally resolved in the remaining two. In Sect.
6.3.2, we computed outflow properties, namely, velocity, radius and mass rate, with the
latter corrected for dust extinction estimated from H- and K-band integrated spectra (Sect.
6.2.2). Interestingly, we find that, within the same luminosity range (i.e. Lo = 104487465
erg s™1), SUPER type-2 AGN host faster winds than their type-1 counterparts (Fig. 6.7),
as revealed by the statistically more prominent [O I11] line wings (Fig. 6.8). We interpret

2in all

this as a consequence of the larger amount of obscuring material (N = 10%* cm™
examined type-2 AGN), which favours the acceleration of winds via radiation-pressure
on dust (e.g. Ishibashi and Fabian 2015, Costa et al. 2018). These results from the SUPER
survey hint an evolutionary origin of the observed type-2/type-1 dichotomy at z ~ 2, in
the context of galaxy evolution models (e.g. Hopkins et al. 2006, Menci et al. 2008). At
z ~ 2, orientation effects might play a minor role in the type-1/type-2 classification, with
type-2 being the blow-out phase (e.g. Hopkins et al. 2008), where fast winds are efficiently
accelerated via radiation pressure. Such an interpretation had been already proposed for
obscured AGN at z ~ 2 (e.g. Brusa et al. 2016, Zakamska et al. 2016, Perna et al. 2015b), but
never clearly associated with the type-2 optical class, with some obscured AGN selected
being actually type-1 systems (e.g. Perna et al. 2015a, Perrotta et al. 2019).

In spite of this type-2/type-1 dichotomy, ionised outflows detected in both classes of
SUPER AGN seem to be not fast enough to successfully escape the gravitational potential
of their galaxy (Fig. 6.10), thus questioning the ‘ejective’ ability of outflows to expel the
host gas reservoir out of the galaxy.

To confirm this novel result found in SUPER, we will need in future larger samples
of high-redshift type-1 and type-2 AGN. The new generation of IFU facilities, from both
space (e.g NIRSpec on JWST) and the ground with AO (e.g. ERIS at VLT), will allow us to
exploit as much as possible the power of spatially resolved observations, to take the next
step to fully understand feedback mechanisms and AGN evolution at the Cosmic Noon.






Conclusions and future perspectives

This PhD thesis aims to investigate from the observational point of view three main aspects
of AGN, providing a global overview of their rich phenomenology and crucial role in galaxy

evolution:

 standard and novel optical emission-line diagnostics to select complete and unbi-
ased samples of AGN galaxies (Chapter 2);

* the discovery of dramatic changes in the optical spectra of AGN (Chapter 3), point-
ing to type transitions known as changing-look (CL) events, which challenge the
standard AGN unified model (e.g. Urry and Padovani 1995);

* large-scale AGN outflows from low redshift (Chapter 4) to z ~ 2, the so-called Cosmic
Noon (Chapters 5 and 6), where both BH accretion and SF histories show the peak
of their activity (e.g. Madau and Dickinson 2014). This represents the golden epoch
of AGN feedback.

All these topics except for the study of the CL AGN in NGC 4156 (Chapter 3), based on
multi-epoch integrated spectra, have been addressed by means of spatially resolved IFU
observations obtained with ground-based facilities. In particular, Chapter 2 makes use of
data from the local IFU MaNGA survey (Bundy et al., 2015), whereas Chapters 4-6 employs
IFU observations of individual galaxies carried out with optical and near-IR spectrographs
at the Very Large Telescope, MUSE and SINFONI/KMOS respectively.

More specifically, Chapter 2 has investigated the use of He 1114686 line emission
(Shirazi and Brinchmann, 2012) as a tracer of AGN activity in MaNGA galaxies. Compared
to standard optical BPT (e.g. Baldwin et al. 1981), the He 11 diagnostic has proven to be
more successful at unveiling hidden AGN residing in star-forming galaxies, which miss the
AGN classification according to BPT diagrams. With a view to exploring the high-redshift
Universe at unprecedented spatial resolution and sensitivity with JWST/NIRSpec and
other ground-based advanced spectrographs (e.g. ERIS and the upcoming MOONS at the
VLT), the He 11 diagnostic is fundamental to discover AGN in typical high-redshift galaxies,
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Fig. 6.12 BPT (left) and He 11 (right; Shirazi and Brinchmann 2012, Tozzi et al. 2023) diagrams of a metal-poor
galaxy at z ~ 5.5, observed with JWST/NIRSpec. Blue, purple and green stars refer to total (i.e. outflow +
narrow), outflow and narrow line emission. Whereas the BPT diagram leads to an inconclusive classification
of this galaxy, the He 11 unambiguously identifies AGN ionisation as the dominant mechanism in this galaxy,
with measurements lying close to those we obtained locally in Tozzi et al. (2023) (Chapter 2).

featured by an intense SF and metal-poor environments, where BPT are expected to fail
(e.g. Nakajima and Maiolino 2022). First JIWST/NIRSpec observations have been already
demonstrating the key role played by He I1 line emission in the search for elusive AGN at
high redshift (z > 3; Perna et al. 2023, Ubler et al. 2023, Maiolino et al. 2023b), pointing
to its higher diagnostic power compared to poorly reliable BPT diagnostics (see Fig. 6.12,
adapted from Ubler et al. 2023).

