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Thesis summary

Active galactic nuclei (AGN) are now routinely observed to accelerate outflows of gas,
which are commonly thought to play an important role in galaxy evolution by heating
and expelling material that is needed for star formation. Therefore, over the past twenty-
five years, many observational studies have aimed to verify this situation by comparing
observed outflow properties to the requirements and predictions of models of galaxy evo-
lution. However, the true natures of outflows remain unclear due to major uncertainties
in deriving key properties from observations. In this thesis, I present a series of detailed
studies of nearby active galaxies that develop, verify, and use precise diagnostics of AGN-
driven outflow properties to address these sources of uncertainty and robustly determine

the impact of outflows on host galaxies.

I find that when one of the main sources of uncertainty — the electron density of
outflowing gas — is accounted for, the kinetic powers of the most-commonly-observed
outflow phase (warm-ionised gas) are significantly below the requirements of galaxy evo-
lution models. However, multi-wavelength observations reveal that this phase constitutes
a small fraction of the total outflowing mass, with the cooler neutral atomic and cold
molecular phases dominating in terms of mass and kinetic power. Moreover, I present
evidence for AGN-driven outflows being limited to the central regions of galaxies, indi-
cating that outflows do not have a galaxy-wide impact. Finally, despite outflow ionisa-
tion/excitation conditions being commonly used to determine acceleration mechanisms,
I demonstrate that the link between them is complex; using detailed multi-wavelength
diagnostic techniques, I argue that, in the objects studied, AGN jets are the dominant
outflow acceleration mechanism. Overall, this work demonstrates the careful considera-
tions that must be made when quantifying the properties of AGN-driven outflows and
determining their true role in galaxy evolution, and presents precise techniques that are

crucial for this purpose.
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Chapter 1

Introduction

“Celestial architects,
the edifice reflects,
reminds us of who we are,

the map to the stars”

— Xoth, Map to the Stars, Monument to the Ancients


https://xoth.bandcamp.com/album/exogalactic

Luke R. Holden Precise diagnostics of AGN-driven outflows

1.1 Historical context

1.1.1 Early spectroscopic studies of AGN

Spectroscopic studies of ‘spiral nebulae’ in the early 20th century provided early indica-
tions of the existence of active galactic nuclei (AGN). The first of these was performed
by Edward Fath in 1909, using a spectrograph he designed and mounted on the 36-inch
Crossley reflector at Lick Observatory, USA. Fath took spectra of a small sample of spiral
nebulae and globular clusters, with the intention of establishing whether spiral nebulae
were gaseous in nature or unresolved collections of stars. While most of the objects
showed continuous spectra with absorption lines — characteristic of unresolved stellar
populations — the spectrum of one object, NGC 1068, showed “both bright [emission]
and absorption lines”, indicating the presence of both unresolved stellar populations and
gaseous emission (Fath, 1909). Subsequent spectroscopic observations of the object by
Vesto Slipher in 1913 and 1917 confirmed Fath’s results, and showed that the lines emit-
ted by NGC 1068 were significantly broadened (Slipher 1917; see also Campbell & Moore
1918). Later, in 1926, Edwin Hubble noted that “the typical planetary spectrum, where
Hp is fainter than N,' is found in the rare cases of apparently stellar nuclei of spirals; for
instance, in NGC 1068, 4051, and 4151” (Hubble, 1926).

The first systematic investigation of spiral galaxies with such nuclei — of which only
twelve were known at the time — was published two decades later by Carl Seyfert. In
his seminal work (Seyfert, 1943)%, Seyfert showed that the profiles of permitted (e.g. He,
Hp) and forbidden (e.g. [OIII], [NII], [OII]) emission lines differed between the nuclei of
these galaxies: some (such as NGC 1068) showed narrow forbidden and permitted lines,
while others (such as NGC 4151) showed narrow forbidden lines and broad permitted lines
(Figure 1.1). Aside from suggesting that the broad line widths were due to velocity shifts
within the objects, Seyfert did not propose an explanation for the observed line profiles,
and this class of galaxy remained of minor interest to astronomers. Recognition of the
importance of this work — and the status of AGN as a major focus of modern astrophysics
— was instead the result of an entirely new field that burgeoned in the mid-20th century:

radio astronomy.

I'N; and N, were the symbols for ‘Nebulium’, an element proposed to be responsible for various
emission lines seen in nebulae before it was shown that they arose from the OIII, OII, and NII ions at
relatively low densities (Bowen, 1927).

2Throughout much of the 20th Century, the term ‘Seyfert galaxy’ was used as a term for local active
galaxies with high-excitation emission lines in their nuclei. Various definitions are used today; for the
definition used in this thesis, see the Definitions section.
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Figure 1.1: HB and [OII1]AA4959, 5007 emission line profiles for NGC 1068 and NGC 4151,
as presented by Seyfert (1943). A prominent broad component can be seen only in Hf
(a permitted line) in NGC 4151. Image credit: Carl Seyfert (Seyfert 1943; edited by the

present author).
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1.1.2 The advent of radio astronomy

While working as an engineer for Bell Telephone Laboratories in the early 1930s, Karl
Jansky® investigated sources of noise affecting shortwave (A < 100 m; v > 3 MHz), long-
distance telephone communications. Starting in 1930, Jansky used a directional antenna
that could rotate fully in azimuth, allowing him to determine the directions of different
sources of noise. Working at a wavelength of 14.5 m (20.5 MHz), he detected transmissions
from stations in South America and England, in addition to noise generated by both
distant and local thunderstorms. Although the noise from the storms was dominant,
Jansky was also able to detect another source that did not correspond to known weather
events. The apparent direction of the peak of this noise changed with the time of day
and year, and its source was unclear until Jansky consulted his friend Melvin Skellet, a
PhD student in astronomy, who recognised that its position corresponded to the Galactic
plane of the Milky Way.

Although Jansky had — for the first time in history — observed the night sky at a dif-
ferent wavelength to the optical, his results attracted little attention. A later press release
led to wider recognition, after which he published papers on his so-called ‘star noise’ in
the Proceedings of the IRE (Jansky, 1933a) and Nature (Jansky, 1933b). However, his re-
sponsibilities at Bell Laboratories took precedence, and he was unable to comprehensively

investigate cosmic radio emission further.

While the astronomical community took effectively no notice of Jansky’s work, other
radio engineers did. Perhaps most notable of these was Grote Reber, who built a steerable
parabolic dish dedicated to studying cosmic radio emission and mapped the sky at various
frequencies. Reber’s radio maps showed not only diffuse emission along the Galactic plane,
but also several maxima (Reber, 1944), including one in the constellation Cygnus (the
maximum in which would later be labelled Cygnus A).

Radio astronomy flourished after the conclusion of the Second World War as a result
of an abundance of experienced radar technicians, radio experts, and former military
equipment. Of particular interest to the early radio astronomy community was Cygnus A,
which was identified as a discrete source during the war (Hey et al., 1946). Subsequent sea-
cliff interferometric observations by J.G. Bolton & G.J. Stanley identified other discrete
sources in addition to Cygnus A (see Kellerman & Bouton 2023, Chapter 3), and interest
quickly grew in these ‘radio stars’. However, their natures were poorly understood, and
the low astrometric precision of early radio observations made the identification of optical
counterparts difficult.

Despite this, through the use of sea-cliff interferometry, Bolton et al. (1949) were able

to achieve sufficiently precise radio-source positions to identify the optical counterparts of

3A detailed account of Jansky’s work and the history of radio astronomy, based on publications and
private communications, is given by Kellerman & Bouton (2023), from which relevant details are given
in this section.
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three of them: Taurus A was identified with the Crab Nebula (M1); Virgo A was identified
with M87 (a large elliptical galaxy with an elongated structure®), and Centaurus A was
identified with the elliptical galaxy NGC 5128. Further accurate radio-interferometric
positions by Smith (1951) allowed Baade & Minkowski (1954) to identify the optical
component of Cygnus A: a galaxy at a redshift of z = 0.056 presenting forbidden lines
(such as [OIII], [OI1], [NeV]) and Ha with relatively broad line widths (~400 km s™1),
similar to Seyfert nuclei. It thus became clear that many discrete radio sources were
extragalactic, and the correspondingly large distances implied unprecedented luminosities.
By the end of the 1950s, it was appreciated that ‘radio galaxies’ such as these should
be detectable up to high redshifts — this provoked great interest among astronomers,
since source number counts at the corresponding distances could discriminate between

competing cosmological models.

Also at this time, spectroscopic follow-up observations of the radio source 3C 48 —
a stellar-like object with faint nebulosity — revealed broad emission lines that did not
correspond to any known atomic or ionic transition, and optical imaging showed excess
ultraviolet (UV)-emission (see discussion in Shields 1999). Similar broad lines and UV-
excesses were later associated with other radio sources, which were labelled Quasi-Stellar
Sources (QSS) or Quasi-Stellar Objects (QSO); eventually, this terminology was shortened
to ‘quasars’. The true nature of these objects was discovered when Maarten Schmidt
performed optical follow-up observations of the radio source 3C 273, an accurate position
and angular extent for which had been recently established by Hazard et al. (1963) during
a lunar occultation. In optical imaging, 3C 273 appeared as a 13th-magnitude star, while
the spectra revealed that the ‘star’ had broad lines at unfamiliar wavelengths, similar to
those identified with 3C 48 previously. Noting a series of four emission lines of decreasing
flux, Schmidt realised that the lines could be explained as the Balmer recombination series
of hydrogen if they were redshifted by z = 0.16. This in turn allowed for the identification
of the UV emission line Mg IT A2798 in both 3C 273 and 3C 48; the redshift of the latter
was determined to be z = 0.37. These results were published in adjacent papers in the
journal Nature (Hazard et al., 1963; Schmidt, 1963; Oke, 1963; Greenstein, 1963), and
quasars were thus identified as active galaxies with spectra similar to those seen in Seyfert
nuclei, albeit with higher luminosities.

However, it was not clear what the mechanism responsible for the extreme luminosities
of quasars and Seyfert galaxies was, nor how it could be responsible for the observed

spectra. An early attempt to understand this was made by Woltjer (1959) who, based

4The narrow, elongated structure in M87 was first identified at optical wavelengths by Curtis (1918),
who noted ”a curious straight ray” associated with the object, which is now recognised as an AGN jet.
For the definition of AGN jets used in this thesis, see the Definitions section.

5The term ‘quasar’ was first used by Chiu (1964), however, it was first defined in scientific literature
— along with the terms ‘QSO’ and ‘QSS‘ — by Schmidt (1970), who defined them as being “objects of
starlike appearance ... that exhibit redshifts much larger than those of ordinary stars”. For the definition
of the term ‘Quasar’ used throughout this thesis, see the Definitions section.
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on the observed fraction of spiral galaxies that have Seyfert-like nuclei, the fact that the
nuclei are spatially-unresolved in imaging, and a virial argument involving observed line
widths, estimated that the high luminosities of observed Seyfert nuclei were generated by a
10872 M, object in a compact volume (< 100 pc~3). Five years later, Salpeter (1964) and
Zel’Dovich (1964) proposed that this could be understood as accretion onto supermassive
black holes (SMBHs), as a non-rotating SMBH could release 0.057c? of energy per unit
mass: sufficient to power the observed luminosities of quasars and Seyfert nuclei.

This argument was popularised by Lynden-Bell (1969), who postulated that ‘dead
quasars’ (i.e. quiescent SMBHs) should be common in the nuclei of all galaxies, given
the energy output of quasars seen at higher redshifts (corresponding to earlier cosmolog-
ical times). Moreover, Lynden-Bell (1969) determined that the emission expected from
accretion disks around active SMBHs could photoionise gas in galactic nuclei, leading to
the spectra observed in quasars. Therefore, by the late 1960s, not only were the central
AGN-engines of active galaxies (e.g. Seyferts and quasars) beginning to be understood,
but it was appreciated that their unprecedented luminosities may impact their host galax-
ies, motivating studies in the following decades that sought to understand the nature of

this impact.

1.1.3 Narrow-line studies of active galaxies
The connection between ionised gas and radio structures

An important characteristic of active galaxies, identified since the earliest spectroscopic
observations (e.g. Slipher 1917; Campbell & Moore 1918; Seyfert 1943; Figure 1.1), is
the presence of narrow (full width at half maximum (FWHM) < 1000 km s™!) and broad
(FWHM > 1000 km s~*) emission-line profiles. Due to their associated velocities being a
significant fraction of the speed of light, the broad lines received much attention in studies
of active galaxies, while the narrow lines were of less interest (see discussion in Krolik &
Vrtilek 1984).

While Seyfert (1943) recognised that narrow line broadening (100 < FWHM < 1000
km s~1) was due to the Doppler shifting of lines within the objects, the physical impli-
cation of this was first considered by Burbidge (1958), who noted that the line widths
corresponded to velocities that were much higher than the galactic escape velocities and
therefore “the interstellar gas in the nuclear regions must be constantly escaping from
the galaxy as a whole”. This was subsequently supported by a study of the inner regions
(r < 2 kpc) of the archetypal Seyfert galaxy NGC 1068, which showed that the observed
line widths implied velocities that are more than three times that of the escape velocity
on these scales (Burbidge et al., 1959).

Higher-spatial-resolution optical spectroscopy at different spatial positions and po-

sition angles (PAs) allowed for the identification of discrete clouds responsible for the

6
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observed line broadening in active galaxies (particularly NGC 1068 and NGC 4151: e.g.
Walker 1968a; Anderson 1970; Glaspey et al. 1976). These clouds were found to have
velocity shifts in the range 100 < v < 1000 km s=*: higher than the escape velocity at
their radii (r < 500 pc). This supported the idea of an ‘expansion’ of gas away from the
nuclei, an interpretation that was refined by Heckman et al. (1981), who argued that
observed asymmetries in the narrow-line profiles in a sample of 36 active galaxies were
due to AGN-driven radial outflows of gas (see also Grandi 1977 and Heckman & Balick
1983).

Simultaneously, studies throughout the 1970s began to investigate the physical con-
ditions (including temperatures, densities, reddenings, and compositions) of the narrow-
line-emitting gas, with a particular focus on determining how it is ionised. The prevailing
candidate ionisation mechanisms were photoionisation via radiation emitted by AGN ac-
cretion disks (e.g. MacAlpine 1972; Baldwin 1975; Shields & Oke 1975; Osterbrock &
Koski 1976; Ferland et al. 1979) and astrophysical shock-waves propagating through the
interstellar mediums (ISMs) of the host galaxies (e.g. Cox 1972; Koski & Osterbrock 1976;
Fosbury et al. 1978; Penston & Fosbury 1978). Combined with the presence of outflowing
gas, this indicated that AGN were having a significant impact on the central regions of

galaxies.

Also in this time period, new radio observatories (such as the Westerbork Synthesis
Telescope, the National Radio Astronomy Observatory 300-foot radio telescope, and the
Mullard Radio Astronomy Observatory) were used to perform both large surveys of the
local AGN population and detailed studies of individual objects. The radio surveys per-
formed with these facilities found that galaxies with Seyfert nuclei had radio luminosities
that were higher than those of normal (quiescent) spiral galaxies, but less than those of
the ‘radio galaxies’ discovered in the decades prior (van der Kruit, 1973; Sramek & Tov-
massian, 1975). The advent of higher-spatial-resolution radio observations in the 1980s,
permitted by new facilities such as the Very Large Array (VLA) and Multi-Element Ra-
dio Linked Interferometer Network (MERLIN), revealed that the radio morphologies of
Seyfert galaxies often consisted of two or more components, connected by fainter emission
on arcsecond (kiloparsec) scales (e.g. Wilson & Willis 1980; Wilson & Ulvestad 1982;
Pedlar et al. 1983, 1984; Ulvestad & Wilson 1984; Figure 1.2) — similar to what had pre-
viously been identified on much larger scales in powerful radio galaxies such as Cygnus A
(Jennison & Latham, 1959). These double and triple radio structures were interpreted as
synchrotron emission produced by AGN jets (Wilson & Willis, 1980): fast (up to tenths of
the speed of light), collimated streams of plasma that are launched from AGN accretion
disks along the spin axis of the central SMBH (see Rees 1984 for a contemporary review).
In this scenario for Seyfert galaxies, the radio emission observed at the position of the
optical nucleus (the core) originates from the central AGN engine, while the extended ra-

dio component(s) (the lobes) represent the termination point of the jet and/or prominent
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Figure 1.2: 14.985 GHz map of the inner kiloparsecs of the Seyfert galaxy NGC 1068,
showing a linear, triple radio structure consisting of a core (coincident with the optical
nucleus, marked by the cross) and two radio lobes. The contours are 1, 2, 3, 4, 5, 6, 8, 10,
15, 20, 30, 50, 70 and 90 per cent of 192.5 mJy beam ™. Image credit: Wilson € Ulvestad
(1982).

interactions of the jet with the ISM of the host galaxy (Wilson & Willis, 1980; Sanders,
1984).

Concurrently, multi-wavelength studies utilising both optical and radio observations
discovered empirical correlations between the radio and narrow-line properties of Seyfert
galaxies, notably between 1.4 GHz (21 ¢cm) and [OIIl] luminosity (de Bruyn & Wilson,
1978), and 1.4 GHz luminosity and [OIII] line width (Wilson & Willis, 1980). Further-
more, high-spatial-resolution observations revealed that in many cases, the major axes of
linear radio structures and optical narrow-line emission were aligned (Ulvestad et al. 1981;
see Table 2 in Wilson & Heckman 1985). This implied a physical relationship between
the radio- and narrow-line-emitting material; although the nature of this connection was
not clear, suggestions were made that plasma jets were interacting with the ISMs of host
galaxies, ionising the gas and accelerating outflows (see Section 3 of Wilson & Heckman
1985).

The relationship between narrow-line-emitting gas and radio structures was first di-
rectly investigated by Whittle et al. (1988), who used spatially-resolved spectroscopic
observations of 10 Seyfert galaxies that presented double or triple linear radio struc-

tures. It was found that, not only was the [OIII] and H/ line emission strongly spatially

8
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associated with the radio structures, but their line profiles were particularly complex
at the locations of bright radio emission. The derived narrow-line velocities were high
(150 < v < 1000 km s™1), with the highest velocities found at the position of the en-
hanced radio emission. This indicated that the gas was more kinematically disturbed at
these locations, and thus that prominent AGN-driven outflows are associated with radio

structures on kiloparsec-scales.

The unified scheme of AGN and ionisation cones

As seen in the spectra presented by Seyfert (1943) (Figure 1.1), there exists a dichotomy in
AGN regarding the widths of permitted and narrow lines. Some objects, termed Seyfert 1s
(Sey 1, later generalised to Type 1 AGN) present narrow forbidden lines and broad per-
mitted lines, while others (Seyfert 2, or Sey 2; generalised to Type 2 AGN) show narrow
forbidden and permitted lines (see Khachikian & Weedman 1971). The underlying mech-
anism responsible for this was confirmed by Antonucci & Miller (1985), who used spec-
tropolarimetric measurements of the Sey 2 galaxy NGC 1068 to demonstrate the presence
of polarised broad permitted lines. This indicated that the source of the broad permitted
lines — known as the broad line region (BLR) — also existed in Type 2 AGN, but was
obscured by a torus-like structure (which may be clumpy: Nenkova et al. 2002, 2008; see
Section 2.3 of Netzer 2015), and confirmed that Type 1 and Type 2 AGN were intrinsi-
cally the same phenomenon, only viewed at different angles with respect to the observer
(Figure 1.3).

Optical observations of the narrow line regions (NLRs; kiloparsec-scale regions of
narrow-line emission) of Seyfert galaxies in the late 1980s and early 1990s revealed inter-
esting morphologies: the narrow-line-emitting gas appeared to be distributed in conical
shapes, the apexes of which corresponded to the position of active nuclei (Pogge 1988,
1989; Miller & Goodrich 1990a; Tadhunter et al. 1989; Cecil et al. 1990; Miller & Goodrich
1990b; Evans et al. 1991). In many cases, there was evidence of two cones lying in oppo-
site directions along the same axis — known as a bicone — and in almost all cases the
(bi)cones were aligned with the radio axes of the objects.

The launch of the Hubble Space Telescope (HST) in 1990° allowed optical studies of
unprecedented spatial resolution, which showed that the NLR quiescent and outflowing gas
structures were much more complex than indicated by earlier observations. While many
authors argued, based on spatially-resolved gas kinematics and conditions, that outflows
in Seyfert galaxies are driven via shocks induced in the ISM by radio jets (e.g. Taylor
et al. 1992; Bower et al. 1995; Capetti et al. 1995a,b; Axon et al. 1998), others argued

that radiation pressure from accretion disks also contributed to outflow acceleration (and

6 A grounding error in the HST’s primary mirror produced significant spherical aberration in observa-
tions until it was fixed during a service mission in 1993. Despite this, the telescope was still scientifically
useful for studies of nearby AGN during this period.
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Figure 1.3: Schematic of the unified scheme of AGN. The central supermassive black hole
(SMBH; r ~ 10-100 AU), accretion disk (r ~ 1000-10,000 AU), jet, and obscuring torus
(r ~ 0.1-10 pc) are labelled with solid black arrows; the locations of the broad line region
(BLR; 7 ~ 100-1000 AU) and narrow line region (NLR; r ~ 0.1-10 kpc) are also labelled.
The dashed arrows show the lines of sight that result in an AGN being observed as Type 1
or Type 2. Not to scale.

is perhaps the dominant driving mechanism). In the latter scenario, this driving is done
either by fast (~0.1 ¢) winds launched close to the nucleus (called nuclear winds) that
shock the cold ISM on larger scales and accelerate outflows (e.g. Cecil et al. 1990), or
by direct radiation pressure acting on the NLR gas (e.g. Crenshaw & Kraemer 2000b;
Crenshaw et al. 2000; Kaiser et al. 2000).

1.1.4 AGN-driven outflows and galaxy evolution

Early studies which interpreted complex narrow-line profiles in Seyfert galaxies as being
due to ‘expansion’ (e.g. Walker 1968b; Anderson 1970; Glaspey et al. 1976), and later
outflows of gas (e.g. Grandi 1977; Heckman et al. 1981), indicated that AGN were having
an impact on the central kiloparsecs of galaxies. However, the first recognition that AGN-

driven outflows may play an important role in how galaxies evolve was by Sanders et al.
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(1988). Noting that ultra luminous infrared galaxies (ULIRGs; Lig > 10'? Ly: Sanders
et al. 1988; Sanders & Mirabel 1996) present merger-like morphologies and host bright
nuclei, Sanders et al. (1988) proposed that these objects contained obscured quasar-like
nuclei which drive high-mass gas outflows that remove or destroy the obscuring dust. In

this scenario, ULIRGs transition into quasars, forming an evolutionary sequence.

However, the main impetus for studying AGN-driven outflows came in the mid-1990s,
when empirical scaling relations between SMBH masses and host-galaxy bulge properties
(luminosity, velocity dispersion, and stellar mass; Figure 1.4) were discovered (Kormendy
& Richstone, 1995; Magorrian et al., 1998; Gebhardt et al., 2000; Ferrarese & Merritt,
2000). The form of these correlations could be readily explained by SMBHs and galactic
bulges accreting the same material (i.e. gas inflows to the centres of galaxies), however,
this could not explain their tightness — an additional mechanism was thought to be
required. Outflows driven by AGN were first invoked to be this additional mechanism by
Silk & Rees (1998), who created an analytic model that required a small fraction of AGN
luminosity to couple to the ISMs of host galaxies, driving galaxy-wide outflows which set
the tightness of the observed scaling relations. AGN-driven outflows subsequently became
the basis of further analytic models that could explain the empirical SMBH-bulge scaling
relations (e.g. Fabian 1999; King 2003).

In addition, AGN also began to be invoked to explain several other observed features of
galaxies and their environments (see Cattaneo et al. 2009 for a contemporary review), such
as AGN jets heating and preventing the cooling of highly-ionised, hot X-ray-emitting gas
that is observed in and around galaxy clusters (McNamara & Nulsen, 2007; Gaspari et al.,
2013) and the luminosity function of the local galaxy population (Benson et al., 2003).
The collective impact that AGN are thought to have on their host galaxies is referred
to as AGN feedback, which is now a crucial component of models of galaxy evolution
(including detailed hydrodynamical simulations: e.g. Di Matteo et al. 2005; Springel et al.
2005; Hopkins & Elvis 2010; and cosmological simulations: e.g. Schaye et al. 2015; Davé
et al. 2019; Zinger et al. 2020). While AGN-driven outflows are thought to be required
to explain SMBH-bulge scaling relations, they are also now commonly considered to be
an important aspect of AGN feedback in general, and therefore have become the focus of

an increasing number of studies over the past thirty years (Figure 1.5).

11
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Figure 1.4: Empirical scaling relation between supermassive black hole mass and stellar
velocity dispersion (o,.: filled circles) or root-mean-square (rms) velocity (v,ms: hollow
circles; crosses represent lower limits) as presented by Ferrarese & Merritt (2000). The
dashed and solid lines represent the best linear fits. Image credit: Ferrarese € Merritt
(2000).
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Figure 1.5: Percentage of peer-reviewed publications from 1970 to 2018 that contain the
keywords given in the legend (top left) in their abstracts. The publication dates of key
studies (M98: Magorrian et al. 1998; F00: Ferrarese & Merritt 2000; G00: Gebhardt et al.
2000; Benson et al. 2003; Di Matteo et al. 2005) which produced a significant increase in
interest of AGN-driven outflows are marked with vertical arrows. Image credit: Harrison

et al. 2018.
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1.2 AGN-driven outflows

The first hydrodynamical simulation of the impact of AGN-driven outflows on galaxy
evolution was performed by Di Matteo et al. (2005), who modelled a major galaxy merger
with SMBHs as sink particles. These SMBHs injected thermal energy (Ffeq) into the
ISM of the merger as

Eteed = €1 Mppc? (1.1)

where 7, is the radiative efficiency of the SMBH accretion disk, Mgy is the accretion rate
onto the SMBH, and c¢ is the speed of light. Here, ¢ is a free parameter known as the
coupling efficiency (or coupling factor): the fraction of radiation coupled to the ISM of
the host galaxy. In this model, the coupling of radiation to the ISM launches galaxy-wide
(r > 5 kpc) outflows, heating and expelling gas needed to form stars, hence suppressing
star formation.

The coupling efficiency in the Di Matteo et al. (2005) simulation was set to the
value required (¢ = 0.05 = 5 per cent) to reproduce the normalisation of the observed
relation between SMBH mass and bulge stellar velocity dispersion (known as the M-
o relation; Figure 1.4). Subsequent theoretical work also invoked galaxy-wide, AGN-
driven outflows, with each setting a different value of this free parameter to reproduce the
normalisation of empirical relations (typically 0.5 < ¢ < 10 per cent: Springel et al. 2005;
Hopkins & Elvis 2010). In the 2010s, large-scale cosmological simulations incorporated
a similar approach to their AGN-feedback prescriptions, requiring a fraction of energy
produced by accreting SMBHs in galactic centres to be coupled to host galaxies (e.g.
¢ = 0.15 = 15 per cent for EAGLE and Horizon-AGN: Schaye et al. 2015; Dubois et al.
2016), restricting star formation and therefore reproducing the observed properties of the
local galaxy population.

Motivated by these theoretical models, observational studies of AGN-driven outflows
often interpret the coupling efficiency as being the ratio between outflow kinetic power

(E’kin: kinetic energy per unit time) and AGN bolometric luminosity (L ):

(1.2)

Therefore, in attempts to verify the models — and hence the role of AGN-driven
outflows in galaxy evolution — a large number of studies in the past twenty-five years
have focused on measuring coupling efficiencies in this way and comparing them to the free
parameter set by models. Many observational studies have derived coupling efficiencies
that fall in the range required by theoretical work (0.5 < ¢ < 10 per cent: e.g. Liu et al.
2013; Harrison et al. 2014; Cicone et al. 2014; Fiore et al. 2017), however, there are
several major sources of uncertainty associated with this approach which render its validity

unclear.
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Principally, observationally-derived outflow kinetic powers are not well constrained:
due to many factors, commonly-determined values may be incorrect by several orders of
magnitude. Furthermore, the validity of direct comparisons to theoretical models using
coupling efficiencies is unclear, as is the robustness of interpretations that are made from
such comparisons regarding the impacts of AGN-driven outflows on host galaxies (see
discussion in Harrison et al. 2018); largely, this is because it is unclear exactly how AGN

accelerate outflows. In the following sections, I review and explain these uncertainties.

1.2.1 Uncertainties regarding outflow energetics
The multi-phase nature of outflows

The ISM is observed in a range of gas phases: regimes of different temperatures and condi-
tions, ranging from hot and highly-ionised to cold and molecular. Similarly, AGN-driven
outflows have been observed in multiple phases, corresponding to distinct temperatures
and compositions of the emitting gas (see Cicone et al. 2018 for a review). Different
phases are observed with tracers at different wavelengths — Table 1.1 presents the phases
considered in this thesis, and examples of their observational tracers.

Since the majority of studies use observations of only one phase (commonly the warm-
ionised gas, due to it producing prominent optical emission lines), it is not clear which
outflow phase is dominant in terms of mass and kinetic power. In a relatively small number
of active galaxies, the properties of outflows in multiple phases have been quantified (e.g.
Morganti et al. 2005; Holt et al. 2011; Tadhunter et al. 2014; Riffel et al. 2015; Feruglio
et al. 2015; Morganti et al. 2016; Finlez et al. 2018; Fluetsch et al. 2019); in some objects,
these phases have been seen to be co-spatial and co-kinematic, indicating that they form
part of the same outflow (Figure 1.6: Tadhunter et al. 2014; Morganti et al. 2015).

While some studies present evidence that the cold molecular phase is dominant in
terms of mass and kinetic power (i.e. Morganti et al. 2005; Cicone et al. 2014; Garcia-
Burillo et al. 2014), this has only been determined for a small number of galaxies. There-
fore, since the majority of studies only focus on a single phase, it is imperative that the
relative masses and powers of multiple phases are comprehensively determined to ensure
that total outflow kinetic powers are not significantly underestimated.

Moreover, the physical relation between different outflow phases is not understood,
nor is it clear how molecular gas can be accelerated to observed outflow velocities
(v > 500 km s7!) without being dissociated. Understanding this is crucial, as it is re-
quired to make quantitative predictions regarding multi-phase outflows. One suggestion is
that the various phases in a given gas cloud are accelerated together directly by radiation
pressure or cosmic rays (Booth et al., 2013; Costa et al., 2018; Hopkins et al., 2020),
however, in this scenario, it is not clear why the molecules are not photo-disassociated.

Other studies propose a solution to this by arguing that the colder, molecular phases
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Phase Temperature range Observational tracers

Hard X-ray (E, > 6 keV) absorption lines
Highly ionised > 10° K (e.g. Fe XXV, Fe XXVI);

X-ray continuum

UV, optical, near-infrared, and
mid-infrared emission lines

Warm ionised 10,000-30,000 K (e.g. [OTITAMI59, 5007, HB, Pag,
[SIT]AN6T17,6731, Hel, [O TV] 25.9 pum)
Near-infrared roto-vibrational
Warm molecular ~ 2000 K emission lines of Hy

(e.g. Ha(1-0)S(1) 2.212 pm,
Hy(2-1)S(1) 2.247 pm)

Radio emission lines (e.g. HI 21 cm line),
Neutral atomic 100-2000 K optical NalD absorption lines
(NaIDAA5890,5896)

Radio/sub-mm emission & absorption lines

Cold molecular 10-300 K (e.g. CO(1-0), CO(2-1), HCN, OH)

Table 1.1: The gas phases of AGN-driven outflows that are considered in this thesis,
their approximate temperatures, and examples of their observational tracers (wavelength
regime and example spectral features).

are entrained in warmer gas, preventing molecule dissociation (Scannapieco & Briiggen,
2015; Gaspari & Skadowski, 2017; Gronke & Oh, 2020).

An alternative is that the outflow acceleration mechanism heats the gas to the hot
ionised phase (T > 10° K), destroying the molecules in the process; as the gas cools post-
acceleration, it forms the cooler phases in-situ, including the formation of molecules
(Wang, 1995; Silich et al., 2003; Tadhunter et al., 2014; Zubovas & King, 2014; Costa
et al., 2015; Thompson et al., 2016; Richings et al., 2021). A major problem with under-
standing this scenario is the complexity (and associated difficulty) of modelling molecule
formation in the ISM: it is not clear if molecules can form in outflowing-gas conditions on
the (highly uncertain) timescales required. In this context, it is interesting to note that
recent modelling supports molecule formation and cooling being a sufficiently fast process
in outflowing gas (Richings et al., 2021).

Overall, the mass and energy contributions of (and the physical relation between)
different outflow phases are not clear — in order to elucidate this situation, detailed,
multi-wavelength observations of multi-phase outflows and their acceleration mechanisms

are required.
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Figure 1.6: Line velocity profiles tracing different phases of outflowing gas at the same
location in the active galaxy IC 5063. The red line shows the Bry emission-line profile
(warm ionised; Tadhunter et al. 2014), the blue line shows the Hy(1-0)S(1) 2.212 ym
emission-line profile (warm molecular; Tadhunter et al. 2014), the green line shows the
HI 21 cm absorption-line profile (neutral atomic; Morganti et al. 1998), and the black
line shows the CO(2-1) emission-line profile (cold molecular; Morganti et al. 2015). Each
phase presents outflowing (yet distinct) kinematics, potentially indicating that they are
part of the same outflow. Image credit: Morganti et al. 2015.

Electron densities of warm-ionised outflows

The most commonly observed outflow phase is warm ionised gas, as many emission lines
arising from this phase are present in optical spectra of AGN (Table 1.1). Therefore,
many studies that compare outflow kinetic powers to those required by models of galaxy
evolution only consider warm-ionised outflow energetics (masses, mass outflow rates, ki-
netic powers, and coupling efficiencies: e.g. Liu et al. 2013; Rose et al. 2018; Tadhunter
et al. 2019). Typically, this is done by first calculating the warm-ionised outflow mass

using the measured luminosity of a recombination line of hydrogen (L(H)) with

L(H)m,

Mout,ion = eﬁh )
St hugn,

(1.3)
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where Moy ion is the mass of the outflowing warm-ionised gas, m, is the proton mass, a;{f
is the Case B recombination coefficient for the chosen recombination line of hydrogen, vy
is the frequency of the recombination line, and n. is the electron density of the emitting
gas. This is then used to calculate the mass passing through a given surface area per unit

time, known as the mass outflow rate:

Mout Jjion Uout

Mout,ion =A- R )

(1.4)
where v, is the outflow velocity, R is the outflow radius, and A is a constant that accounts
for assumptions regarding outflow geometry and radial density profiles (see Section 2 of
Veilleux et al. 2020). Finally, the outflow kinetic power is calculated using

1. 9

Ekin,ion = §Mout,ion(vout + 302)7 (15)

where o is the velocity dispersion (o ~ FWHM/2.355), which may be interpreted as the
range of velocities present within a spatially-unresolved region of outflowing gas; a mul-
tiplicative factor of three is commonly used with this term to account for the velocity
dispersion in three dimensions (see Rupke et al. 2005a). Typically, the coupling efficiency
(taken to be the ratio of outflow kinetic power to the host AGN bolometric luminosity:
Equation 1.2) is then determined and compared to the requirements of theoretical models
— if the observed value is consistent with (or above) these requirements, then the inter-
pretation is often that the outflows have a significant impact on the evolution of the host
galaxy.

The largest source of uncertainty when calculating outflow energetics in this way is
the electron density of the outflowing gas. Traditionally, the flux ratio of emission lines
in a doublet arising from either the SII or OII ion is used (namely [SII](6717/6731) and
[OI1](3726/3729)): the lines involved in these ratios have similar (but different) critical
densities’, and so the ratios have a strong dependence on electron density (Figure 1.7)%.

However, these traditional, commonly-used ratios are only sensitive up to electron
densities of n, ~ 10%° cm™3 — above this limit, both of the lines involved are collision-
ally suppressed, and the values of the ratios saturate. If, in reality, outflow densities
are greater than n, ~ 10%° cm™3, then this technique will underestimate true values.
Crucially, since outflow masses (Equation 1.3), mass outflow rates (Equation 1.4), kinetic

powers (Equation 1.5), and coupling efficiencies (Equation 1.2) depend inversely on the

“The critical density of a transition is defined as the density at which the rate of collisional de-excitation
from the upper energy level becomes approximately equal to the collisional excitation rate of electrons
to the upper energy level (see Chapter 5 of Osterbrock & Ferland 2006).

8The [SIT](6717/6731) and [OI1](3726/3729) flux ratios also have a dependence on electron tempera-
ture. Therefore, when calculating electron densities with these ratios, electron temperatures are either
measured using other line ratios (e.g. [OIII](5007+4959)/4363) or assumed to be those typical of the
warm ionised phase (~10,000 K); see Chapter 5 of Osterbrock & Ferland (2006).
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Figure 1.7: Variation of the traditional [SII](6717/6731) emission-line flux ratio with
electron density, modelled with the PYNEB PYTHON module (Luridiana et al., 2015) for
an ionised gas of temperature T, = 10,000 K. This commonly-used density diagnostic
is only sensitive to densities in the range 2.0 < logjo(n.[cm™3]) < 3.5: above and below
these limits, the curve becomes increasingly asymptotic, and the values derived from this
technique saturate.

electron density, this means that these derived properties would be overestimated. There-
fore, it is notable that many studies which determine high outflow kinetic powers (i.e.
e; > 0.5 per cent) also estimate or assume low electron densities (n. < 103% cm™3: e.g.
Kraemer & Crenshaw 2000a; Nesvadba et al. 2006; Harrison et al. 2014; Fiore et al. 2017).
Furthermore, the separation between the lines in the [SII] and [OII] doublets is small, and
in the case of outflow kinematics — in which line widths are typically intermediate-to-
high (FWHM > 500 km s™') — the lines are often blended. This introduces significant
degeneracy in measuring the flux ratios, therefore preventing precise electron density de-
terminations.

In the past decade, novel techniques of electron-density estimation have been devel-
oped which are sensitive to a wider range of values than the traditional [SII] and [OII]
ratios. For example, Baron & Netzer (2019b) present a technique which uses the dimen-

sionless ionisation parameter
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Q

Arrien,’

(1.6)

where @) is the number of ionising photons emitted by the AGN per second, and r is
the radial distance of the gas outflow from the AGN. In this method, the ionisation
parameter is determined using emission-line ratios, () is derived from the bolometric
luminosity of the AGN, and the outflow radial distance is determined from modelling
the mid-infrared (MIR) spectral energy distribution (SED) of the AGN (see Baron &
Netzer 2019a). Therefore, Equation 1.6 can be used to estimate the electron density,
which Baron & Netzer (2019b) find to be in the range 3.0 < logjo(n. [cm™3]) < 6.2 for a
sample of 234 Type 2 AGN — several orders of magnitude above the upper density limit of
the traditional [SII] and [OII] ratios. Similarly, complex, multi-ionisation-component (i.e.
multiple values of U) photoionisation modelling that utilises the measured fluxes of many
emission lines has produced a wide range of electron densities when applied to outflows in
nearby active galaxies (2.0 < logo(n. [cm™3]) < 7.0: Collins et al. 2009; Crenshaw et al.
2015; Revalski et al. 2021; see also Revalski et al. 2022).

Of particular note is a technique pioneered by Holt et al. (2011) using the [SII](4068
+ 4076) /(6717 + 6731) and [OI1](3726 + 3729)/(7319 + 7331) ratios, which involve the
total fluxes of the traditional [SII]AN6717,6731 and [OII]AA3726,3729 doublets in addi-
tion to the higher-critical-density transauroral (Boyce et al., 1933) [SII]AN4068,4076 and
[OII]AA7319,7331 doublets. By comparing the measured values of these ratios to predic-
tions of photoionisation modelling, electron densities and reddenings can be derived simul-
taneously. Importantly, this technique is sensitive to a wider range of electron densities
(2.0 < logip(ne [em™3]) < 5.5) than the traditional [SII](6717/6731) and [OII](3726/3729)
ratios, but requires less-detailed observations (and is less computationally expensive) than
the ionisation-parameter-based method presented by Baron & Netzer (2019b) and com-
plex photoionisation modelling (Collins et al., 2009; Crenshaw et al., 2015; Revalski et al.,
2021). Moreover, unlike the traditional [SII] and [OII] ratios, the transauroral-line method
uses the total fluxes of emission-line doublets instead of the fluxes of individual lines within

the doublets, obviating issues arising from degeneracy due to broad line widths.

In the past 13 years, the transauroral ratios have been used to measure gas densities
in the range 3.0 < logjo(n. [cm™3]) < 5.5 in active galaxies of different types (Holt et al.,
2011; Rose et al., 2018; Santoro et al., 2018; Spence et al., 2018; Ramos Almeida et al.,
2019; Santoro et al., 2020; Davies et al., 2020; Speranza et al., 2022). These densities
are up to two orders of magnitude higher than could be measured with the traditional
ratios, and, correspondingly, modest outflow kinetic powers and coupling efficiencies have
been derived (& < 0.5 per cent). However, these studies have used spatially-unresolved
observations, often with a single aperture covering the outflow region. Consequently, it

has been argued that the transauroral lines are emitted by different clouds than those that
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emit other key diagnostic lines such as [OIII]AN4959,5007 and H/3, and therefore that the
derived densities are not representative of the outflowing gas (Sun et al. 2017; but see
discussions in Rose et al. 2018 and Spence et al. 2018). Since the outflow masses and
kinetic powers resulting from transauroral-line-derived densities are much below those
typically found for the warm ionised phase (and are potentially far below the values
required by models of galaxy evolution), this situation needs to be investigated in detail

to conclusively determine if the transauroral lines are valid tracers of outflowing gas.

A low-surface-brightness, high-mass, warm ionised outflow component

The techniques and studies described above for the warm ionised phase trace relatively
dense (n, > 3.0 cm™3) gas in the central regions (r < 2 kpc) of active galaxies. While these
studies find modest outflow masses and kinetic powers, it is possible that there also exists
a tenuous (n. < 3.0 cm™?), low-surface-brightness, spatially-extended (r > 5 kpc) warm-
ionised outflow component that the observations were not sensitive to. Spence et al. (2018)
estimate that such a component could be ten times more massive than dense outflows in
the centres of galaxies, despite only contributing 10 per cent to the luminosities of key
emission lines; this may form the powerful, galaxy-wide component of the outflows invoked
by models of AGN in galaxy evolution (Di Matteo et al., 2005; Springel et al., 2005; Schaye
et al., 2015). Therefore, deep, spatially-resolved, galaxy-scale studies of active galaxies
with known small-scale (7 < 2 kpc) outflows need to be performed in order to identify any

potential spatially-extended, low-surface brightness counterparts.

1.2.2 Outflow kinematics and geometry
Outflow kinematics

Determining accurate outflow kinematics is crucial, as the derived mass outflow rates
(Equation 1.4) and kinetic powers (Equation 1.5) have square and cubic dependencies on
velocity shifts (and dispersions), respectively. Kinematics are often derived in spectro-
scopic studies of AGN-driven outflows: as noted by Seyfert (1943), the line widths seen in
the NLRs of nearby active galaxies are readily explainable by clouds of different velocities
causing the Doppler-shifting of emission lines. In modern observational studies, promi-
nent emission lines are used to determine kinematics — perhaps the most commonly used
is the [OIIT]AN4959,5007 doublet, which is bright in typical AGN spectra, does not present
broad wings from the BLR (Section 1.1.3) and, with the exception of extreme cases, is
not blended with other emission lines.