In Chapter 3, we report the discovery of the CL AGN in the local galaxy NGC 4156, as
revealed by the appearance of BLR emission in 2019 in optical integrated spectra, totally
absent in previous 2004 SDSS spectroscopy, which points to a transition from a type-2
toward a type-1. More recent 2022 spectroscopy furthermore suggests that now NGC 4156
is reverting back towards a type-2, consistently with the evolutionary picture proposed
by Elitzur et al. (2014), where AGN transition through different optical spectral types as
the central BH increases/decreases its accretion rate. The increasing number of newly
discovered CL AGN (e.g. Ricci and Trakhtenbrot 2022) is now challenging the standard
AGN unified model (e.g. Urry and Padovani 1995), where the type-2/type-1 dichotomy
is explained in terms of different inclinations with respect to the line of sight. However,
the mechanism driving such dramatic CL events is still uncertain, thus motivating further
research and multi-epoch observations of already known CL AGN. Ongoing X-ray and
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optical monitoring of NGC 4156 with Swift and the Asiago telescope will help us constrain
the typical time scales of these CL transitions and shed light on their physical origin.

The final three science chapters (Chapters 4-6) have focused on the spatially resolved
study of AGN outflows via IFU spectroscopy, highlighting the importance of carrying
out such a kind of research from low redshift, where the higher spatial resolution and
sensitivity deliver a more detailed picture of outflows and their properties; to higher
redshift, with a primary focus on the Cosmic Noon (z ~ 2; Madau and Dickinson 2014)
- the golden epoch to catch AGN feedback in action. Chapter 4 has started this series
of works on AGN outflows by presenting MUSE and KMOS observations offering an
unprecedented optical and near-IR panoramic view of NGC 6240, an impressive local
galaxy merger hosting a double AGN. With these sets of IFU observations, we traced
spatial distribution and kinematics of ionised and warm molecular gas. We thus identified
corresponding outflow components and used optical (e.g. Baldwin et al. 1981, Veilleux
and Osterbrock 1987) and near-IR (e.g. Mouri 1994, Riffel et al. 2013) diagnostics to
study the ionisation/excitation properties of gas in NGC 6240. In future, we will map the
atomic neutral gas phase of outflows via optical Na ID absorption, and compare these
three optical/near-IR components with the cold molecular phase of outflows traced via
millimetric CO transitions (Saito et al., 2018).

Moving to z ~ 2, we have focused on the ionised phase of large-scale outflows, traced
via rest-frame optical [O 111]A5007 line emission in near-IR SINFONI observations. In
Chapter 5, we investigated the link of large-scale ionised outflows with nuclear X-ray ultra-
fast outflows (UFOs) in two strongly lensed quasars, in the framework of wind feedback
models (e.g. King and Pounds 2015). Taking advantage of the magnified view delivered by
gravitational lensing, our results along with others from the literature support the major
role played by nuclear UFOs in driving outflows on larger scales.

Finally, in Chapter 6 we completed this series of works on AGN outflows by presenting
results on a sample of X-ray bright but optically obscured AGN from the SUPER survey
(Circosta et al., 2018). The comparison between outflow and host galaxy properties in
SUPER has provided observational evidence of a more efficient wind acceleration in
obscured type-2 objects than in type-1 counterparts, likely favoured by the larger presence
of dust (e.g. Costa et al. 2018). Our study has revealed such a type-1/type-2 dichotomy for
the first time at z ~ 2, thus further supporting the ‘blow-out’ evolutionary scenario (e.g.
Hopkins et al. 2006, Menci et al. 2008), where AGN evolve from a red obscured state to a
blue unobscured one, as powerful winds efficiently sweep away obscuring material and
dust.
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Fig. 6.13 JWST/NIRSpec view of the obscured quasar XID2028 at z ~ 1.6. The two panels, adapted from
Cresci et al. (2023), show [0 111] channel maps in two different velocity bins: while the left-hand map at higher
velocity traces outflow emission, known also from previous ground-based SINFONI observations (Cresci et al.,
2015a), the right-hand panel reveals outflowing gas filaments at a lower velocity around an expanding bubble
of hot gas. JWST/NIRSpec has delivered a novel view of the interplay between the outflow and its host in this
galaxyatz ~1.6.

New advanced IFU spectrographs - NIRSpec on JWST and ground-based AO-assisted
facilities like ERIS at the VLT - are opening an unprecedented window at high spatial and
spectral resolution on the z > 2 Universe. Our ERIS GTO (Guaranteed Time Observations)
program HIPER (PI: G. Cresci) will expand our knowledge on AGN feedback at z ~ 2,
by extending the results obtained so far with SUPER to higher spatial resolution. In
particular, we will investigate the effects of AGN feedback on the host galaxy reservoir
by targeting objects with available measurements of gas mass from ALMA observations.
As shown by our successful study on XID2028 (Cresci et al. 2023; see also Veilleux et al.
2023), JWST/NIRSpec will complete the overall picture of AGN feedback at z ~ 2 with
complementary observations at higher sensitivity, revealing a wealth of details hidden in
previous ground-based IFU observations (see Fig. 6.13).

The new possibilities opened by this new generation of IFU instruments will thus allow
us to take the next step to fully understand feedback mechanisms and AGN evolution at
the Cosmic Noon.
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