For a static cloud in a narrow line region, the dominant line-broadening effect would
be Doppler motions of gas moving with a Maxwellian distribution of velocities, which

is described by a Gaussian profile. Therefore, it is generally assumed that individual
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velocity components of a given emission-line profile follow a Gaussian distribution of
wavelengths (or velocities). Consequently, many studies fit one or more Gaussian profiles
(accounting for different velocity components) to outflow emission-line profiles to model
the kinematics of the gas (e.g. Villar-Martin et al. 1999; Crenshaw & Kraemer 2000b;
Das et al. 2005; Holt et al. 2011; Mullaney et al. 2013; Rose et al. 2018; Tadhunter et al.
2019) — often, the wavelength difference between the mean of a Gaussian component and
the rest wavelength of the line is used to calculate velocity shift (v), and the width of the
Gaussian component (either ¢ or FWHM) is taken as a measure of the distribution of

velocities within the cloud.

However, there are challenges to robustly interpreting outflow line profiles in terms
of kinematics, mainly regarding projection effects: broad, complex line profiles may be
produced by an ensemble of clouds with a large internal velocity dispersion, or by a system
of clouds that is unresolved to the observer and has a small local velocity dispersion, and
for which the clouds are flowing with a wide range of angles relative to the observer’s
line of sight (LOS). In terms of kinematics, complex line profiles therefore present a
degeneracy: both of the described cases could give rise to an identical line profile, but the
derived outflow velocities will change significantly depending on the assumed scenario.
In an attempt to break this degeneracy, some studies use non-parametric approaches to
de-project outflow kinematics. An example of this is percentile velocities, which involve
measuring the velocity that contains a certain percentage of the total line flux under the
assumption that the outflow velocity is the same in all directions (and that the local
velocity dispersion is small), and therefore the far wings of line profiles (the maximum
projected velocities) represent clouds moving along the line of sight (e.g. Cano-Diaz et al.
2012; Harrison et al. 2014; Rose et al. 2018). In this approach, a velocity that contains
90 per cent of the line flux would be represented by wvgy. Similarly, some studies define
non-parametric line widths based on the difference between two percentile velocities, for
example Wy = vgg — v19 (e.g. Harrison et al. 2014; Venturi et al. 2021). An example of
these non-parametric approaches to measuring outflow kinematics is shown for a mock
emission-line profile in Figure 1.8.

The ideal approach to account for projection effects (and therefore determining robust
kinematics) would be detailed modelling of NLR kinematics. For several nearby Seyfert
galaxies, this has been done by fitting biconical, radial outflow models to kinematics
derived from high-spatial-resolution HST spectra (Crenshaw & Kraemer, 2000b; Crenshaw
et al., 2000; Das et al., 2005, 2006, 2007; Revalski et al., 2021). However, such an approach
requires detailed, spatially-resolved observations (and so is restricted to bright, nearby
galaxies), is time-expensive, and relies on assumptions regarding outflow acceleration
mechanisms, which themselves are not clear. Therefore, care must be taken when deciding
how to measure outflow kinematics, and the method used should be considered when

making physical interpretations based on derived outflow kinematics and energetics.
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Figure 1.8: Examples of non-parametric percentile velocity shifts (v, vgg: vertical dotted
blue lines) and width (Wyg) for a simulated Hf line profile. The black line shows the
simulated HS emission, the solid red line shows the total fit, the dashed orange lines show
the two individual Gaussian components required to fit the line profile, and the vertical
solid grey line shows the rest wavelength of Hf.

Outflow spatial extents

Models of galaxy evolution predict outflows that extend to galaxy-wide scales (r > 5 kpc:
e.g. Silk & Rees 1998; Di Matteo et al. 2005; King 2010; Curtis & Sijacki 2016; Costa
et al. 2018). In contradiction to this, studies of nearby active galaxies that use long-slit
spectroscopic observations with a technique called spectroastrometry — which involves
measuring the spatial centroid position of an emission line as a function of velocity along
the slit (Bailey, 1998) — have found that warm-ionised outflows extend up to a few
kiloparsecs (at maximum) from the central AGN (Carniani et al., 2015; Spence et al.,
2016; Villar-Martin et al., 2016; Santoro et al., 2018, 2020), in agreement with the results
of direct HST imaging (Fischer et al., 2018; Tadhunter et al., 2018) and spectroscopy (Das
et al., 2005, 2006, 2007; Tadhunter et al., 2019). In contrast, some optical integral field unit
(IFU) studies have found outflows to be galaxy-wide (Fu & Stockton, 2009; Westmoquette
et al., 2012; Liu et al., 2013; Harrison et al., 2014; Wylezalek et al., 2017); since the
observations used in these studies are ground-based, it has been suggested that the beam-

smearing effects of atmospheric seeing artificially spread compact outflow emission from
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the central regions across the IFU field of view. This may have contributed to — or
been entirely responsible for — the observed galaxy-wide outflow extents. Furthermore,
Husemann et al. (2016) demonstrated that failure to account for beam smearing can result
in overestimation of outflow kinetic powers by up to two orders of magnitude. Clearly,
this situation needs to be investigated in detail, principally to determine the potential

impact that atmospheric seeing can have on determinations of outflow spatial extents.

1.2.3 Comparisons to models of galaxy evolution

In addition to the described uncertainties involved in calculating observationally-derived
outflow kinetic powers, it is not clear if direct comparisons to the requirements of theoreti-
cal models of galaxy evolution are valid, or if interpretations drawn from such comparisons
are robust. In this context, I highlight that, despite many observational studies attempt-
ing to verify models by comparing measured coupling efficiencies to those used in models,
this parameter is not a predicted quantity in such models: it is a free parameter that
is set to reproduce the normalisation of the empirical SMBH-bulge scaling relations and

properties of the local galaxy population.

Moreover, the AGN-feedback models used in cosmological simulations are not spa-
tially resolved. One problem this can produce is numerical overcooling, which may be
compensated for by increasing the required fraction of SMBH accretion power that is
coupled to the ISM, potentially by orders of magnitude (Weinberger et al., 2017) — mod-
els that attempt to overcome this problem require a wide range of coupling efficiencies
(0.04-30 per cent: Booth & Schaye 2009; Choi et al. 2012). In addition, outflows may
radiate a significant fraction of their energy post-acceleration, or decelerate under gravity,
meaning that observationally-derived coupling efficiencies may be significantly lower than
would be measured immediately after the outflow was launched. Furthermore, given that
typical outflow dynamical timescales (~1-10 Myr) may be similar to those of AGN cycles
(~10-100 Myr, although possibly much shorter in some cases: see Morganti 2017 for a
review), it is unclear whether or not a given observed outflow was launched during the
current epoch of AGN activity (the bolometric luminosity of which is used in coupling
efficiency calculations). As argued by Harrison et al. (2018), based on these arguments, it
is not necessarily expected that coupling efficiency values required by models correspond
to the measured ratio of outflow kinetic power to AGN bolometric luminosity, as is often
assumed in observational outflow studies.

Therefore, direct comparisons of specific coupling efficiency values should be done with
caution. Alternatively, qualitatively comparing outflow properties derived from detailed
observations to those predicted by tailored simulations of outflows in different object types

may be an insightful (and perhaps complementary) approach. Detailed observational
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studies can also be used to inform the physics of the tailored models and the feedback

prescriptions of cosmological simulations.

1.2.4 Outflow acceleration mechanisms

A major barrier to robust comparisons of observations to theoretical models is that it is
not clear how outflows are accelerated. AGN can launch outflows in two general ways:
via radiation pressure from accretion disks, or via shocks induced in the ISM by jets.
However, in many cases, both of these mechanisms can explain observed properties of
the NLRs of local active galaxies, such as kinematics, spatial alignments between ionised
gas and radio structures, and gas conditions (Ulvestad et al., 1981; Wilson & Heckman,
1985; Whittle et al., 1988; Cecil et al., 1990; Capetti et al., 1995a,b; Axon et al., 1998;
Crenshaw & Kraemer, 2000b; Crenshaw et al., 2000; Das et al., 2005, 2006; Mukherjee
et al., 2016, 2018; Meena et al., 2021). Furthermore, it is feasible that both mechanisms
could be present in a given galaxy, with their relative contributions to outflow acceleration

and NLR ionisation/excitation being unclear.

Radiatively-driven outflows

The high luminosities produced by AGN accretion disks may impart significant radiation
pressure on surrounding gas (Castor et al., 1975; Abbott, 1982), accelerating it via line
driving (bound-bound), continuum-opacity driving (bound-free), and Thompson scatter-
ing (free-free) (Arav et al., 1994; Murray et al., 1995; Proga et al., 1998, 2000). In addition,
dust may increase the effectiveness of radiation-pressure driving on NLR gas at larger radii
(i.e. where it is not vapourised by radiation: Dopita et al. 2002; Fabian et al. 2006). It
has been proposed that these mechanisms can accelerate gas clouds in active galaxies to
observed outflow velocities (up to several thousand kilometres per second; Crenshaw &
Kraemer 2000b; Crenshaw et al. 2000; King 2003; Das et al. 2005, 2006; Hopkins & Elvis
2010; King 2010; Miiller-Sanchez et al. 2011; Meena et al. 2021).

Two main variations of radiative driving are often invoked to explain observed NLR
kinematics: radiation-driven winds launched close to the accretion disk that shock and
accelerate the ISM on larger scales (e.g. Elvis 2000; Proga et al. 2000; King 2003), and ra-
diation pressure directly accelerating colder NLR gas on kiloparsec-scales in situ (e.g. Das
et al. 2007; Fischer et al. 2017; Revalski et al. 2018; Meena et al. 2021, 2023). In an example
of the former mechanism, Hopkins & Elvis (2010) propose that hot (4 < logo(7[K]) < 6),
low-density (n = 1-100 cm™?) gas close to the accretion disk (r < 100 pc) is radiatively ac-
celerated to very high velocities (v > 10* km s ~1). As this high-velocity outflow impacts
the colder, larger-scale (r > 100 pc) ISM, a series of shocks and dynamical instabilities
cause it to mix with the colder gas, which produces an expansion in the direction perpen-

dicular to the incident AGN radiation. The increased cross-section of the mixed cloud
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Figure 1.9: Scaling relations between observed multi-phase outflow energetics (mass out-
flow rate: left; kinetic power: right) and AGN bolometric luminosity, produced by Fiore
et al. (2017). The red and black markers represent the energetics of highly-ionised X-ray
and BAL (Broad Absorption Line; see review in Gibson et al. 2009) winds, green markers
show energetics for warm-ionised outflows, and blue markers show the energetics of cold-
molecular outflows. Image credit: Fiore et al. (2017).

then leads to efficient, direct radiative driving. Very high-velocity nuclear winds such as
those invoked in this model have been observed in the highly ionised phase (Table 1.1)
with X-ray absorption lines (Pounds et al., 2004; Lobban et al., 2011; Pounds & Vaughan,
2011; Tombesi et al., 2011), and other studies making use of multi-wavelength observa-
tions have argued direct support for the importance of highly-ionised winds in driving
larger-scale outflows (Pounds & King, 2013; Feruglio et al., 2015).

Tailored dynamical modelling that considers the balance of acceleration by radiation
pressure and gravitational deceleration can reproduce the spatially-resolved outflow kine-
matics that are observed in the NLRs of some nearby active galaxies, lending support to
radiation pressure being an important driving mechanism in these objects (Crenshaw &
Kraemer 2000b; Crenshaw et al. 2000; Das et al. 2005; Fischer et al. 2017; Revalski et al.
2018; Meena et al. 2021). However, this requires high spatial- and spectral-resolution ob-
servations, and hence is limited to bright, nearby objects. Also, while this formalism can
broadly explain the observed kinematics, in some cases, acceleration via shocks produced
by jet-ISM interactions may be required (Das et al., 2006, 2007; Meena et al., 2023). Fur-
thermore, for several of the objects modelled in this way (e.g. NGC 1068 and NGC 4151),
jet-ISM interactions alone may be able to explain observed spatial coincidence between
radio structures and extreme NLR kinematics (Capetti et al., 1995a,b; Axon et al., 1998;
Das et al., 2006; May & Steiner, 2017; May et al., 2020), leaving the dominant acceleration

mechanism unclear.
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Additional support for radiatively-driven outflows being common in active galaxies
may be provided by statistical studies of a large number of objects. In particular, Fiore
et al. (2017) collated observationally-derived mass outflow rates and kinetic powers for
outflows and winds in the highly ionised, warm ionised, and cold molecular phases, and
found scaling relations between these properties and AGN bolometric luminosity (Fig-
ure 1.9). These relations may indicate that outflows in active galaxies are predominantly
radiatively driven. However, it is unclear how observed mass outflow rates and kinetic
powers of outflows driven by shocks from jet-ISM interactions would be expected to scale
with bolometric luminosity. Furthermore, the uncertainties involved in deriving outflow

energetics (Section 1.2.1) were not fully accounted for in producing these relations.

Jet-driven outflows

Feedback from AGN jets is commonly thought of in the context of powerful jets that
extend far beyond the extents of host galaxies, such as those seen in Cygnus A (Blandford
& Rees, 1974; Carilli et al., 1991) and M87 (Junor et al., 1999; Asada & Nakamura, 2012).
These jets reach the intergalactic or intracluster medium (IGM; ICM) and maintain the
high temperatures and highly ionised states of halo gas, thus preventing catastrophic
cooling and accretion to galaxy centres (Binney & Tabor, 1995; Soker et al., 2001; Best
et al., 2006; McNamara & Nulsen, 2007; Gaspari et al., 2013). On galaxy scales, these
high-power jets are thought to pierce through the ISM without having a major impact
or driving significant outflows (Mukherjee et al. 2016; see also Scheuer 1982; Hardee &
Norman 1990). However, in the past two decades, theoretical work has demonstrated
that lower-power jets (P < 10% erg s™') may instead provide an important source of
feedback on galactic scales, as they are confined to the host galaxy medium for a longer
time and hence affect a larger volume of the ISM (Figure 1.10: Mukherjee et al. 2016; see
also Sutherland & Bicknell 2007; Gaibler et al. 2011; Wagner & Bicknell 2011; Mukherjee
et al. 2016, 2018). In this scenario, the jets drive significant shocks into the ISM, heating
and accelerating the gas and dissociating molecules. Modelling of jet-ISM interactions
that includes both shock-ionisation induced by jets and photoionisation produced by AGN
accretion disks predicts that the modelled ISM is predominantly shock-ionised (Meenakshi
et al., 2022a), however, this has not been directly observationally verified.

In addition to early outflow studies that found relations between disturbed NLR
kinematics and radio structures (e.g. Wilson & Heckman 1985; Whittle et al. 1988),
detailed observational studies have provided further evidence that jets drive outflows on
galactic scales (e.g. Morganti et al. 1998, 2007; Nesvadba et al. 2008; Rosario et al.
2010a,c,b; Morganti et al. 2013a; Tadhunter et al. 2014; Mahony et al. 2016; May &
Steiner 2017; Audibert et al. 2019; May et al. 2020; Venturi et al. 2021). Of particular

note are hydrodynamical simulations of AGN with low-power jets that can reproduce
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Figure 1.10: Gas density [cm™?] in a two-dimensional plane for hydrodynamic simulations
of jets of different powers (P, = 10% ergs™': left panels; P, = 10* erg s™: bottom-
right panel; P, = 10* erg s™': top-right panel) propagating through the ISM at different
times. For the highest-power-jet case, the simulation in the top-left panel (‘Sim. A’)
considers an ISM that is twice as dense as the ISM considered in ‘Sim. B’ (bottom-
left panel). In these models, the higher-power jets pierce through the ISM and escape
confinement quickly, launching modest-mass outflows, while the lower-power jets remain
confined for a longer time, cause more disturbance, and launch higher-mass outflows.
Image credit: Mukherjee et al. (2016).
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outflow properties derived from observational studies (Morganti et al., 2015; Mukherjee
et al., 2018; Audibert et al., 2023).

In this context, it is interesting that a statistical study of a large sample of local
(z < 0.4), optically-selected AGN by Mullaney et al. (2013) found the broadest [OIII]
emission-line profiles (indicative of more-prominent outflows) in objects of intermediate
radio luminosity (23 < logio(L1.4 au.[W Hz™']) < 25). Combined with the correlation be-
tween 1.4 GHz luminosity and [OIII] line width previously found for Seyfert galaxies by
Whittle (1992b), and the increased [OIII] line widths seen at the locations of prominent
radio knots in the NLRs of Seyfert galaxies (Whittle et al., 1988), there is now considerable

evidence that jets are an important outflow acceleration mechanism.

Ionisation and excitation mechanisms as probes of acceleration

It is commonly assumed that different outflow acceleration mechanisms correspond to
distinct gas ionisation or excitation mechanisms. For example, gas that has been di-
rectly radiatively-accelerated in situ will have been subject to a significant flux of photo-
radiation, therefore it is perhaps likely that at least the face of the cloud will be pho-
toionised by the AGN. Conversely, material passing through a shock (driven into the
ISM either by a fast nuclear wind or a jet) will be accelerated and heated to the hot
ionised phase (T > 10° K), after which it will eventually cool to the warm ionised phase
(T ~ 10,000 K) in which it can be observed with optical emission lines. Shock and photo-
ionisation/excitation are expected to induce distinct physical conditions in the gas, for
example in ionisation state and temperature (Fosbury et al.; 1978; Binette et al., 1996;
Villar-Martin et al., 1999); these conditions can be probed by a range of flux ratios of
emission lines arising from species of different ionisation/excitation potentials, and the
emissivities of which are dependent on gas conditions such as temperature and density.
Therefore, it is common practice to produce diagnostic diagrams in which two (or more)
emission-line ratios are plotted to define distinct regions of different gas conditions (and
hence ionisation mechanisms) to probe this.

The most commonly used diagnostic diagrams are those first presented by Baldwin
et al. (1981) and Veilleux & Osterbrock (1987) for the warm ionised phase, referred to as
BPT diagrams: the lines involved in these diagrams ([OIII]A5007, Ha, HB, [NII|A6584,
[OI]A6300, [SII]AN67T17,6731) are bright in typical AGN optical spectra. By plotting the
line ratios of known objects (e.g. star-forming regions, Seyfert galaxies, and LINERs")
on these diagrams, empirical regions are defined (see Kewley et al. 2006). Typically, it is
thought that if an object has line ratios consistent with one of these regions, the dominant
ionisation mechanism will correspond to that which is known for the object(s) from which

the region was defined (commonly assumed to be photoionisation for the Seyfert/AGN

9LINERs are a classification of galactic nuclei that display strong low-ionisation lines (such as [O]],
[OI1], [NII], and [SII]) in their spectra (Heckman, 1980)
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Figure 1.11: [SIT]/Ha vs [OIII]/HB BPT diagram (Baldwin et al., 1981), showing three
empirically-defined regions (Kewley et al., 2006) for Seyfert nuclei, star-forming regions,
and LINERs, in addition to predictions of photoionisation (dashed blue grid) and pure
shock-ionisation (solid red grid) modelling, which overlap significantly at the boundary
between the Seyfert and LINER regions. The photoionisation models were generated
using the CLOUDY code (version C17.02: Ferland et al. 2017) for a radiation-bounded gas
with varying ionisation parameter (—3.75 < logU < —2.50; labelled) and electron density
(ne = 10%,10%,10* ecm~?), while the shock models are those generated using the MAPPINGS
I1T code by Allen et al. (2008) for shock velocities in the range 200 < vghoq < 1000 km s7*
and magnetic parameters of B/y/n = 2,10 uG cm?®/2.

region, and shocks for the LINER region). However, despite the BPT diagrams being
used to distinguish between photoionisation and shock-ionisation in active galaxies (e.g.
Mingozzi et al. 2019; Venturi et al. 2021, 2023; Revalski et al. 2021), ionisation modelling
shows that the regions of photo- and shock-ionisation overlap considerably (Figure 1.11;
Dopita & Sutherland 1995, 1996; Allen et al. 2008; Ji et al. 2020), preventing robust
determinations of ionisation mechanisms for the warm ionised phase.

To provide further information about the conditions of the warm-ionised gas, and to
better discriminate between photo- and shock-ionisation, Villar-Martin et al. (1999) cre-
ated a diagnostic diagram plotting the [OIII](5007/4363) ratio against the He 1I\4686/H/
ratio. The former ratio is dependent on the electron temperature of the emitting gas

(shocked gas is expected to have higher temperatures: Fosbury et al. 1978), while the lat-
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ter probes the presence of matter-bounded clouds, which may have similar temperatures
to shocked gas (Binette et al., 1996). Therefore, the regions of photo- and shock-ionisation
are more cleanly separated than in the typical BPT diagnostics. However, this diagram

still only traces a single phase — the warm-ionised gas.

Near-infrared (NIR) studies have revealed relations between emission-line flux ratios
that may be powerful ionisation/excitation diagnostics of the warm ionised and warm
molecular phases. Larkin et al. (1998) first discovered a correlation between the NIR
[Fell|]A\12567/Paf and H(1-0)S(1) 2.212 pm/Bry ratios in LINERs, with higher values
being associated with objects with known shocks. This correlation was subsequently con-
firmed, and empirical limits for different regions were refined using samples of star-forming
galaxies (SFGs), LINERs, luminous infrared galaxies (LIRGs; Lig > 3.8 x 10 erg s71:
Sanders & Mirabel 1996), and Seyfert galaxies, allowing the use of these ratios as a di-
agnostic diagram (Rodriguez-Ardila et al., 2005; Riffel et al., 2013a; Colina et al., 2015;
Riffel et al., 2021). Since the Hy(1-0)S(1) 2.212 pym line arises from the warm molecu-
lar phase (Table 1.1), the Hy(1-0)S(1) 2.212 pm/Bry ratio axis of this diagram may be
interpreted as tracing the relative excitation of the warm-molecular gas, with higher val-
ues associated with shock-excited gas. The physical interpretation for higher values of
the [Fell]\12567/Paf ratio is that iron is thought to be locked up in dust grains rel-
atively easily: since dust grains are destroyed in shocks, iron is expected to be more
abundant (and the [FelI]A\12567/Paf ratio therefore higher) post-shock. Support for this
idea is provided by observed enhancements in the [FelI]A12567/[PII]A11886 ratio: phos-
phorus is less easily locked up in dust grains, and therefore it is notable that Riffel et al.
(2013b) found enhanced values of [Fell]A\12567/[PIIJA11886 at the location of enhanced
[Fell]\12567 /Paf along the radio axis of Seyfert 1 galaxy Markarian (Mrk) 79. This in-
dicates that the [Fell]\12567/Paf ratio is itself sensitive to the presence of shocks, which
is further supported by an observed correlation between [FelI]A12567/Paf and emission-
line width (indicating that more-kinematically-disturbed gas has passed through a shock:
Riffel et al. 2021).

Photo- and shock-ionisation modelling

Producing diagnostic diagrams with accurate regions for different ionisation mechanisms
requires predicted emission-line-flux ratios from ionisation models of different types, prin-
cipally photo- and shock-ionisation. However, there are important complexities and vari-
ations of these two main mechanisms that need to be carefully considered. For pho-
toionisation models, there are two general ionised-cloud geometries: radiation-bounded
and matter-bounded. In the former case, the ionised region of a given gas cloud (and
therefore the ionisation front) is located well within the boundaries of the cloud itself, so

that there exists a stratification consisting of fully-ionised, partially-ionised, and neutral-

31



Luke R. Holden Precise diagnostics of AGN-driven outflows

atomic gas within the cloud. For matter-bounded geometry, the outer boundary of the
ionised region is the physical boundary of the cloud itself; the cloud is (almost) com-
pletely ionised. Therefore, compared to the radiation-bounded case, higher-ionisation
emission lines are much stronger relative to lower-ionisation emission lines. Regarding
shock-ionisation, modern models often consider two distinct ionisation sources: collisional
ionisation as material passes through the shock, and the photoionisation of pre-shock gas
by the approaching shock front (commonly referred to as the ‘precursor’ ionisation com-
ponent). The relative ionisation contribution of these two components is often unclear,
and depends strongly on the properties of the ISM and the shock(s). Hence, it is com-
mon practice to produce distinct regions for pure-shock (referred to throughout this thesis

solely as ‘shock’) and precursor ionisation.

For gas densities that are typical for the NLR (n < 10'° cm™2), the photoionisation
code CLOUDY (Ferland et al., 2017) can readily produce radiation-bounded models
that predict accurate line ratios for a range of gas and photoionising-source properties.
However, generating photoionisation models with a mix of matter- and radiation-bounded
clouds (required to determine relative contributions to line fluxes) with CLOUDY is
complex — a good supplement is to use the photoionisation models presented by Binette
et al. (1996), which provide the predicted fluxes of many key diagnostic lines for different
relative fractions of radiation- and matter-bounded clouds. Used together, CLOUDY
and the models of Binette et al. (1996) can produce diagnostic-diagram photoionisation

regions for both photoionised-cloud geometries.

Allen et al. (2008) used the MAPPINGS III ionisation code to produce a suite of
emission-line-flux predictions for both pure-shock and precursor ionisation for varying
ISM and shock parameters. However, a major drawback of these models is that they
only consider one spatial-dimension, which does not properly allow for additional thermal
instabilities and potential secondary shocks (see discussion in Allen et al. 2008). While this
could potentially affect simulated absolute line fluxes, the predictions of these models are
still sufficiently accurate for placing the regions of expected shock-ionisation on diagnostic
diagrams.

In general, a major problem with using photo- and shock-ionisation models to predict
line ratios for use in diagnostic diagrams is that the predicted ratios depend strongly
on the properties of the ISM (e.g. gas densities and metallicities), photoionising sources
(ionisation parameters, spectral indices), and shocks (e.g. shock speeds and magnetic
fields). Therefore, constraining these parameters where possible is essential, either by
direct estimation using other methods (e.g. ionisation parameters from the technique
presented by Baron & Netzer 2019a and electron densities from the transauroral-line ratio
technique of Holt et al. 2011) or assuming a range of reasonable values (such as magnetic
parameters that are characteristic of the ISM: Allen et al. 2008; see Figure 1.11).
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Uncertainties regarding outflow acceleration mechanisms

Overall, AGN-driven-outflow acceleration mechanisms are poorly understood, and are
a matter of significant debate: there are many contradictions and claims of different
mechanisms being dominant, even for individual objects (e.g. for NGC 1068: Axon et al.
1998; Crenshaw & Kraemer 2000b; Das et al. 2005; Fischer et al. 2017; May & Steiner
2017; Revalski et al. 2021; Meena et al. 2023). Principally, this is because the relationship
between acceleration mechanisms and outflow ionisation/excitation is not clear, nor is the

connection between NLR gas properties and radio structures.

The kiloparsec-scale linear double or triple radio structures seen in Seyfert galaxies
(e.g. Figure 1.2: Wilson & Ulvestad 1982; Wilson & Willis 1980; Pedlar et al. 1983, 1984;
Ulvestad & Wilson 1984) are likely tracing synchrotron emission produced by shocks or
radio plasma (Wilson & Willis, 1980; Ulvestad & Wilson, 1984). It is commonly argued
that, based on the morphologies of these structures and the presence of small-scale radio
knots close to the nucleus, these structures represent AGN jets propagating into the ISM
(e.g. Wilson & Ulvestad 1982; Stanghellini et al. 2005; Rosario et al. 2010c; Riffel et al.
2013b; Jarvis et al. 2019; Williams et al. 2017; Girdhar et al. 2022). In contrast, other
authors have argued that the synchrotron emission is produced by shocks that are induced
when radiatively-driven winds (i.e. such as those invoked in modelling by Hopkins &
Elvis 2010; see Section 1.2.4) impact the ISM, launching kpec-scale outflows in the process
(Fischer et al. 2019; see also Fischer et al. 2023).

Regardless of the source of the shocks, it is not clear how well ionisation/excitation
mechanisms correspond to radiative or shock-acceleration. While line ratios consistent
with shock-ionisation/excitation indicate that the emitting material has passed through
(and thus been accelerated by) a shock, photoionised gas does not necessarily imply
radiative acceleration: it is possible that the material passed through a shock, cooled,

and then was re-ionised by radiation from the AGN.

Determining precise diagnostics of outflow acceleration, ionisation/excitation, and the
links between these is therefore essential: simulations of different mechanisms are now able
to predict specific outflow properties (e.g. Richings et al. 2021; Meenakshi et al. 2022a,b;
see Krause 2023 for a review), allowing detailed observational studies to directly test their
assumptions regarding the underlying physics. Moreover, a complete understanding of
outflow acceleration is needed to inform the sub-grid'" physics of cosmological simulations,
for which AGN feedback in the form of outflows is required to reproduce observed galaxy
properties (Schaye et al., 2015; Dubois et al., 2016; Davé et al., 2019; Zinger et al., 2020).

10Many cosmological simulations divide the three-dimensional volume that they consider into a grid of
cells; the spatial size of the cells effectively sets the spatial resolution of the simulation. ‘Sub-grid’ refers
to processes in such simulations that take place on scales smaller than the cell size.
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1.2.5 Taxonomy of AGN

Active galaxies of different types provide distinct, useful laboratories to investigate outflow
properties and acceleration mechanisms. Here, I briefly summarise AGN classification (see
Netzer 2015 and Tadhunter 2008, 2016 for reviews) and define the types of galaxies and
AGN that are considered in this thesis.

Optical classifications

The term ‘Seyfert’ galaxy was originally used to refer to nearby active galaxies with nuclei
that showed optical spectral features characteristic of planetary nebulae, indicating high
ionisation. As described in Section 1.1.1, the systematic study of these objects began with
the seminal work of Seyfert (1943); subsequent studies often adopted various definitions
for the term based on properties such as optical and radio luminosities (Wilson & Willis,
1980), emission-line ratios (Baldwin et al., 1981), and line widths (Whittle, 1992a). In
this thesis, I define Seyfert galaxies'' to be galaxies with nuclei that present line ratios
that are consistent with the AGN /Seyfert regions of the BPT diagrams (to separate them
from LINERs and star-forming/HII galaxies: Baldwin et al. 1981; Kewley et al. 2006), line
widths of FWHM > 200 km s~!, and have bolometric luminosities of L < 10%® erg s™*
(to distinguish them from quasars).

Although quasars were originally considered to be a distinct class of object (Sec-
tion 1.1.2), it is now accepted that they are intrinsically the same phenomenon as Seyfert
galaxies, only with higher optical luminosities; there likely exists a continuous scale of
bolometric luminosity between the two classes. Therefore, here I define quasars (QSOs)
to be objects with the same properties as Seyfert galaxies, except with higher bolometric
luminosities (L > 10% erg s71).

As discussed in Section 1.1.3, by the end of 1960s, it was appreciated that
Seyfert galaxies present a dichotomy in the widths of their forbidden and permit-
ted lines. Therefore, they were sub-classified into Seyfert 1s, which present narrow
(200 < FWHM < 1000 km s7!) forbidden lines and broad (FWHM > 1000 km s™!)
permitted lines, and Seyfert 2s, which present narrow forbidden and permitted lines
(Khachikian & Weedman, 1971). With the recognition that Seyfert galaxies and quasars
are likely the same phenomenon, these classifications were extended to quasars (QSO1s
and QSO2s), and later generalised to all AGN (Type 1 and Type 2). In the unified
scheme of AGN (Figure 1.3), Type 1 and Type 2 AGN of a given class are the same
intrinsic phenomenon, only viewed along different lines of sight.

Seyfert galaxies and quasars — as defined here — provide different regimes for prob-

ing AGN feedback in the inner regions of galaxies (r < 5 kpc). Owing to their higher

Some classical Seyfert galaxies — notably NGC 1068, which is considered in Chapter 3 — have
bolometric luminosities that are close to (and potentially above) the limit used in this definition.
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bolometric luminosities, quasars are perhaps expected to impart greater radiation pres-
sure on NLR gas (and/or drive stronger radiatively-driven winds) than Seyfert galaxies,
and therefore photoionisation and radiative outflow-acceleration may be dominant. In
contrast, the lower bolometric luminosities of Seyfert galaxies may mean that potential
optical tracers of jet-ISM interactions are not obscured by dominant photoionisation that
results from the intense radiation of the central AGN, and, based on previous NLR studies
(e.g. Whittle 1992a; Axon et al. 1998; Crenshaw & Kraemer 2000b; Das et al. 2007), it
may be expected that they are more likely to host a mixture of jet- and radiation-driven
outflows.

Similar to the classification schemes for objects detected at optical wavelengths, the
optical properties of radio galaxies (galaxies detected via their radio emission) are often
separated into the Broad Line Radio Galaxy (BLRG; Type 1 AGN: Osterbrock et al. 1976;
Grandi 1977) and Narrow Line Radio Galaxy (NLRG; Type 2 AGN: Costero & Osterbrock
1977) subclasses. However, objects of these classifications (collectively known as Strong
Line Radio Galaxies, or SLRGs: e.g. Ramos Almeida et al. 2011) form only a subset
of the radio-galaxy population: a significant fraction of radio galaxies instead present
weak optical emission lines (known as Weak Line Radio Galaxies, or WLRGs: Hine &
Longair 1979; Best & Heckman 2012). The SLRG and WLRG classes — defined by the
[OIIT]A5007 equivalent width (e.g. EW oy < 10 A for WLRGs: Tadhunter et al. 1998)
— have considerable (but not complete) overlap with the commonly-used classifications of
High Excitation Radio Galaxies (HERGs: Laing et al. 1994; Tadhunter et al. 1998; Best
& Heckman 2012; see discussion in Tadhunter 2016) and Low Excitation Radio Galaxies
(LERGs), respectively, which are defined based on measured emission-line ratios (e.g.
Buttiglione et al. 2010).

Although not directly considered in this thesis, also of note is the LINER (Low lonisa-
tion Nuclear Emission Region) classification (Heckman, 1980), comprising objects that dis-
play prominent low-ionisation lines (e.g. [OI], [OII], [NII], [SII]), but weak high-ionisation
lines (e.g. [OILI]), in their spectra. It is not clear whether LINERs are a true class of AGN
or if the observed ionisation is (at least in part) due to stellar radiation (Cid Fernandes
et al., 2011; Singh et al., 2013; Coldwell et al., 2018; Frederick et al., 2019). As discussed
earlier, emission-line widths and diagnostic diagrams making use of multiple emission-line
ratios (such as the BPT diagnostics: e.g. Figure 1.11) can be used to distinguish between
bonafide AGN and non-AGN LINERs.

Radio classifications

As a result of radio astronomy playing a prominent role in the development of AGN as
an important field of modern astrophysics, there are also classification schemes based
on object properties at radio frequencies (see Tadhunter 2016 for a comprehensive re-

view). The earliest AGN detected and identified at radio wavelengths are luminous ra-
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dio sources (Li4qn, > 102 W Hz™1), and often have radio structures that extend far
beyond their host galaxies (e.g. rj ~ 60 kpc for Cygnus A: Carilli et al. 1991); the
most-commonly-used radio classifications are the Fanaroff-Riley classes (Fanaroff & Ri-
ley, 1974), which separate such radio morphologies into ‘edge-darkened’ (FR I) and ‘edge-
brightened’” (FR II; e.g. Cygnus A).

However, there also exist classes of luminous radio AGN that present complex radio
structures on sub-galactic scales, the most important of which are compact steep spectrum
(CSS) and gigahertz peaked spectrum (GPS) sources (see O'Dea 1998 and O'Dea & Saikia
2021 for reviews). The radio structures of CSS sources typically have radial extents
of r < 15 kpc and have steep (o < —0.5)"? radio spectra, while those of GPS sources
are typically sub-kpc-scale and peak at gigahertz frequencies (Kellermann & Pauliny-
Toth, 1981; O’Dea, 1998; Callingham et al., 2015). The morphologies of these sources
are often double or triple, similar to those seen in classical Seyfert galaxies (Figure 1.2:
Wilson & Ulvestad 1982) and in radio galaxies on larger scales (FRII), indicative of
jets. The compactness of the radio structures of CSS/GPS sources may be explainable
if their jets are young and/or are being confined by the dense ISM (Bicknell et al., 1997;
Stanghellini et al., 2005; O’Dea & Saikia, 2021), from which they eventually grow and
subsequently evolve into larger-scale radio galaxies (Stanghellini et al., 2005; Morganti
et al., 2007; Kukreti et al., 2023). This process would be expected to entail prominent
jet-ISM interactions, and thus CSS/GPS sources host powerful outflows (e.g. Holt et al.
2008, 2011; Santoro et al. 2020).

Ultra luminous infrared galaxies

Finally, although not strictly a class of AGN, ultra luminous infrared galaxies (ULIRGs)
are an important class of galaxy for studies of AGN-driven outflows. These are defined
as galaxies with infrared luminosities above 10'? solar luminosities (L5500 um > 3.8 X
10% erg s™!: Sanders & Mirabel 1996). Almost all (> 90 per cent: Veilleux et al. 2002)
ULIRGs show morphological evidence for strong tidal interactions, and so it is thought
that they represent the peaks of gas-rich major mergers. Therefore, they are considered
to be the most rapidly evolving galaxies in the local Universe, and thus represent the
situation modelled in hydrodynamical simulations which predict AGN triggered in mergers
that launch galaxy-wide outflows (Di Matteo et al., 2005; Springel et al., 2005; Hopkins
et al., 2008; Johansson et al., 2009). Indeed, a significant fraction (~40-70 per cent: Kim
& Sanders 1998; Veilleux et al. 2002; Nardini et al. 2010; Alonso-Herrero et al. 2012)
of ULIRGs host AGN. For these reasons, they are expected to host prominent outflows,
which have been now observed in a range of gas phases (e.g. Rodriguez Zaurin et al. 2013;
Spence et al. 2018; Rose et al. 2018; Tadhunter et al. 2019; Lamperti et al. 2022).

12Radio continua are typically characterised by spectral indices («), defined as F, « v, where F, is
the monochromatic flux density at the frequency v.
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1.3 Outstanding problems addressed by this thesis

Overall, while significant progress has been made in understanding AGN-driven outflows
over the past twenty-five years, their true properties, natures, and role in galaxy evolution

are still largely unclear. Key outstanding questions include the following.

e Which outflow phase(s) is dominant in terms of mass and kinetic power, and how

are the different phases physically linked?

e What are the true electron densities of the warm ionised outflow phase, and what

is the impact on derived outflow kinetic powers?

e Are AGN-driven outflows truly galaxy-wide, as predicted by simulations of galaxy

evolution?

e How are outflows accelerated by AGN, and what is the relationship between outflow

excitation/ionisation mechanisms and acceleration mechanisms?

To address these important questions, in this thesis I present detailed studies of four
nearby active galaxies, three of which are classified as Seyfert galaxies and the other
a ULIRG/QSO/GPS source. The studies make use of deep, high-spatial-resolution,
multi-wavelength observations that trace different gas phases — in addition to developing
and utilising precise outflow diagnostic techniques — to robustly quantify outflow
properties and interpret their impact on the host galaxies. The observations and analyses

are presented in the chapters of this thesis as follows.

e In Chapter 2, I present a study based on high-spatial-resolution, wide-wavelength-
coverage long-slit VLT /Xshooter spectroscopy of the kpc-scale radio structure of the
nearby Sey 2 galaxy [C 5063, which is known to host prominent jet-driven outflows.
The principal aims of this analysis were to determine robust spatially-resolved elec-
tron densities using the transauroral-line method (for the first time), verify the use
of this method in studies of AGN-driven outflows, and place the resulting precise
warm-ionised outflow properties in a multi-phase context using the wealth of previ-
ous observations of this object, therefore allowing an investigation into the relative
importance of the various outflow phases and the physical link(s) between them.
The work presented in this chapter is based on the 1st first-author publication of
my PhD (Holden et al., 2023).

e Extending this analysis to other nearby active galaxies, in Chapter 3 I analyse
HST/STIS spectroscopy of the inner few-hundred parsecs of the prototypical Seyfert
galaxies NGC 1068 and NGC 4151. Using the transauroral-line technique, this data

is used to measure spatially-resolved electron densities for these two objects, which
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are then compared to the results of previous detailed photoionisation modelling to
further verify this method. Moreover, the high-spatial-resolution STIS observations
allow for the ionisation conditions of the gas to be determined; combining this with
information regarding the radio structures in the NLRs, the link between ionisation
and acceleration mechanisms is investigated, permitting a detailed study into the
launching mechanism of the outflows. This analysis and subsequent results were
first presented in the 2nd first-author publication of my PhD (Holden & Tadhunter,
2023).

e Chapter 4 presents an ALMA CO(1-0) study of the cold-molecular gas in the
inner few kiloparsecs of the primary nucleus of the ULIRG/QSO/GPS source
F1345141232, an object which directly represents the situation considered in
models of galaxy evolution. While compact (r < 100 pc) outflows have been
detected in this object in various phases previously, there has not yet been a robust
detection of molecular outflows — a potentially crucial phase. The ALMA CO(1-0)
observations are used to search for molecular outflows, with the aim of completing
the multi-phase information and thus allowing for the relative importance of the
various phases to be established for an object of higher radio and bolometric
luminosity than the Seyfert galaxies considered in prior chapters. Furthermore,
the high spatial resolution of the ALMA observations allows for the spatial extents
of molecular outflows to be determined (thus addressing a prediction of galaxy
evolution models), and by combining them with archival VLBI observations, the
outflow acceleration mechanism(s) are investigated. This chapter is based on the
third Ist-author publication of my PhD (Holden et al., 2024).

e The techniques and analyses used in the previous three chapters are sensitive to rela-
tively dense (n. > 10% cm™2) gas in the central kiloparsecs of galaxies. Therefore, to
directly verify the true spatial extents of the warm ionised outflow phase, Chapter 5
presents a VLT /MUSE IFU study of F1345141232 on galaxy-scales (r > 5 kpc) —
an object which, according to models of galaxy evolution, would be expected to
host prominent galaxy-wide outflows. Unlike previous, similar ground-based 1FU
studies of outflows in local AGN, the analysis of this chapter carefully accounts for
the beam-smearing effects of atmospheric seeing, and quantifies its effect on key
outflow properties including spatial extents, kinematics, mass outflow rates, and
kinetic powers.

e Finally, in Chapter 6 I summarise the results of these chapters and present the
conclusions of this thesis. Moreover, I discuss future work that can be undertaken
in this field, in addition to important considerations that are required for further
significant progress to be made in understanding the nature of AGN-driven outflows

and their role in galaxy evolution.
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Chapter 2

Jet-driven warm gas outflows in the
Seyfert 2 galaxy IC 5063

“Born under a black sun,
malignant solar tides.
Infinite aeons, merge! Collide!

Spiralling down.

Celestial dagger,

terminate galaxies,

pierce through the heart of the void,
storm heaven,

ride, divide and conquer.”

— Wode, Celestial Dagger
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Chapter declaration

The data, analysis, results, and discussion presented in this chapter were reported in
my first-author publication “Precise physical conditions for the warm gas outflows in the
nearby active galaxy IC 5063” (Holden et al.; 2023). The content of this chapter is based
on that publication, which has been adapted into a suitable format for this thesis; all

work is my own, except where clearly stated.

42



Chapter 2. Warm gas outflows in IC 5063 2.1. Chapter introduction

2.1 Chapter introduction

An important object for investigating multi-phase AGN-driven outflows is IC 5063: a
nearby (z = 0.01131) early-type galaxy with a Seyfert 2 nucleus (Danziger et al., 1981;
Inglis et al., 1993). The galaxy hosts a gaseous disk that is detected out to a radius of
r ~ 28 kpc in HI 21 ¢m emission, is associated with prominent dust lanes, and may be
the result of a merger (Morganti et al., 1998). The inner parts of this disk (within a few
kiloparsecs of the nucleus) are also detected in cold (Morganti et al., 2015) and warm Hy
(Tadhunter et al., 2014) molecular gas emission. In addition, [OIII] emission lines from
warm-ionised gas are detected in HST imaging along the edges of the dust lane to a radius
of ~10 kpc (Morganti et al., 1998). Importantly, IC 5063 has a radio luminosity at the
upper end of the range for Seyfert galaxies (L4 cn, = 3 X 102> W Hz™!), and the radio
emission is concentrated in a triple-structure that is parallel to the dust lanes, consisting
of a nucleus and two radio lobes ~2 arcsec (~0.5 kpc) on either side of the nucleus to the
southeast (SE) and northwest (NW) (Figure 1.6).

As expected for an object of its 1.4 GHz luminosity (Section 1.2.4; Whittle et al. 1988;
Whittle 1992b; Mullaney et al. 2013), past observations of IC 5063 have revealed fast
(v > 700 km s!) outflows spatially associated with the NW radio lobe across a range of
gas phases: warm ionised (Morganti et al., 2007; Sharp & Bland-Hawthorn, 2010; Congiu
et al., 2017; Venturi et al., 2021); neutral (Morganti et al., 1998; Oosterloo et al., 2000);
warm molecular (Tadhunter et al., 2014), and cold molecular (Morganti et al., 2013b, 2015;
Dasyra et al., 2016; Oosterloo et al., 2017). In addition, IC 5063 has been the target of
X-ray observations tracing hot ionised gas, which presents a biconical morphology with
an axis similar to that of the radio structure (Vignali et al., 1997; Tazaki et al., 2011;
Travascio et al., 2021).

IC 5063 is unusual in the sense that its radio structure lies in the plane of its disk (Mor-
ganti et al., 1998; Oosterloo et al., 2000; Morganti et al., 2015; Mukherjee et al., 2018).
Considering that the outflows in the galaxy are spatially associated with the bright radio
features, particularly at the NW radio lobe, it is thought that jet-ISM interactions are the
main outflow acceleration mechanism, with these interactions being particularly strong
due to jets propagating in the dense ISM of the disk (Tadhunter et al., 2014; Morganti
et al., 2015). Hydrodynamic simulations by Mukherjee et al. (2018) explain the gas kine-
matics in IC 5063 by assuming that a relatively-low-power jet (Pj, = 10*7% erg s™)
percolates through the path of least resistance in the disk. As it does so, jet-ISM interac-
tions accelerate gas perpendicular to the jet direction. This is supported by observations
of a giant low-ionisation loop (Maksym et al., 2021) and enhanced [OIII] velocity width
(Venturi et al., 2021) around the radio structure.

The properties described above make IC 5063 an ideal case study for addressing three

of the main outstanding questions that are the focus of this thesis. First, its close proxim-
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ity to Earth allows its NLR and outflows to be spatially resolved, permitting comparisons
(and verification) of different electron-density diagnostics (particularly the transauroral-
line method) — crucial for determining robust outflow kinetic powers for the warm ionised
phase. Second, the jets propagating directly into the galaxy’s disk are expected to produce
prominent jet-ISM interactions — spatially-resolved observations of these interactions may
reveal how the outflows are accelerated. Finally, the extensive previous multi-wavelength
observations allow for results to be placed into a wider, multi-phase context, directly con-
straining the relative energetic contributions of the different phases and permitting an
investigation into the physical link between them. For these reasons, IC 5063 was chosen
to be the target of deep observations with the Very Large Telescope’s (VLT) Xshooter
spectrograph in 2018.

Throughout this chapter, I assume a cosmology of Hy = 70 km s™! Mpc™!, Q, =
0.3 and Q) = 0.7. At the redshift of IC 5063 (» = 0.01131; Tadhunter et al. 2014),
this corresponds to a luminosity distance of Dy, = 48.9 Mpc and an angular scale of
0.231 kpc/arcsec.

2.2 Observations and data reduction

2.2.1 Xshooter observations of IC 5063

IC 5063 was observed using VLT /Xshooter in service mode on the nights of the 13th and
16th June 2018 in four observing blocks (OBs) during photometric and dark sky condi-
tions, as part of the ESO programme 0101.B0409(A) (PI: Tadhunter). The observations
were performed in long-slit mode (slit length = 11 arcsec), with slit widths of 1.3 arcsec
for the UVB arm (wavelength range: 3200-5600 A) and 1.2 arcsec for the VIS (5500~
10200 A) and NIR (10200-24750 A) arms. The slit was aligned along the galaxy’s radio
axis (PA = 115°), meaning that the radio hotspots (~4 arcsec separation) were contained
in the 11 arcsec slit length (see Figure 2.1). The data has a pixel scale of 0.16 arcsec/pixel
for the UVB and VIS arms and 0.21 arcsec/pixel for the NIR arm. Separate sky expo-
sures were taken by nodding off the target object with a 30-arcsecond spatial offset and
using an ABBA observing pattern — this facilitated accurate sky subtraction during data
reduction. Each observing block thus consisted of 6 exposures (3 on-object and 3 on-sky),
with a total integrated object exposure time of 5400 s. In addition, standard calibration
files (e.g. bias frames, dark frames and standard star observations) were provided along

with the science data for use in data reduction.

In order to determine the instrumental broadening of the Xshooter observations, Gaus-
sian profiles were fitted to the Galactic NaID absorption lines at 5890 A and 5896 A. Since
the gas responsible for this absorption is quiescent (i.e non-outflowing) within the Milky

Way, any broadening of these lines will be due entirely to the instrumental setup. From
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NW lobe
Nucleus [ .

1 kpc

Figure 2.1: Archival HST/WFPC2 F606W optical image of the central ~3 kpc of IC 5063
(Cycle 4; SNAP:5479; PI Malkan), in addition to ATCA 17 GHz radio imaging (Morganti
et al. 2007; shown as white contours). The slit is overlaid in black, with the borders of
each aperture along the slit (Section 2.2.4; Figure 2.2) shown and labelled in blue. The
northwest (NW) and southeast (SE) radio lobes are labelled, along with the nucleus. Note
that the F606W filter admits strong [OIII] and Ha+[NII] emission lines, as well as contin-
uum emission. In this negative image, the inner part of a large-scale dust lane can be seen
as the lighter-toned filamentary structures to the north of the nucleus, whereas the inner
emission-line structures appear as the darker grey or black features close to the nucleus.
Image credit: the alignment of the HST/WFPC2 optical image and the 17 GHz radio im-
age was performed by Raffaella Morganti and Tom Qosterloo; the remaining preparation
of the figure was done by myself.
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Observing Block Max DIMM (arcsec) Acq. Image (arcsec)
1 0.83 2.08%£0.03
2 1.06 0.93£0.01
3 0.69 0.93£0.01
4 0.74 0.72+0.01

Table 2.1: Seeing estimates for each observing block of the VLT /Xshooter observations
of IC 5063, taken on the nights of the 13th (Block 1) and 16th (blocks 2, 3 and 4)
of June 2018. ‘Max DIMM’ is the maximum seeing recorded by the VLT observatory
DIMM during the time frame of a given observing block, and ‘Acq. Image’ is the seeing
measured by fitting one-dimensional Gaussian profiles to 1.2 arcsecond wide spatial slices
centred on stars in the r’-band acquisition images.

the galactic NalD lines, an instrumental width of FWHM;,sx = 0.82540.016 A was mea-
sured, corresponding to a velocity resolution of 42.04+0.8 km s~! at 5900 A. I note that I
did not make use of the instrument’s calibration lamps when measuring the instrumental
broadening to avoid potential inaccuracies arising from telescope and instrument flexture
at different pointings; residual sky lines were not used as they were (first-order) subtracted

during the pipeline data-reduction process.

2.2.2 Seeing estimates

Estimates of the seeing during the four observing blocks were made by fitting one-
dimensional Gaussian profiles' to the spatial slices of stars in the acquisition images
taken with the Sloan 1’ filter for each observing block. The width of each spatial slice was
1.2 arcsec, taken to match the Xshooter slit widths (and thus provide a robust represen-
tation of the seeing expected for the longslit spectra). Seeing estimates were also taken
from the Paranal DIMM (Differential Image Motion Monitor)* during the four observ-
ing blocks, as measured near zenith with a filter centred on ~5000 A. Seeing estimates

measured from the acquisition images and the DIMM are given in Table 2.1.

2.2.3 Reduction of the Xshooter data

The European Southern Observatory’s (ESO) pipeline for Xshooter data reduction, ES-
OREFLEX (version 2.11.0; Freudling et al. 2013), was used for the initial stage of data

'While atmospheric seeing profiles are accurately described by a Moffat distribution (Moffat, 1969),
a Gaussian profile is a sufficient approximation for the purposes of this chapter.

2DIMM seeing values were queried from http://archive.eso.org/wdb/wdb/asm/dimm_paranal/
form
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reduction. Used with the calibration data provided by ESO, this produced a single two-
dimensional, bias-subtracted, flat-fielded, order-merged, wavelength-calibrated, and flux-
calibrated long-slit spectrum for each Xshooter arm (UVB, VIS, NIR) in each observing

block, giving a total of 12 spectra (one for each arm per block).

Residual bad pixels, cosmic rays and other cosmetic defects in each spectrum were
cleaned via interpolation using the CLEAN command from the STARLINK FIGARO
package (Currie et al., 2014). A second-order correction was then applied to the NIR
data to improve the night-sky-line subtraction — this was done by taking the median of
pixel rows near the edges of the slit (free of emission from the object) and subtracting the

resulting spectrum from each pixel row of the entire slit.

Telluric correction of the VIS and NIR arm data to remove atmospheric absorption
features was performed using ESO’s MOLECFIT software (version 1.5.9: Smette et al. 2015;
Kausch et al. 2015). Atmospheric models were created using fits to key telluric absorption
features which were then used to create synthetic transmission spectra for the VIS and
NIR data. The two-dimensional spectra were subsequently telluric-corrected by dividing
them by the corresponding transmission spectrum. After verifying that they were spatially
aligned, the cleaned, second-order-corrected (for the NIR arm), and telluric-corrected two-
dimensional spectra for the four observing blocks were then median-combined using IRAF

IMCOMBINE (Tody, 1986, 1993) into a single two-dimensional spectrum for each arm.

Extinction due to dust in the Milky Way galaxy was corrected using the Galac-
tic extinction maps presented by Schlegel et al. (1998) and re-calibrated by Schlafly &
Finkbeiner (2011) (hereafter S98 and SF11, respectively). The mean colour excess value in
the direction of IC 5063 (E(B — V) ..., = 0.0526 £ 0.0012) from these maps was found us-
ing the NASA /TPAC Infrared Science Archive reddening lookup tool?; this value was used
with the R, = 3.1 extinction law presented by Cardelli et al. (1989) (hereafter CCM89)
to correct for Galactic extinction. The spectra were then shifted into the rest frame of
IC 5063 using the IRAF DOPCOR command with the redshift of IC 5063 (z = 0.01131)
measured by Tadhunter et al. (2014).

2.2.4 Aperture selection and extraction

The VLT /Xshooter observations reveal highly disturbed gas kinematics and complex line
profiles in the regions coincident with the radio structure (Figure 2.2a), consistent with
the observations presented by Morganti et al. (2007). The reduced and merged two-
dimensional spectra for the UVB and VIS Xshooter arms were divided into apertures
(groupings of pixel rows) covering important features of the inner regions of IC 5063. The
apertures chosen for the UVB and VIS arms are shown in Figure 2.2b, with Aperture 4

covering the nucleus, and apertures 3, 5, 6 and 7 covering distinct kinematic regions along

3https://irsa.ipac.caltech.edu/applications/DUST/
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Figure 2.2: a): Two-dimensional spectrum of the Ha-[NII] emission lines at ~6560 A in
the VIS arm of the Xshooter data of IC 5063, showing the line profiles in the inner regions
of the galaxy. The spectral axis is horizontal and the spatial axis is vertical; the velocity
and spatial scales are shown as a labelled green axis. The centroids of the radio lobes —
measured from 24.8 GHz radio continuum imaging presented by Morganti et al. (2007) —
are shown as yellow dashed lines, and each lobe is labelled. b): The same as in a), but
with apertures selected for the UVB and VIS arms marked with white dashed lines and
labelled as ‘1-8" on the left; the spatial width of each aperture in arcseconds is given on
the right. Note that the Ha+[NII| blend is shown here for presentation purposes, as it
clearly demonstrates the emission-line structure of forbidden ([NII]) and permitted (Ha)
species.

the radio structure: Aperture 3 approximately covers the SE radio lobe, Aperture 5 covers
a region of disturbed emission-line kinematics between the nucleus and the maximum
extent of the NW lobe, and apertures 6 and 7 cover the NW radio lobe. Once the
apertures were selected, the same pixel rows in both the UVB and VIS data were extracted
and added to produce two one-dimensional spectra for each aperture (one UVB and
one VIS); flux uncertainties were extracted and added in quadrature. Before extraction,
Gaussian fitting of continua spatial-flux distributions in spectral regions that were free
of line features at similar wavelengths in both the UVB and VIS arms was performed
to ensure that the spectra in the two arms were closely spatially aligned. Due to slight
differences in flux calibration, a small (~5 per cent) correction was applied to the fluxes of
the VIS data for each extracted aperture to make them consistent with the corresponding
UVB aperture. This was done by measuring the average flux between 5440-5500 A for
the UVB arm and 5600-5660 A for the VIS arm (chosen to avoid noise at the edges of
the detectors)— the ratio of these average fluxes was then used as a correction factor to

match the flux scales across both arms.
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Finally, the extracted and corrected UVB and VIS one-dimensional spectra were com-
bined to produce a single one-dimensional spectrum for each aperture, covering the full
wavelength range of both arms. During this process, the spectra for both arms were
resampled to a common wavelength grid with steps of AX = 1 A using the SPECTRES
(Carnall, 2017), spECUTILS (Earl et al., 2021) and ASTROPY (Astropy Collaboration
et al., 2013, 2018) PYTHON packages. A\ = 1 A was chosen for the resampling because
this was the smallest wavelength step allowed by the base stellar templates used in the

stellar continuum modelling (described in Section 2.2.5).

Because of the different spatial pixel scale of Xshooter’s NIR arm relative to its UVB
and VIS arms, the NIR data was considered separately. Apertures for the NIR data were
derived from the UVB+VIS apertures by first fitting two Gaussian profiles to a spatial
slice of the continuum near the [OIIIJAA5007,4959 doublet and taking the centroid of
the narrowest to be the position of the continuum peak along the slit — the distances
from the centre of each UVB+VIS aperture to this continuum peak were then calculated.
The same procedure was used to identify the continuum peak in the NIR arm using a
continuum slice adjacent to the near-infrared HeIA10830 line. The ratio of the VIS+UVB
pixel scale (0.16 arcsec/pixel) to the NIR pixel scale (0.21 arcsec/pixel) was then used to
convert the aperture distances and widths from the UVB+VIS arm to the NIR arm. It
should be noted that the spatial boundaries of the NIR apertures are not exactly the same
as the UVB+VIS apertures due to the different pixel scales of the arms, the fact that the
apertures are only a few pixels wide, uncertainties related to the Gaussian fits to the
continuum spatial slices, and the fact that aperture spatial positions are only measured

to an accuracy of 0.1 pixels.

2.2.5 Stellar continua modelling and subtraction

Following the selection, extraction, and correction of the UVB+VIS apertures, the un-
derlying stellar continua in each were modelled and subtracted using the STARLIGHT
stellar spectral synthesis code (version 4: Cid Fernandes et al. 2005; Mateus et al. 2006),
making use of the STELIB empirical stellar templates (Le Borgne et al., 2003) and the
stellar population synthesis model presented by Bruzual & Charlot (2003). This was
done to ensure that measured emission-line fluxes used in the analysis were as accurate

as possible and did not suffer from the effects of underlying stellar absorption.

In order to ensure good fits to the stellar continua, any spectral features not associated
with a stellar component (such as AGN emission lines and any residual telluric absorption)
were excluded from the fitting process. The normalising region for the fits was chosen to
be 4740-4780 A; the total wavelength range covered in the STARLIGHT fits was 3220
8000 A. The adequacy of the resulting fits was checked visually by closely inspecting key

absorption features that do not suffer from emission-line contamination, such as the Mgl
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absorption feature at 5167 A (Figure 2.3a) and the Call K absorption feature at 3934 A
(Figure 2.3b), as well as the fit to the overall continuum shape. After being deemed
acceptable, the modelled stellar flux densities were subtracted from the observed flux

densities in each aperture.

To further highlight the necessity of proper continuum subtraction, in Figure 2.3¢
I present the stellar continuum fits in the region of the Hy and [OIII|\4363 emission
lines, and in Figure 2.3d I present the stellar continuum fits in the region of the Hell and
[ArIV]AA4T711, 4740 emission lines.

2.2.6 Emission-line fitting

After stellar-continuum subtraction, the profiles of key emission lines in each aperture were
fit with Gaussian profiles and a low-order-polynomial (to account for non-stellar continua
in the UVB+VIS arms, and overall continuum structure in the NIR arm) using PYTHON
scripts written with the NumMPy (Harris et al., 2020), PANDAS (pandas development team,
2020), ASTROPY, and SPECUTILS packages. In all cases, several Gaussian components
were required to properly fit the emission-line profiles, however, to prevent overfitting, it
was important to only use as few Gaussians as possible while still producing an adequate
fit to the line profiles. Therefore, further Gaussian components were only added if they
significantly reduced the mean-square residuals and x? of the fit. Furthermore, a sum-
of-squares f-test (Montgomery, 2012) was used to ensure that the relative decrease in
residuals with each added Gaussian component was statistically significant (at the a =
0.01 significance level). This took into account the degrees of freedom of the total model

when adding additional Gaussian components, preventing overfitting.

Emission-line-profile models for the combined UVB+VIS data were produced by first
fitting the [OIII]AA4959,5007 doublet. Gaussian components were simultaneously fitted to
both lines in the doublet, with each pair of Gaussian components having the same FWHM,
and a wavelength separation (49.9 A) and intensity ratio (1 : 2.99) defined by atomic
physics (Osterbrock & Ferland, 2006). The resulting multiple-Gaussian-component fits to
the [OIII]AA4959,5007 doublet are hereafter referred to as the ‘|OIIl] models’; these are
shown for each aperture in Figure 2.4. For each aperture, narrow (FWHM,, < 200 km s~
see Section 2.3.1) and broad (FWHM,, > 500 km s™!) components of the [OIII] line pro-
files were identified. The former have kinematics consistent with gravitational (rotational)
motions in the host galaxy (as deduced from large-scale HI 21 cm and CO kinematics:
Morganti et al. 1998, 2015), and the latter are consistent with outflowing gas. The broad
components have complex, often multi-peaked profiles that required fitting with a com-
bination of Gaussian components of different widths. Note that the individual Gaussian

components used to fit the broad components are not interpreted as physically-distinct
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2.2. Observations and data reduction
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Figure 2.3: STARLIGHT fits (red solid line) to various features in the spectrum ex-
tracted from Aperture 3 of the Xshooter UVB4VIS data (solid black line); the emission
and absorption lines shown in each plot are labelled. Complex stellar continuum structure,
which may significantly affect the derived line fluxes, can be seen underneath emission lines
in several cases, and contributes significantly to the profiles of the [ArIV] lines. Therefore,
proper modelling and subtraction was necessary to ensure accurate measurements of line

fluxes.
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kinematic components — rather, they are required to account for the total flux in the

broad part of the line profiles.
Whereas in most apertures the [OIII] profiles can be well-described by one total broad

and one total narrow component (each modelled with more than one Gaussian compo-
nent), Aperture 3 is an exception to this because there are two clearly separated ‘narrow’
components and a single broad component in the [OIIT]AN4959,5007 line profiles. In this
case, the two narrow components are considered separately, and are labelled ‘Narrow 1’
(red-most) and ‘Narrow 2’ (blue-most). In apertures 4 and 5, the majority of the compo-
nents are broad and heavily blended, and therefore only the total line fluxes (narrow +

broad) are considered.

The [OIIT] models were used to constrain the fits to the other UVB4VIS emission lines
used in this analysis, namely HS, H~, [OIII]\4363, [OI1]A3726,3729, [OIIJAA7319,7331,
[SIT]AN4068,4076, [SII|AN6717,6731, [ArIV]AA4711,4740 and HelIA4686 — the fits
to these lines for Aperture 3 are shown in Figure 2.5. I note that fits for Ha and
the [NII]AN6548,6583 doublet were not produced for apertures with complex, broad
emission-line profiles, as the lines were significantly blended and thus it was not possible
to precisely measure their fluxes due to degeneracy issues. For all fits to the other lines,
the intensity of each Gaussian component was allowed to vary, while the wavelength
separations® and widths of the Gaussian components were fixed. For some of the weaker
emission lines with much lower fluxes than the [OIII]AA4959,5007 doublet, the fainter
Gaussian components were sometimes excluded from the fits since the line-profile features
they accounted for were extremely faint relative to the continuum.

For the emission lines that were fitted, including the transauroral [SITJAA4068,4076
and [OIIJAA7319,7331 doublets, it was found that the [OIII] models describe their profiles
well in all cases. In contrast, it was found that the [OIII] models do not describe
emission lines in the NIR arm well, such as [Fell]A\12570, [FelI]A16400, HoA21218, Pag,
Bry and HelA10830. This is likely a result of the lack of stellar continua subtraction
for the NIR data, which is due to the limited wavelength range of the STARLIGHT
fits (3220-8000 A), the lower cosmetic quality of the NIR spectra, and the difficulty in
exactly matching the NIR apertures to the UVB+VIS apertures spatially. Therefore,
each line in the NIR arm was fitted independently.

4When fitting the [OIII] models to other lines, the centroid wavelength of the brightest narrow com-
ponent was allowed to vary by +1 A in order to provide a better fit within the limit of the AN = 1 A
resampling.
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Figure 2.4: [OIII]AN4959,5007 rest-frame line profiles and models for the apertures cover-
ing the inner regions of IC 5063. The observed line profiles are shown in black, the overall
fits to the profiles are shown as red solid lines, the Gaussian components comprising the
total narrow component are shown as blue dashed lines, and the Gaussian components
comprising the total broad component are shown as dotted green lines. Fitting residuals
are shown as black dots below each line profile. In the cases of apertures 4 and 5, each
Gaussian component is shown as a purple dash-dotted line, as there is no distinction
made between broad and narrow. The wavelengths corresponding to the percentile (vp;
vos and wvgs) and the flux-weighted velocities (vy,) for Aperture 5 are shown as dashed
grey lines. For Aperture 6, dashed grey lines mark the wavelengths of the percentile ve-
locity of the broad component (v,1,) and flux-weighted velocity of the narrow component
(vwn) — these are used to calculate the outflow velocity (Vout = Vpp - Uwn). Aperture 3
presents two clearly split narrow components, which are labelled ‘Narrow 1’ (red-most)
and ‘Narrow 2’ (blue-most).
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Figure 2.5: Fits to key diagnostic emission lines in Aperture 3 of the UVB4VIS spectra
using the [OIII] model for Aperture 3 (shown in Figure 2.4). Where lines from multiple
atoms are present, they are labelled by both atom and species. The diagnostic lines shown
here are used in this chapter to derive key outflow properties.
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2.3 Properties of the outflowing gas

2.3.1 Analysis of the UVB-+VIS apertures
Velocity shifts and widths

The Doppler shifts and widths of broad and narrow components of the [OITI] models,
relative to the lab wavelength® of [OIII]A5007, were used to determine outflowing and
quiescent (non-outflowing) gas kinematics. First, the instrumental broadening (as mea-
sured from the Galactic NalD lines) was subtracted from the width of each component in
quadrature in order to produce the intrinsic line widths.

When deriving outflow kinematics, projection effects must be carefully considered (see
Section 1.2.2). Therefore, two methods for estimating outflow velocity were used, giving
‘minimal’ and ‘maximal’ velocities, following the methodology presented by Rose et al.
(2018). The first approach was to calculate flux-weighted mean velocity shifts and widths
— this was done for the total broad and narrow components by weighting the centroid

velocities and FWHM of each constituent Gaussian component by its total flux:

EZ(F; X ’Ui)

Uy = SN and (2.1)
5 (F,x FWHM,
FWHM, = XE - ), (2.2)

where F}, FWHM; and v; are the fluxes, FWHMs and velocity shifts of the constituent
Gaussian components, respectively. Velocity shifts were calculated using the wavelength
shifts of a given centroid to the lab wavelength of [OIII]A5007; for the broad components,

this is likely to underestimate true outflow velocities.

Percentile velocities were also derived by using the far wings of the broad-component
profiles, as described in Section 1.2.2. Here, it is assumed that all line broadening is due
to different projections of velocity vectors along the line of sight, rather than intrinsic
velocity dispersion in the gas in each volume element. In this case, the extended velocity
wings represent gas moving directly along the line of sight, and potentially give a better
estimate of the true outflow velocity. Therefore, velocity widths are not reported in
this case. Percentile velocity shifts were determined for the broad components using the
wavelength which contains either 5 or 95 per cent of the total flux of the line profile
relative to the lab wavelength of [OIIIJA5007 (whichever velocity was greater, to ensure
that outflow kinematics were not underestimated). Velocities derived in this way are
labelled v,. As an example, in Figure 2.4 both the percentile (v,,) and flux-weighted (vy)
velocity for the [OIII] profile of Aperture 5 are shown.

®Note that the Xshooter spectra were de-redshifted, as described in Section 2.2.3.
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Component Distance Distance Up Vs FWHM,, Vout

P (arcsec)  (kpc) (kms ) (kms™) (kms™!) (kms7!)
AP1 Narrow —4.72 —1.09 — 21845 12043
AP2 Narrow —-3.44 —-0.79 — 197+3 110+2
AP3 Narrow 1 —1.84 —0.43 — 166+3 158+4
AP3 Narrow 2 —1.84 —0.43 —202+2 —68+1 187+3 —233+47
AP3 Broad —1.84 —0.43 507+23 12148 549436 341423
AP4 Total 0 0 264+41 = 296+16
AP5 Total 1.36 0.31 —699+173 —102+8  670+£27 —699+173°
AP6 Narrow 2.08 0.48 — —193+4 102+4
AP6 Broad 2.08 0.48 —714+156 —198+15 614+58 —521+156
AP7 Narrow 3.04 0.70 — —166+4 163+4
AP7 Broad 3.04 0.70 —624485 —166+13 627+57 —457+85
APS8 Narrow 4.48 1.03 — —197+17 157418

“ calculated using the flux-weighted velocities (vy,) for AP3 Narrow 1 (quiescent gas) and
AP3 Narrow 2 (in/out-flowing gas).

® the same as the percentile velocity (v,) since there is no corresponding narrow
component.

Table 2.2: The kinematics for the broad and narrow components in each aperture, includ-
ing the percentile velocities (vp; the velocity that contains 5 or 95 per cent of the flux of
the emission-line profile), flux-weighted velocities (vy; determining used flux-weighted ve-
locity averages), and corresponding flux-weighted velocity widths (FWHMy,). The outflow
velocity (vous) is taken to be the difference between the percentile velocity of the outflow-
ing broad components and the flux-weighted velocity of the quiescent narrow components
at each position. The distances from the centre of Aperture 4 (the nucleus) to the cen-
tre of the aperture for each component are also given in both arcseconds and kpc. For
Aperture 3, ‘Narrow 1’ and ‘Narrow 2’ denote the two narrow components of the split
line profile (see Figure 2.4), with ‘Narrow 2’ being the blue-most narrow component
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Figure 2.6: Velocity shifts for narrow (red crosses), broad (blue circles), and total (green
circles) kinematic components in each aperture, shown spatially across the radio structure
of IC 5063. The split narrow components in Aperture 3 are shown in orange. The spatial
position of each component corresponds to the centre of the aperture in which it was
measured. Left: flux-weighted velocities of the narrow and broad components — the
narrow components are taken to represent the galaxy’s quiescent rotating gas disk. Right:
percentile velocity shifts (v,) for the broad components, taken to represent outflowing
gas, compared with the flux-weighted velocities of the narrow components (vy ,, shown
for reference as black crosses). The dashed grey lines mark the centroids of the NW and
SE radio lobes, measured from 24.8 GHz continuum imaging presented by Morganti et al.
(2007). A velocity shift of zero relative to the galaxy’s rest frame is marked with a grey
dotted line.
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Figure 2.6 shows a position-velocity (PV) diagram of the percentile (v,) and flux-
weighted (vy) velocity shifts, as measured in each aperture, and Figure 2.7 shows the
flux-weighted velocity widths. In the flux-weighted case (vy; right panel of Figure 2.6),
the velocity shifts of the narrow components (with the exception of the blue-most narrow
component in Aperture 3) appear to follow a rotation curve of amplitude +218 km s,
corresponding to the rotational motion of the galaxy’s disk (as seen in HI 21 em and CO
observations: Morganti et al. 1998, 2015; Oosterloo et al. 2017). Deviations from this
rotation curve can be seen in the percentile velocity shifts of the broad components and
the total line profile in Aperture 5 (which is dominated by broad components), indicating
that the broad components represent outflowing gas. Interestingly, this deviation is not
seen in the flux-weighted case, indicating that the outflows are kinematically symmetric

relative to the disk rotation.

One of the narrow components observed in the line profile of Aperture 3 (‘AP3 Narrow
2’) shows significant deviation (v ~ 350 km s™!) from the rotation curve, indicating that

it is a distinct kinematic component which may represent outflowing or inflowing gas.

From these kinematics, the broad components in apertures 3, 6 and 7, along with
the ‘AP3 Narrow 2’ component and the total line profile of Aperture 5, are taken to
represent outflowing gas. Note that the broad components in apertures 1, 2 and 8 are
most likely due to spill-over from the broad profiles in the central apertures due to the
beam-smearing effect of atmospheric seeing — not locally outflowing gas — and as such are
not considered to represent outflows at these locations. Since the kinematics of the narrow
components are consistent with quiescent gas in a rotating disk, the outflow velocity in
each aperture was thus taken to be the difference between the percentile velocity (v;,) of the
broad component (outflow) and the flux-weighted velocity (v,) of the narrow component
(quiescent) — an example of this for Aperture 6 is shown in Figure 2.4. For Aperture 5,
where the majority of the components are broad and the narrow components (representing
emission from the rotating disk) are heavily blended, the outflow velocity is taken to be
the percentile velocity. The derived flux-weighted, percentile, and outflow velocities (in

addition to the velocity widths) are given in Table 2.2.

Spatial distributions and kinematics of optical diagnostic lines

Previous studies that make use of the transauroral lines to derive electron densities have
been spatially unresolved (e.g. Holt et al. 2011; Rose et al. 2018; Santoro et al. 2018;
Spence et al. 2018; Santoro et al. 2020; Davies et al. 2020), and it has not yet been verified
that the transauroral lines are emitted by the same clouds as other key diagnostic lines
such as [OIIIJA5007 and Hf (see discussion in Section 1.2.1). However, from the Xshooter
spectra presented here, it is found that the [OIII] models provide good fits to the lines
used in this analysis, including the transauroral [SII] and [OII] doublets (Figure 2.5). This
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2.3. Properties of the outflowing gas

Emission Line Centroid (pixels)

Centroid (arcsec)

[OI11]A5007 12.340.1

Hp 12.540.1
[OIT]A7319 11.940.1
[SIT]A4069 12.040.1

Table 2.3: Centroids of Gaussian fits to spatial slices between —600 < v < —400 km s~*
of the transauroral [OIl] and [SII] emission lines, along with HZ and [OIII]JA5007 (shown
in Figure 2.8), relative to the spatial position of the continuum centre.

1.97£0.02
2.00£0.02
1.90£0.02
1.9240.02

Normalised Flux

-6 -4 -2 0

4

Offset from nucleus (arcsec)

Figure 2.8: Spatial distributions of the blue wings (—600 < v < —400 km s™!) of the
transauroral [SII] and [OII] lines, Hf3, and [OIII]A5007 emission lines. The spatial flux
distribution of the transauroral lines can be seen to closely follow those of [OIII] and Hp.
The dotted line shows the position of the nucleus, and the dashed lines show the posi-
tions of the centroids of the NW and SE radio lobes, as measured from 24.8 GHz imaging

presented by Morganti et al. (2007).
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demonstrates that these lines have similar profiles and thus similar kinematics, potentially
indicating that they are emitted by the same cloud systems. To verify this, spatial slices of
the blue wings of several key emission lines in the velocity range —600 < v < —400 km s™*
were extracted from the two-dimensional spectra, avoiding any narrow components of the
line profiles. Slices of continuum emission were also extracted, free from any emission
lines, both blue-ward and red-ward of each emission line with slice widths of 20 A. The
two continuum slices were added and scaled to account for the different number of pixel
columns extracted from the blue wing of each line — the average continuum slice was then
subtracted from the blue wing. The spatial position of the nucleus at the wavelength of
each line was determined using Gaussian fits to the continuum spatial slices, and the
peak positions of the extended emission line structures were then measured relative to
this estimated nucleus position using Gaussian fits. Spatial flux distributions produced
in this way are presented in Figure 2.8, and the peak centroid positions of the extended
line emission from the Gaussian fits are given in Table 2.3.

From this analysis, it can be seen that the spatial flux profiles for the transauroral [OII]
and [SI]] lines are similar to those of the [OIII]A5007 and Hf lines. Furthermore, the values
of the fitted Gaussian centroids for the peak of each line are consistent within 0.6 pixels,
a remarkable result given the known uncertainties from the Gaussian fitting process and
the unknown systematic uncertainties from the continuum subtraction process, which
will affect the lower-flux transauroral lines more than the brighter [OIII] and Hf lines.
In addition to the [OIII] models fitting the transauroral-line profiles well, this is taken as
evidence that the transauroral lines are emitted in the same spatial locations as other key
diagnostic lines. However, the possibility of the lines being emitted by different clouds

within the same spatial apertures cannot be entirely ruled out.

Transauroral-line diagnostics

The high spectral resolution and wide wavelength coverage of the Xshooter observations
allow the use of a technique first presented by Holt et al. (2011), which employs the tra-
ditional and transauroral [OII] and [SII] lines to simultaneously derive values for electron
density and reddening. This is done by comparing the following emission-line-flux ratios

to those expected from photoionisation modelling:

TR([OI1])
TR([SII))

F(3726 + 3729)/ F(7319 + 7331),
F(4068 + 4076)/F(6717 + 6731).

A major advantage of this technique is that the total line fluxes of the doublets are
used for the ratios, instead of the flux ratios of lines within the doublets (as is the case
for traditional techniques of electron-density estimation) which are sensitive to blending

effects at larger line widths. The [OIII] models were used as bases for the fits to the lines
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involved in the TR([OII]) and TR([SII]) ratios. In order to avoid additional issues due to
degeneracy and blending owing to the complex kinematics, further constraints to the fits
for a given kinematic component were applied in several ways. First, the widths of lines in
a doublet were forced to be equal, and the wavelength separations between them were set
to be those defined by atomic physics. Second, the intensity ratios of doublet lines were

constrained in the following ways in order to ensure that the fits were not unphysical.
e The ratios of the [OIT]AA3726,3729, [SII]AAN4049,4076, and [SIT]AN6717,6731 doublets

were forced to be within the range of their theoretical values (Osterbrock & Ferland,
2006; Rose et al., 2018); if a measured intensity ratio was above or below this
permitted range, it was forced to be the maximum or minimum allowed theoretical

value, respectively.

e The intensity ratio of the [OII](7319/7330) ratio was set to be 1.24 because this ratio
does not vary with density (Rose et al., 2018). Note that this doublet is actually
two distinct doublets ([OII]AA7319,7320 and [OIIJAA7330,7331); however, here they
are modelled as single lines because their separation (~1 A) is much lower than the
widths of the narrowest kinematic components of the [OIII] models. Note that, while
no broadening correction was made to account for the closely-spaced doublets, the
[OIII} models still provided robust descriptions of the line profiles when considered
as single lines (Figure 2.5).

The CLOUDY photoionisation code (version C17.02: Ferland et al. 2017) was used
to create single-slab, plane-parallel, radiation-bounded, and solar-composition models of
photo-ionised gas with no dust depletion. The central photoionising continuum followed
a power-law of shape F, o v=® between 10 pm and 50 keV, with a spectral index of o =
1.5. This is close to the average optical-to-X-ray spectral index measured in radio-quiet
AGN (Zamorani et al., 1981; Miller et al., 2011), and is consistent with photoionisation
modelling of the emission-line ratios of the extended and nuclear NLRs in various samples
of AGN (e.g. Ferland & Netzer 1983, Robinson et al. 1987). Ionisation parameters (U)
were estimated for each aperture using estimated [OIII]/HS and [NII]/Ha line ratios with
the relation presented by Baron & Netzer (2019b): the resulting ionisation parameters
were in the range —2.90 < logU < —2.45. Therefore, loglU = —2.75 was chosen for use in
the CLOUDY models. The electron density of the modelled gas was varied by 0.1 dex
steps in the range 2.0 < logjo(ne [cm™3]) < 5.0, and the CCM89 reddening law was used
with R, = 3.1 to redden these simulated TR ratios in order to create a grid with varying
electron density and reddening. The resulting grid, along with the measured TR ratios
in each aperture, is shown in Figure 2.9, and the densities derived from this method are
presented in Table 2.4. I note that these values were determined using a finer grid than

is shown in Figure 2.9.
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Figure 2.9: log;o values of TR line ratios measured for the total narrow (crosses) and broad
(circles) components in each aperture. Values for the total line profiles, as measured in
apertures 4 and 5, are also shown as circles. The two narrow components in Aperture 3
are marked as ‘N1’ and ‘N2’. Overlaid is a grid of simulated TR line ratios created using
the CLOUDY photoionisation code (version C17.02, Ferland et al. 2017) for different
values of electron density and reddened using the CCM89 reddening law, indicated by the
joined series of black squares.

Using the transauroral line ratios, it is found that the broad components have signif-
icantly higher (> 30) electron densities (3.17 < logio(n. [cm™3]) < 3.43) than the narrow
components (2.12 < logjg(ne [em™3]) < 2.59) in all apertures where both are measured. In
apertures 4 and 5 (where total line fluxes were used), the measured electron densities are
consistent with those of the broad components in other apertures. Furthermore, in aper-
tures where only a narrow component is measured (apertures 1, 2 and 8), densities similar
to those of the narrow components in other apertures are found. The reddenings that are
derived from the transauroral lines are moderately high (0.17 < E(B—V)rgr < 0.51), with
no clear distinction between the values for narrow and broad components.

Note that the position of the TR line-ratio grid generated from photoionisation mod-
elling potentially depends on the ionisation parameter, ionising continuum spectral in-

dex and metallicity used in the model. Santoro et al. (2020) show that varying the
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logio(ne [em ™)) loguo(ne [em ™)) logio(ne [em™))  loguo(ne [em™¥))

Component

(TR) ([OH)) ([Stj)) ([ArIV])
AP1 Narrow 2.5370.08 <213 1.9710%8 3.707027
AP2 Narrow 2.65700% 2.02701) <215 <3.71

AP3 Narrow 1 2.59%00 — — _
AP3 Narrow 2 2.55%0 03 — — -

AP3 Broad 3.30%0 08 — 2.841009 .
AP4 Total 3.25%00 — — 3.791018
AP5 Total 3.237008 — — < 5.97
AP6 Narrow 2.5570:30 — — o
AP6 Broad 3.171“8:88 — - .
APT7 Narrow 2.697015 — — .
APT Broad 3.43%0 00 — — .
AP8 Narrow 2127013 2.071013 2.021012 <4.03

Table 2.4: Electron density values determined using the TR, traditional, and [ArIV] line
ratios for the gas in IC 5063. 3¢ upper limits are shown where the measured line ratio was
not 3o from the lower or upper limit of the traditional line ratios. It was not possible to
determine values for electron density using the traditional and [ArIV] line ratios in every
aperture due to line blending and low signal relative to the continuum — these cases are
marked with a dash. Distances for each aperture are given in the same convention as

Table 2.2.
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Component E(B-=V)rr E(B—V)uy/ugs
AP1 Narrow 0.3715:52  0.33140.010

AP2 Narrow 0.387005  0.31140.007

AP3 Narrow 1 — —
AP3 Narrow 2 — —

AP3 Broad 0.22700%  0.21540.017
AP4 Total 0.487005  0.50740.026
AP5 Total 0.467392  0.34240.019

AP6 Narrow 0407002 0.1724:0.029
AP6 Broad 0.50700¢  0.39940.062

AP7 Narrow 0.337395  0.2654+0.016
AP7 Broad 0.177022  0.27040.037

APS8 Narrow 0.30700s  0.2704:0.029
Table 2.5: Reddening values (E(B—V)) for the warm-ionised gas in each aperture, deter-

mined using both the transauroral-line-ratios (TR) and the Hy/Hf ratios with Case B
recombination theory and the CCM89 reddening law.
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ionisation parameter in the range —3.8 < logU < —2 and gas metallicities in the range
0.5 Z¢ < Z < 2 Zg with different SED shapes can change the derived electron density val-
ues by 0.1-0.7 dex and reddening values by 0.1-0.2 mag. However, for lower density clouds
(ne < 10* cm™3) such as those measured here, the effect of varying these parameters on
the electron density is reduced to 0.1-0.3 dex. This corresponds to a maximum factor of
two in derived electron density, which is much less than the potential order-of-magnitude
inaccuracy incurred by using lower-critical-density diagnostics for higher-density clouds,

as well as uncertainties associated with line blending within the traditional doublets.

Traditional-line-ratio electron densities

In addition to the electron densities determined using the transauroral technique, the
traditional [OII](3726/3729) and [SII](6716/6731) emission line ratios and the higher-
critical-density, higher-ionisation [ArIV](4711/4740) ratio were used to provide indepen-
dent estimates of electron density, allowing the different techniques to be compared. The
fluxes of the lines in each doublet were constrained using the [OIII] models, as shown
in Figure 2.5. It was not possible to fit certain doublets in some apertures due to line
blending, and, in the case of the [ArIV] doublet, the low fluxes of the lines relative to the
underlying stellar continua. Therefore, derived densities are not reported for these cases.

In order to ensure that the electron densities derived from the traditional ratios were
accurate, it was required that the measured line ratios were 30 away from the theoretical
lower and upper ratio limits (Osterbrock & Ferland 2006: 0.41 < [OIT](3729/3726) < 1.50,
0.30 < [SII}(6717/6731) < 1.45; Wang et al. 2004: 0.117 < [ArIV](4711/4740)< 1.50). In
several cases, the measured line ratios did not meet this criterion, as they were within
30 of the ratio limit corresponding to low densities — in this scenario, upper density
limits were determined instead by using the value of the ratio that was 30 away from the
measured value.

Where it was possible to make robust measurements of these ratios, the FIVEL script
(Shaw & Dufour, 1995) was used to calculate values for electron density. Doing so required
an estimate of the electron temperature, which was determined for each component in
each aperture using the [OIII](4959 + 5007)/4363 ratio (Section 2.3.1). The electron

densities determined using all techniques discussed are shown in Table 2.4.

Unfortunately, it was only possible to measure densities using all diagnostic methods
for the narrow components in apertures 1, 2 and 8. In Aperture 8, all density estimates
are consistent within the uncertainties, however, this is not the case for apertures 1 and
2, in which the TR ratios produce densities that are higher than those derived from the
traditional [SII] and [OII] ratios, but lower than those from the [ArIV] ratio.

Considering the broad components, a traditional ratio ([SII]) can only be used to

adequately measure an electron density in Aperture 3, where the value is significantly
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lower (> 30) than the density found using the transauroral lines. The difference in the
densities determined using the traditional ratio and the transauroral lines is approximately
a factor of three in this case, and therefore Aperture 3 presents the best evidence for the
TR lines producing higher densities than a traditional ratio for outflowing gas. In Aperture
4, the [ArIV] ratio gives a higher density than the TR lines, however, this difference is not
significant to 30; likewise, the [ArIV] density is higher than the value produced by the

transauroral lines in Aperture 5, however, it should be noted that this is an upper limit.

Recombination-line reddenings

Determining precise values for reddening at different spatial positions is crucial for prop-
erly correcting the luminosities of emission lines which are used to determine outflow
properties. In order to compare reddening values found using the transauroral-line tech-
nique to a more commonly used method, values for E(B—V) using the Balmer decrement
were also determined. This was done by comparing the observed line flux ratio of the Hy
and HS recombination lines to the intrinsic ratio expected from Case B recombination
theory (Osterbrock & Ferland, 2006) and the CCM89 reddening law. The Ha/H/ ratios
were not used to derive reddening values due to degeneracy issues related to blending

between Ha and the [NII]AA6548,6583 doublet.

The results from the two methods of reddening estimation are shown in Table 2.5, and
are shown plotted against each other in Figure 2.10. It is found that the transauroral-line
method gives slightly higher values than using the Hy/Hf ratio, however, the two methods
are consistent within 3o for all apertures except 2 and 5 (Table 2.5); both methods give
a range of 0.17 < E(B—V) < 0.51.

The Hvy/Hf ratio can be sensitive to small errors in the subtraction of the underlying
stellar continuum: Rose et al. (2018) show that a 10 per cent decrease in this ratio
corresponds to a 60 per cent increase in the derived E(B—V) value. Therefore, while
reddening values were derived using both the transauroral- and Balmer-line techniques
for comparison, the values derived from the transauroral-line technique were used to de-
redden the UVB+VIS spectra in all further analysis.

Electron temperatures and gas ionisation mechanisms

Emission lines resulting from forbidden transitions of the O*2 ion were used to determine
electron temperatures — this served as an initial probe of the ionisation mechanism of the
outflowing and quiescent warm-ionised gas, since shock-ionised gas is expected to have a
higher electron temperature than gas photoionised by AGN (Fosbury et al., 1978; Villar-
Martin et al., 1999). Note that the standard BPT diagrams were not used to investigate
the ionisation mechanisms of the gas because the shock and photoionisation models over-

lap considerably in these diagrams (Section 1.2.4, Figure 1.11; Rodriguez Zaurin et al.
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Figure 2.10: Reddening values derived from the Balmer decrement against values mea-
sured using the TR ratios. The black points represent the values measured in the various
apertures and components, with broad components indicated by circles and narrow com-
ponents by crosses, while the black dashed line shows the one-to-one relation.

2013; Santoro et al. 2018), and the line profiles of Ha and the [NIIJAN6548,6583 dou-
blet are blended significantly in the apertures of interest. Electron temperatures were
determined by using the extinction-corrected flux ratio [OIII](5007+4959)/4363 (using
the [OIII] models to fit the lines) and transauroral-line-derived electron densities with the
Lick Observatory FIVEL script. Values of electron temperature measured in this way for
each kinematic component are presented in Table 2.6.

Using the [OIII](5007+4595) /4363 ratio, electron temperatures in the range
11500 < T, < 14000 K were found, with no clear distinction (> 30) between broad and
narrow components except in Aperture 3, in which the two narrow components present
higher electron temperatures than the broad component.

To facilitate further comparisons with AGN photoionisation and shock models, the
[OI11](5007/4363) against HelIA4686/H diagnostic diagram was produced (Figure 2.11).
The advantage of this diagram is that, not only are the shock and AGN-photoionisation
models more clearly separated than in BPT diagrams, but it allows determinations of the

extent to which the presence of matter-bounded clouds may play a role (Villar-Martin

67



Luke R. Holden Precise diagnostics of AGN-driven outflows

Component  Distance (arcsec) Distance (kpc) Temperature (K)

AP1 Narrow —4.72 —1.21 119341359
AP2 Narrow —3.44 —0.88 13776:1)%15
AP3 Narrow 1 —1.84 —0.47 141174558
AP3 Narrow 2 —1.84 —0.47 131174552
AP3 Broad —1.84 —0.47 115641355
AP4 Total 0 0 1257814
AP5 Total 1.24 0.32 118101783
APG Narrow 2.08 0.53 13921+5%%
AP6 Broad 2.08 0.53 1298055}
APT7 Narrow 3.04 0.78 11646* 307
AP7 Broad 3.04 0.78 136807317
AP8 Narrow 4.48 1.15 13537755

Table 2.6: Electron temperatures of the gas for each component in each aperture, derived
using the [OIII](5007+4959) /4363 line ratio. The distances for each aperture are the same
as given in Table 2.2.
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et al., 1999). The AGN-photoionisation models were those generated by CLOUDY, as
described in Section 2.3.1, for a radiation-bounded, solar-composition (1 Zg), dust-free
gas with an electron density of n, = 10* cm ™ (based on the densities derived using the TR
ratios) and a central ionising continuum that follows a power law of shape F, oc v=1*. Note
that the [OIII](5007/4363) and Hell4686/H/ ratios depend on these parameters — the
effects of varying them are quantified and discussed in Appendix A. The solar-composition
shock models were taken from the library presented by Allen et al. (2008), which was
created using the MAPPINGS III code. In Figure 2.11, measured line ratios are plotted on
this diagram for each aperture in which outflows are detected, along with the modelled
CLouDy ratios for different ionisation parameters (in the range —3.0 < logU < —1.5),
and the pre-shock (precursor) and post-shock (pure-shock) models from MappINGs 111
for a pre-shock gas density of 100 cm™3, magnetic fields of 1, 10 and 100 G, and different
shock velocities (ranging from 100-1000 km s™!).

By comparing the measured line ratios to those from the AGN-photoionisation and
shock models, it can be seen that AGN photoionisation is dominant for both the outflowing
and non-outflowing gas along the radio axis of IC 5063. I highlight that, while pure AGN
photoionisation requires a sub-solar metallicity (~0.5 Zg) and higher ionisation parame-
ters than are measured here to explain some of the measured ratios, a different assumed
spectral index would also help improve consistency with the AGN photoionisation mod-
els (see Appendix A). Therefore, a plausible combination of these parameters exists that
produces line ratios consistent with the measurements presented here. While some con-
tribution from shocks cannot be ruled out, it should be noted that the [OIII](5007/4363)
and HelI\686/Hf ratios do not discriminate between broad and narrow components in
this case (unlike the case presented by Villar-Martin et al. 1999). Therefore, this is taken
as evidence that both the quiescent and outflowing gas in the warm ionised phase are

predominantly AGN-photoionised.

Moreover, moderate (~ 0.10-0.25) HelIA4686/Hp ratios and low-to-moderate [OIII]
temperatures (60 < [OIII](5007/4363) < 120; 11500 < 7" < 14200 K) are found for all
components, both narrow and broad. These ratios rule out a major contribution from

matter-bounded components (Binette et al., 1996).

Mass outflow rates and kinetic powers

In order to facilitate comparisons between the results presented here, models of galaxy
evolution, and previous observations of the different gas phases in 1C 5063, the derived
properties of the outflows at different positions were used to derive mass outflow rates,

kinetic powers, and coupling efficiencies for the warm-ionised outflows along the radio axis

of IC 5063.
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Figure 2.11: Measured HelIA4686/H/5 and [OII1](5007/4363) line ratios for the outflowing
gas in the Xshooter apertures — the colour and marker scheme for each aperture is the
same as in Figure 2.9. Also plotted are AGN photoionisation models (black markers and
lines) for different ionisation parameters (labelled) and spectral indices (squares: o = 1.5;
diamonds: « = 1.0) of solar composition (1 Zg) gas of density n, = 103> cm™3. Line ratios
produced by shock-ionisation models taken from the MAPPINGS III library presented by
Allen et al. (2008) for gas with a pre-shock electron density of 100 cm™3, magnetic fields
of 1, 10 and 100 uG, and shock velocities ranging from 100-1000 km s=! are shown as
purple dashed lines (pre-shock/precursor gas) and red solid lines (post-shock gas). Lower
shock velocities are shown with fainter lines, and higher shock velocities are shown with
darker lines.

The luminosities of the Hf line for the broad component in each aperture were first
calculated using
L(HB) = F(HPB) x 4nD?, (2.3)

where F(Hp) is the reddening-corrected flux of the Hj3 line (measured from Gaussian fits
using the [OIII] models), and Dy, is the luminosity distance of IC 5063.

These luminosities were then used to determine the mass of an outflow in a given
aperture using Equation 1.3 with an assumed Case B recombination coefficient of aﬁ% =
3.03x 107 em™3 (for n, = 10 cm™ and T, = 10* K) and electron densities derived from
the TR ratios. Subsequently, the outflow masses derived in this way were used to produce

mass outflow rate estimates for each aperture using Equation 1.4, where AR was taken
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Component Moy (Moyr™)  Egn (ergs™') ¢ (per cent) ¢ (per cent)
AP3 Narrow 2 1.2£0.1 x107!  2.04£0.2 x10% 2.74£0.2 x10™* 2.0£0.2 x10~3

AP3 Broad 2.6420.4 x1072  9.441.8 x10%® 1.240.2 x10™* 9.441.8 x10~*
AP5 Total 1.740.5 x107"  2.64+4.3 x10* 3.4+1.9 x107% 2.641.5 x1072
AP6 Broad 1.840.7 x107"  1.641.1 x10* 2.1+41.5 x107% 1.64+1.2 x1072
APT Broad 1.5+£0.5 x1072  1.04£0.5 x10%* 1.34£0.6 x10~* 1.0£0.5 x1073

Table 2.7: Mass outflow rates, kinetic powers, and coupling efficiencies for the kinematic
components associated with an outflow. The coupling efficiencies presented here are
calculated using the nuclear bolometric luminosity of IC 5063 given by Nicastro et al.
(2003) (e; = 7.6 x 10* erg s~ ), and for a jet power of P, = 10* erg s7! (€}) as used in
modelling by Mukherjee et al. (2018).

to be the width of a given aperture, and planar outflow geometry was assumed (A = 1).
As discussed in Section 2.3.1, the outflow velocities (voy) Were taken to be the difference
between the percentile velocity (vp,) of the broad component and the flux-weighted velocity

(vy) of the narrow component in a given aperture (Table 2.2).

Kinetic powers were estimated by using these mass outflow rates and kinematics with
Equation 1.5. I note that, since the outflow velocities were determined using percentile
velocities (and it was assumed that the extremities of the emission-line wings represent
the highest velocities along the LOS), the velocity width term of Equation 1.5 was not
used (i.e. o was set to be zero). Finally, the resulting outflow kinetic powers were then
compared to AGN bolometric luminosity to give coupling efficiencies () using Equa-
tion 1.2; the bolometric luminosity of IC 5063 was taken to be 7.6x10%* erg s=! (Nicastro
et al., 2003; Morganti et al., 2007). The resulting coupling efficiencies are presented in
Figure 2.12 and Table 2.7.

Low mass outflow rates (< 0.2 Mg, yr~!) and coupling efficiencies (< 0.5 per cent) are
found in all apertures — much lower than those previously derived in some observational
studies of samples of AGN (e.g. Moy ~ 10-10,000 Mgyr—!: Fiore et al. 2017) and those
required in galaxy-evolution models (e ~ 0.5-10 per cent: e.g. Di Matteo et al. 2005;
Hopkins & Elvis 2010). Furthermore, another set of coupling efficiencies was calculated
(labelled €;) by determining the ratio of outflow kinetic power to the minimal jet power
used in modelling of the jet-ISM interactions in IC 5063 (Pje, = 10* erg s™': Mukherjee
et al. 2018). From this comparison, low values of €; (< 0.001 per cent) were produced,
indicating that the kinetic power of the outflows accounts for an extremely small fraction
of the total jet power and thus demonstrating the feasibility of jet-ISM interactions being

the outflow acceleration mechanism.
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Figure 2.12: Percentage outflow coupling efficiencies in each aperture, calculated for two
cases: using the nuclear bolometric luminosity of IC 5063 given by Nicastro et al. (2003)
and Morganti et al. (2007) (e = 7.6 x 10* erg s™1: left y-axis), and in the case that a
jet of power Pjo; = 10% erg s™' (Mukherjee et al., 2018) is the main driving mechanism
(e;: right y-axis). The vertical dashed lines follow the same convention as Figure 2.6, and
the two kinematically-blueshifted components found in Aperture 3 (AP3 Broad and AP3
Narrow 2) are labelled.
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2.3.2 Analysis of the NIR apertures

In order to obtain independent information about the gas ionisation/excitation and,
potentially, acceleration mechanisms, the NIR spectra of the Xshooter observations of

IC 5063 were analysed separately.
First, it was found that the [OIII] models (Section 2.2.6) did not describe the NIR

emission-line profiles well: in many cases, the profiles were visibly different to those
found in the UVB and VIS arms. Moreover, lines corresponding to different ionisation
states (e.g. [Fell] and Paf) had differing line profiles within a given aperture. There-
fore, unlike the UVB+VIS data, a line-profile model based on a single prominent emis-
sion line was not defined. Instead, each emission line was fit independently, and (as
was done for the UVB4VIS spectra) Gaussian components were grouped into ‘broad’
(FWHM > 500 km s ') or ‘narrow’ (FWHM < 200 km s™!) based on their line widths.
Using the Gaussian fits produced in this way, the properties of several key, prominent emis-
sion lines in the NIR spectra were measured, namely [FelI]A12570, [FelI]A16400, Pag, Brvy
and HeIA10830 — which trace the warm ionised phase — and Hy1-0S(1)A21218, which

traces the warm molecular phase.

The warm molecular gas phase

The HyA21218 emission line can be used to probe the warm molecular gas phase, and
comparing its line profile to those of forbidden and recombination lines allows for an
investigation of the different outflow phases present in each aperture (Tadhunter et al.,
2014). Broad (FWHM ~ 500 km s™') components are seen in the HyA21218 profiles in
all apertures where outflowing gas is detected in [OIII] emission (consistent with the NIR
observations of Tadhunter et al. 2014). Interestingly, the blueshifted narrow component
in Aperture 3 seen in the optical line profiles (‘AP3 Narrow 2’) is absent in the HyA21218
line profile (Figure 2.13), although it is present in the [Fell] and NIR recombination line
profiles. This indicates that excited warm-molecular gas is not kinematically associated

with the blueshifted component in Aperture 3.

Ionisation and excitation of the near-infrared [Fell], Pas and H; lines

In order to supplement the investigation of the dominant outflow ionisation mechanism
presented in Section 2.3.1, flux ratios of the [FelI]A12570, [FelI]A16400, and HyA21218
emission lines and NIR recombination lines (Rodriguez-Ardila et al., 2005; Riffel et al.,
2013a; Colina et al., 2015; Riffel et al., 2021) were measured. In particular, I made
use of the [Fell|]A\12570/Paf vs HoA21218/Bry diagnostic diagram (see discussion in Sec-
tion 1.2.4) with the limits presented by Riffel et al. (2013a) and Riffel et al. (2021) that
separate star-forming galaxies (SF), AGN and high line ratio (HLR) objects. The HLR
region of the [Fell]A12570/Paf vs HyA21218/Bry diagram contains objects such as Su-
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Figure 2.13: Velocity profiles for the [OIII]A5007 (blue solid line) and Hy1-0S(1)A21218
(orange dashed line) lines in Aperture 3. While a broad component — representing
outflowing gas — is seen in both lines, the blueshifted narrow component seen in the
[OIII] line profile (‘AP3 Narrow 2’), emitted by the warm-ionised gas, is not present
in the warm-molecular Hy emission. Note that the [OIII]A5007 line lies within the VIS
Xshooter arm, and has been resampled to a wavelength step of 1A /pixel.

pernova Remnants (SNRs) and Low Ionisation Nuclear-Emission line Regions (LINERs;
Heckman 1980); objects for which photoionisation alone cannot explain the measured line
ratios.

The line ratios of the different kinematic components in each aperture are shown
plotted on this diagnostic diagram in Figure 2.14, and are listed in Table 2.8. It is striking
that the broad components of the NIR emission line profiles have higher HoA21218/Brvy
ratios relative to the narrow components, with the broad components falling in the HLR
region and the narrow components falling within the AGN region. Considering that
the HyoA21218/Bry ratio probes the excitation of the warm-molecular gas, this indicates
that the narrow components of this phase are predominately AGN-excited, while the
broad components have composite shock-AGN excitation. In contrast, there is no clear
difference in the [Fell]A\12570/Paf ratios of the broad and narrow components, indicating
that the quiescent and outflowing warm-ionised gas is predominantly AGN-photoionised

(consistent with the results of Section 2.3.1).
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Figure 2.14: [Fell|]A\12570/Paf  vs  HyA21218/Bry NIR  diagnostic  dia-

gram for the warm-ionised and warm-molecular NLR gas in IC 5063
(crosses: narrow components; circles: broad components), with regions defined by
Riffel et al. (2021): ‘SF’ denotes observed line ratios which are associated with ionisa-
tion/excitation from star formation; ‘AGN’ denotes line ratios which are associated with
the central regions of AGN, and ‘HLR’ denotes values higher than those observed from
AGN-photoionisation/excitation alone. It has been proposed that line ratios in the HLR
region indicate a contribution from shock-excitation, either from supernovae (SNe) or
jet-ISM interactions. For IC 5063, kinematic components associated with outflows fall
within the HLR, with the quiescent components falling within the AGN region. The
colour and marker scheme is the same as in Figure 2.9.
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Component HyoA21218/Bry  [Fell]A12570/Paf  [FelI]A16400/Brvy

AP3 Narrow 1 2.0£1.2 0.7£0.2 4.5£2.5
AP3 Broad 8.5£4.7 0.6+0.2 3.1£1.8
AP5 Total 4.2+2.1 0.84+0.2 5.8+3.2
AP6 Narrow 1.4+0.9 1.44+0.5 3.61+2.2
AP6 Broad 3.84+0.8 1.2+0.2 6.5+1.6
APT7 Narrow 0.6+0.3 0.940.2 5.3%£1.3
APT7 Broad 2.6£0.7 1.0£0.1 4.1£1.2

Table 2.8: Ratios of NIR Hy and [Fell] emission lines to recombination lines for the

components that are taken to represent outflowing gas. These values are shown on the
[Fell]A\12570/Paf vs HyA21218/Bry diagnostic plot in Figure 2.14, which is used to in-
vestigate the excitation mechanisms of the outflowing gas.
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2.4 Discussion

The results presented in Section 2.3 provide evidence for outflowing gas at the NW and
SE radio lobes of IC 5063 — driven by jet-ISM interactions — in agreement with the
findings of previous studies (e.g. Morganti et al. 2007; Tadhunter et al. 2014; Morganti
et al. 2015). This section discusses the relationship between the different gas phases at
the NW lobe in detail, investigates which outflow phase is dominant in terms of mass
and kinetic power through comparison to previous observations, and proposes a physical
relation between the different gas phases and components along the radio axis. Finally,
the implications of these findings for the transauroral-line technique of deriving electron

densities are discussed.

2.4.1 Placing the warm-ionised outflows at the NW lobe in a

multi-phase context
Kinematics of the different gas phases

The [OIII] kinematics observed along the radio axis in IC 5063 are consistent with a
combination of regular gravitational disk rotation (traced by the narrow components,
with the exception of the ‘Narrow 2’ component in Aperture 3) and outflows of velocity
300 < Vous < 700 km s™! (traced by the broad components). As noted in previous work,
the close association between highly-disturbed emission-line kinematics and the radio
structure provides strong evidence that the warm-gas outflows are driven by the radio jet
(e.g. Morganti et al. 2007, Tadhunter et al. 2014).

Kinematically, the results reported here for the warm ionised phase differ from what
has previously been found for the cold-molecular gas. Here, extreme warm-ionised out-
flow kinematics are found at several positions along the radio axis, including the regions
between the nucleus and the centroids of the radio lobes, whereas previous observations
for the cold molecular phase — as traced by CO emission lines — find more extreme
kinematics at the outer limit of NW lobe than elsewhere (Morganti et al., 2015; Oost-
erloo et al., 2017). In the two-dimensional Xshooter spectra for the warm-ionised gas

Lat

(Figure 2.15), there are indeed high-velocity blue wings extending to v ~ 1000 km s~
the NW lobe, consistent with what is seen for the cold molecular phase. However, unlike
the cold molecular phase, the warm-ionised gas profiles also have red wings extending to
v ~ 800 km s~ at the position of the SE lobe. Most strikingly, the most extended velocity
wings of the warm ionised phase, redshifted up to a maximum velocity of ~1500 km s*
at zero intensity, are found at a location between the nucleus and the centroid of the NW
lobe. The spatial centroid of this wing between 1000 < v < 1500 km s™!, as measured by

Gaussian fits to the continuum-subtracted spatial flux profile (as in Section 2.3.1) of the
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[NII]A6583 line, lies 1.41 arcsec northwest of the continuum centroid, or ~0.6 arcseconds
(0.14 kpc) closer to the nucleus than the centroid of the NW lobe.

The kinematics of the warm molecular phase, as traced with the HyA21218 emis-
sion, follow the warm-ionised kinematics. A blue velocity wing is seen to extend to v ~
1000 km s~! at the centroid of the NW lobe, and a red wing extends to v > 1000 km s—*
between this position and the nucleus (Figure 2.16). This feature may extend to higher
velocities, potentially up to v ~ 1500 km s™! (as seen in the warm-ionised gas), but blend-
ing with the continuum makes it difficult to determine the true velocity extent. These
observed HyA21218 kinematics are also consistent with previous observations of the warm
molecular phase by Tadhunter et al. (2014).

The kinematics observed in the warm ionised and molecular phases can be explained
by an expanding hemispherical bow shock or bubble, the tip of which coincides with — or
extends slightly beyond — the centroid of the NW lobe. Considering that this structure
would be seen side-on, the highest velocity widths are expected closer to the nucleus than
the centroid of the lobe due to projection effects (i.e. the gas moving along the observer’s
line of sight). This is consistent with the highest observed velocities being between the
nucleus and the outer limit of the NW lobe. Likewise, lower projected velocities would be
found at the centroid of the lobe (closer to the tip of the bow shock), as the outflowing gas
there would be moving in a direction that is close to the plane of the sky. The Xshooter
observations are also consistent with the kinematics seen in hydrodynamic modelling of
IC 5063 for a jet of power Pj, = 10*7% erg s~! propagating through the disk, as presented
by Mukherjee et al. (2018), where red- and blue-shifted line wings are seen at all locations

where the radio source is interacting with the ISM in the galaxy’s disk.

The difference in observed kinematics between the warm- and cold-molecular gas may
be explained if the different molecular phases constitute a post-shock cooling sequence, as
has been previously proposed to explain multi-phase outflow kinematics (see Section 1.2.1;
Villar-Martin et al. 1999; Zubovas & King 2014; Tadhunter et al. 2014). In this scenario,
the warm H, emission represents a transition phase, emitted as gas cools behind the shock
through 7' ~ 2000 K, and has a constant mass and luminosity, assuming material passes
through the shock at a constant rate. As the gas cools further, it enters the cold molecular
phase, which emits the CO emission lines — this represents the end-state of the cooling
sequence. Assuming that the conditions for cold-molecular gas formation are met, and the
molecular gas is not destroyed by AGN radiation, the ratio of cold-molecular gas (traced
by CO emission) to warm-molecular gas (traced by Hy emission) will thus increase as a
function of time. In this scenario, if the gas seen in projection in-between the nucleus
and the maximum extent of the NW radio lobe has only just started to enter the shock,
it is plausible that not enough gas has yet accumulated in the cold molecular phase to
be detectable via its CO emission. In contrast, gas may have been entering the shock at

the tip of the hemispherical bow shock (the maximum extent of the NW lobe) for longer,
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Figure 2.15: Two-dimensional position-velocity profile of the [OII]AA3726,3729 doublet.
Here, the spatial direction is horizontal and the velocity (spectral) direction is vertical.
Corresponding 24.8 GHz continuum imaging by Morganti et al. (2007) is shown above
the profile, indicating the shape and extent of the radio structure. The velocity scale bar
represents a shift of v = 500 km s™1. Very broad velocity wings can be seen at several
locations, including at the centroids of the SE and NW lobes, with the most extended

being a v ~ 1500 km s~! red wing between the nucleus and the centroid of the NW lobe.
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Figure 2.16: The velocity profile of the HyA21218 (dashed orange) line in the combined
apertures 5 and 6, corresponding to the location between the nucleus and the outer extent
of the NW radio lobe (Figure 2.2). The dotted black vertical line represents a velocity of
0 km s~!, while the solid black horizontal line shows the continuum level. A red velocity
wing extending to v > 1000 km s~! can be seen, consistent with the kinematics of the
warm ionised phase (Figure 2.15).

allowing more time for CO-emitting cold-molecular gas to accumulate. This would explain
why disturbed kinematics are seen at the centroid of the NW radio lobe for all phases,
but only the warmer phases show more extreme kinematics in between this location and

the nucleus.

Energetics of the multi-phase outflows

In order to ensure that the mass outflow rates and kinetic powers of the previously-
observed neutral atomic and cold molecular phases are consistent with the results pre-
sented here for the warm ionised phase — and to properly take into account results of
the cold-molecular gas kinematics (Morganti et al., 2015; Oosterloo et al., 2017) — here,

I recalculate values from past studies of IC 5063 with a consistent methodology.
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First, the mass outflow rate of the neutral-atomic (HI) outflow at IC 5063’s NW lobe

was calculated using

Q T NH Vout
Ar Tkpe 1021 cm-2 300

Moy = 30 (2.4)
from Morganti et al. (2005) (following the methodology given in Heckman 2002 and Rupke
et al. 2002), where Ny is the column density of the gas and €2 is the solid angle through
which the gas is flowing at a radius r, with a velocity of v,,. Using the values and
assumptions given in Morganti et al. (2005) — namely that Q = 7, r, = 0.4 kpc, Ny =
10 x 10*! em™2, and vy = full width at zero intensity (FWZI)/2 = 350 km s™! — a mass

outflow rate of 35 M, yr~! was determined.

An important assumption made here is that the gas is outflowing through a solid angle
of m, which is highly uncertain. Moreover, taking v,,, = FWZI/2 may underestimate
the true outflow velocity in this case, since much of the blueshifted absorption in the HI
21 cm profile of the NW lobe in IC 5063 is concentrated close to the maximum blueshifted
velocity (approximately v = —700 km s71), in contrast to the other objects considered by
Morganti et al. (2005). Using voy = 700 km s™! rather than v,y = 350 km s™! would
result in a mass outflow rate that is a factor of two higher, and a coupling efficiency (see

below) that is a factor of eight higher.

Next, the kinetic power of the HI outflow was calculated using the relation from

Morganti et al. (2015):
2

Fign = 5 Ve (v + 202, (2
where v2 , is the velocity component representing the turbulence of the outflowing gas,
taken in Morganti et al. (2015) to be the FWHM?® of the CO(2-1) emission line that is
associated with the outflow. Assuming that the CO and Hl-emitting gas have similar
kinematics, then vy, = FWHM = 100 km s~ (Morganti et al., 2015) is used along with
the determined mass outflow rate calculated here (Mout = 35 Mg yr‘l) and the outflow
velocity given by Morganti et al. (2005) (voyy = 350 km s™!) — this results in a neutral

HI outflow kinetic power of Eig, = 1.4 x 10*2 erg s71.

Comparing this to the estimated
nuclear bolometric luminosity of IC 5063 (7.6x10% erg s™!: Nicastro et al. 2003; Morganti
et al. 2007) using Equation 1.2, a coupling efficiency of ¢; = 0.18 per cent is estimated for

the neutral HI outflow at the NW radio lobe of IC 5063.

For the cold molecular phase, the estimated mass outflowing at the NW lobe was
taken to be My, = 1.3 x 105 My, (Oosterloo et al. 2017; assuming optically thin gas,
an excitation temperature of T,, = 29 K, and a CO-to-Hs mass-conversion factor of

aco = 0.25 K km s7! pc?); the mass outflow rate was then calculated using a modified

6Since the turbulence term in Equation 2.5 corresponds to the velocity dispersion (o; see Equation 1.5),
it is required that the FWHM value taken by Morganti et al. (2015) is divided by a factor of 5.5 (02 =
(FWHM/2.35)? ~ FWHM?/5.5).
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version of the relation given by Oosterloo et al. (2017) that is consistent with the method
used in this chapter for the warm-ionised gas’

: Vou Mou
Moy = %, (2.6)
where R is the size of the outflow region. Taking R = 0.5 kpc, vous = 300 km st
(as in Oosterloo et al. 2017) and My = 1.3 x 105 My, a mass outflow rate of

My = 0.79 M, yr~! is found.

Taking Moy = 0.79 Mg yr !, vowe = 300 km s, and vpyp, = FWHM = 100 km s~
(Morganti et al., 2015), Equation 2.5 thus gives a kinetic power of 2.3 x 10%° erg s~*. Sub-
sequently, Equation 1.2 was used to calculate the coupling efficiency of the cold molecular

phase to be ¢ = 3.1 x 1073 per cent.

The true mass of the cold-molecular outflow is uncertain, and the value calculated
here is likely a lower limit: the calculated outflow mass would be higher if the gas is
assumed to be optically thick instead of optically thin. Assuming instead the highest
excitation temperature observed by Oosterloo et al. (2017) (T ~ 55 K) would approxi-
mately double the estimated mass, and uncertainties regarding separating the outflowing
and non-outflowing mass may mean that the true gas mass is a factor of a few higher

than calculated here (see Oosterloo et al. 2017 for a detailed discussion).

Combining these results with those of the warm-ionised outflows presented in this
chapter, outflow masses, mass outflow rates, and coupling efficiencies for the different
outflow phases in IC 5063 are presented in Table 2.9; all coupling efficiencies () have
been calculated assuming a bolometric luminosity of Ly, = 7.6 x 10 erg s™' (Nicastro
et al., 2003; Morganti et al., 2007). The mass outflow rate derived for the warm-ionised
gas at the NW lobe is higher than that for the warm-ionised gas found by Morganti et al.
(2007) (Mo ~ 0.08 Mg yr—'). This difference is likely due to the different outflow radii
used: Morganti et al. (2007) used the distance of a given aperture from the nucleus (R)
with Equation 1.4, whereas here the aperture width (AR) is instead used, which is smaller

and thus produces higher outflow rates.

However, the derived mass outflow rates for the warm-ionised gas are still sig-
nificantly lower than those of the neutral atomic (~35 Mg yr~!) and cold molecular
(~0.8 Mg yr~!) phases. In addition, the coupling efficiency of the warm ionised
phase (e = (2.7 4 1.7) x 1073 per cent) is much lower than that of the neutral atomic
phase (¢ &~ 0.2 per cent), but similar to that of the cold molecular phase (¢ =~

3.1 x 1073 per cent), although as stated above, this is likely to be a lower limit. Overall,

"The factor of three used by Oosterloo et al. (2017) is not used in mass outflow rate calculations of
the warm ionised phase in this work, as this factor accounts for a spherical outflow geometry, which is
not assumed here.
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the mass and kinetic-power budgets of the outflows are dominated by the neutral phase,

with the warm-ionised and cold-molecular gas making relatively minor contributions.

2.4.2 Outflow acceleration and ionisation/excitation mecha-
nisms in IC 5063

Ionisation and excitation of the warm gas

If the outflows in IC 5063 are both accelerated and ionised by shocks induced by jet-ISM
interactions, then it might be expected that the broad kinematic components would have
higher electron temperatures than the quiescent narrow components (Fosbury et al., 1978;
Villar-Martin et al., 1999). However, in this work, there is no clear evidence for higher elec-
tron temperatures associated with outflowing components (Table 2.6). Only Aperture 3
shows a significant (> 30) difference in temperature between kinematic components, with
the broad component having a lower (instead of a higher) electron temperature. Fur-
thermore, the electron temperatures measured for all components — probed with the
[OIIT)(5007/4363) ratio — are consistent with pure AGN-photoionisation (Figure 2.11).

Further potential evidence regarding the natures of the ionisation/excitation mech-
anisms is provided by the [Fell]A\12570/Paf vs HyA21218/Bry diagnostic diagram (Fig-
ure 2.14). The two ratios used in this diagram each probe a different gas phase: warm
ionised and warm molecular, respectively. It is interesting that the measured values of
the [FelI]A12570/Pa/3 ratio are similar for the broad and narrow components — consis-
tent with the [OIII](5007/4363) vs Hell4686/H/5 diagram (Figure 2.11) — indicating that
both the quiescent and outflowing warm-ionised gas are predominantly AGN-photoionised
(in agreement with the results of a previous investigation of the warm ionised-outflows
in IC 5063 by Morganti et al. 2007). However, the HyA21218/Brv ratios, probing the
excitation of the warm molecular phase, present a clear difference between broad and
narrow components. Along this ratio axis, the quiescent gas falls within the region of the
diagnostic diagram where AGN-photoexcitation is thought to be dominant (with perhaps
some contribution from shocks: see Riffel et al. 2021), whereas the outflowing gas falls
within the HLR region, within which AGN-photoexcitation alone cannot account for the

high line ratios.

The physical relation between the different gas phases

Taken together, this investigation into the ionisation and excitation of the UVB+VIS
and NIR lines in IC 5063 indicates that the quiescent and outflowing warm-ionised gas,
along with the quiescent warm-molecular gas, are predominantly ionised/excited by the
central AGN, while the outflowing warm-molecular gas has a significant contribution from

shock excitation. This rules out the idea that only a post-shock cooling sequence is being
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Phase Location M (My) Moyt (Mg yr™1) et (per cent) Reference
Warm ionised NW Lobe 0.08 Morganti et al. (2007)
Galaxy-wide *  1.5%3% x 109 — Venturi et al. (2021)
NW Lobe?  (9.940.1) x 10* (1.840.6) x 107! (2.7£1.7) x 1072 This work
SE Lobe ¢ (2.240.3) x 10* (2.6£0.4) x 10~2 (1.240.2) x 10~ This work
Neutral HI NW Lobe 3.5x10! 1.8x107! Morganti et al. (2005) ¢
Cold molecular ~ NW Lobe 1.3x 106 7.9x1071 3.1x1073 Oosterloo et al. (2017) @

“For the gas with [OIIT] W70 (85th minus 15th velocity percentile) > 300 km s™! across all outflow regions.
For the NW lobe, the outflow mass is the sum of the masses in apertures 5 and 6, whereas the mass outflow rate and coupling efficiency
represent the average values for apertures 5 and 6 (see Table 2.7).
“Taken from the values for the broad component in Aperture 3.
4Values have been recalculated using consistent methodology with the values presented in Morganti et al. (2005) and Oosterloo et al.
(2017), and are likely to be lower limits.

Table 2.9: Masses, mass outflow rates, and coupling efficiencies (for the nuclear bolometric case; see Section 2.3.1) for the different outflow
phases in IC 5063, as reported in this work and recalculated using the results from previous observational studies.
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Figure 2.17: A schematic showing a possible stratification in the emission regions that
could explain both the measured emission-line ratios (Figures 2.11 and 2.14) and the
spatial distributions of the various emission lines (Figure 2.18 and Table 2.10) in IC 5063.
The different phases (labelled) are shown as different coloured regions, and photoionising
radiation is shown as black dashed lines. Note that this could represent the structure in
individual clouds, or an ensemble of clouds. In this schematic, no attempt has been made
to reflect the true relative sizes of the emission regions.

observed: in such a scenario, all the warm-ionised and warm-molecular gas in the outflow
would be ionised by (and accelerated close to) the shock front, and the cold-molecular gas
would represent the post-shock gas further from the shock front (and closer to the central
AGN) that has cooled through the sequence.

Rather, a potential explanation for these results is that the cooled, post-shock gas
closest to the AGN is photoionised by the AGN, resulting in an additional warm-ionised
component which has post-shock kinematics and densities while being predominantly
AGN-photoionised. In this scenario, presented in Figure 2.17, the post-shock cooled gas
that is furthest from the shock front (and photoionised by the AGN) would shield the
post-shock gas that is closer to the shock front. If this AGN-photoionised component
had a higher luminosity than the immediate-post-shock warm-ionised gas, then it would
contribute much more strongly to the emission-line ratios, leading to values consistent
with AGN-photoionisation being observed. However, the warm molecular phase — which
is only found cooling behind the shock — would show line ratios consistent with shock-
excitation, in agreement with the ratios measured from the NIR data.

To investigate this situation further, spatial flux profiles of the integrated

—600 < v < —400 km s™! wings of several emission lines present in the NIR aper-
tures ([Fell]A16400, [FelI]A12570, HyA21218, Pafs and HelA10830) were produced using
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Emission Line Centroid (pixels) Centroid (arcsec)

HeIA10830 8.5+0.2 2.11+0.05
Paj 8.6+0.1 2.13+0.02
H,A21218 9.5+0.1 2.36+0.02
[FelI]A12570 10.140.2 2.5040.05
[FeII] A\16400 10.240.2 2.5340.05

Table 2.10: Centroids of Gaussian fits to spatial slices between —600 < v < —400 km s~*
of emission lines in the NIR arm data (Figure 2.18), measured relative to the spatial
centroid position of the local continuum. The lines trace distinct phases of gas, which is
interpreted here as a cooling sequence (Figure 2.17).

the same method as in Section 2.3.1. Here, the [Fell], Hel and Paf lines trace the warm
ionised phase (however the [Fell| lines are expected to be particularly strong in regions
associated with shocks: Dors et al. 2012 and Riffel et al. 2013a), while HoA21218 traces
the warm molecular phase. The resulting plot is presented as Figure 2.18, which shows
tentative evidence that the [Fell] emission peaks in flux the furthest away from the
nucleus, the peak of HyA21218 emission lies inward of the [Fell] peak, and the Hel and
Paf emission peaks are the closest to the nucleus. This is supported by the centroid
positions obtained by fitting Gaussian profiles to the spatial profiles (Table 2.10).

Given that the NW lobe is considered to be the location of the strongest shocks,
this evidence for stratification in the emission regions supports the geometry presented
in Figure 2.17: the [Fell| emission traces the warm-ionised gas near the shock front, the
HyA21218 traces post-shock gas that has cooled to the warm molecular phase, and the Hel
and Paf emission traces the inner-most (AGN-photoionised) warm-ionised component.
However, note that the measured [Fell]/Paf ratios (Figure 2.14; Table 2.8) may not be
consistent with this scenario: while the measured HyA\21218/Bry ratios appear to be
enhanced relative to what is expected from AGN-excitation, the [Fell]/Paj ratios show
no such relative enhancement. Further near-infrared observations of IC 5063’s NW lobe,
taken with an IFU at a higher spatial resolution, are therefore needed to investigate this

situation and verify the cooling-sequence scenario proposed here.

Comparison to theoretical predictions of the dominant ionisation mechanism

Relativistic hydrodynamic simulations by Meenakshi et al. (2022a) model the relative
contribution of AGN-photoionisation and jet-induced-shock collisional-ionisation for a
5.71 x 10° M, gas disk of radius 2 kpc — similar to the gas conditions and properties of
IC 5063 — and find that shock-ionisation dominates the ionisation of the warm-ionised

gas over AGN-photoionisation. This is inconsistent with the results presented here for
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Figure 2.18: Spatial flux distributions of the —600 < v < —400 km s™! wings of the
emission-line profiles for [Fell|]A16400, [Fell]A12570, HoA21218, Pas, and HelA10830, pro-
duced using the same methodology as described in Section 2.3.1. It can be tentatively
seen that the [Fell] lines (most likely tracing shocked warm-ionised emission) are emitted
the furthest from the nucleus — at the expected location of the shocks in the NW lobe
— with the warm-molecular HyA21218 emission lying further inward, and the Pag and
HelA10830 emission lying closest to the nucleus. The centroids of Gaussian profiles fitted
to these distributions are given in Table 2.10.

IC 5063, where AGN-photoionisation is found to be dominant. A potential reason for this
discrepancy could be that the jet power in IC 5063 is, in reality, an order of magnitude
lower (Pje;=10%"% erg s!; Mukherjee et al. 2018) than assumed by Meenakshi et al.
(2022a) (Pje;=10% erg s~'). Moreover, the resolution of the simulations may not be suf-
ficiently high to accurately track the density structure and cooling of the post-shock gas.
Further simulation work that is more precisely tailored to the situation in IC 5063 would
allow this to be investigated in more detail, as would higher-resolution simulations of AGN
and shock-ionisation for single clouds, which would allow a more accurate representation

of the cooling of the warm gas.

Compression effects of the jet-induced shocks

As the outflows along the radio-axis in IC 5063 are likely to have been accelerated by

jet-induced shocks, some evidence for shock-compression would be expected (Suther-
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land & Dopita, 2017). Using the TR ratios (Section 2.3.1), it is found that the
narrow components at all positions have relatively-low electron densities in the range
2.10 < logjo(n.[TR] em™2) < 2.75, while outflow components have significantly higher
electron densities of 3.1 < logo(n.[TR] cm™3) < 3.45. This indicates that the outflows
have higher electron densities than the quiescent gas by approximately a factor of three
or four, possibly as a result of compression effects of the jet-induced shocks. This is
similar to the findings of other AGN-driven-outflow studies, which find that broader
components typically have higher densities (Holt et al., 2011; Rose et al., 2018; Santoro
et al., 2018, 2020), and is in line with what is expected for the immediate-post-shock gas
due to the shock-jump conditions (a factor of four; Sutherland & Dopita 2017). However,
the density contrast is much less than the factor of ~100 which may be expected if the
broad components originate from gas that has cooled in pressure equilibrium behind a
fast shock (Sutherland & Dopita, 2017).

The nature of the blueshifted narrow [OIII] component seen in Aperture 3

As seen in previous observations of the warm ionised phase of IC 5063 (Morganti et al.,
2007), a narrow kinematic component is identified at the position of the SE radio lobe that
is blueshifted relative to the quiescent gas disk. Unlike the broad kinematic components
associated with outflows, this component is narrow (FWHM,, < 200 km s™!) and has a
lower electron density (logjone = 2.55 & 0.03). Biconical outflows have been proposed
to explain line splitting in active galaxies (Walker, 1968b; Cecil et al., 1990), but if this
is the case here, it is unclear why one direction of the outflow is broad and dense (AP3
Broad) and the other is narrow and has a lower density (AP3 Narrow 2). Alternatively,
since IC 5063 is thought to be a post-merger galaxy (Morganti et al., 1998), it would
not be surprising to detect infalling and relatively-undisturbed low-density clumps of gas.
Interestingly, Hy emission that is kinematically associated with this component is not
detected in Aperture 3, implying that it either does not contain molecular gas or that the
warm-molecular gas is not being excited. This is consistent with VLT /ISAAC observations
presented by Tadhunter et al. (2014), which show a blueshifted narrow component in
the Bry profile that is not present in the Hy1-0S(1) profile at the southeastern lobe.
Furthermore, this component is not seen in cold-molecular PV diagrams (e.g. CO(1-0),
CO(2-1), CO(3-2), HCO(4-3); Morganti et al. 2015; Oosterloo et al. 2017), implying a
lack of cold-molecular gas. Therefore, infalling gas is the favoured explanation, and I
propose that the situation for Aperture 3 is as follows: the broad component represents
shock-accelerated outflowing gas, the red-most narrow component represents quiescent
gas in IC 5063’s disk, and the blue-most narrow component represents infalling gas (that

lacks molecular-gas emission) as a result of the recent merger.
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2.4.3 The use of transauroral-line diagnostics in AGN-driven

outflows

This study marks the first time that the transauroral-line technique first presented by Holt
et al. (2011) has been used to estimate electron density values for spatially-resolved outflow
regions in an active galaxy. As previously discussed, a concern with this technique is that
the transauroral [OII] and [SII] lines might be emitted by different clouds at different
spatial positions to those emitting other important diagnostic lines. The work presented
here shows that the transauroral lines have the same line profiles for the same kinematic
components and are emitted at the same spatial positions as the high-ionisation optical
forbidden and recombination lines (Figures 2.5 and 2.8), suggesting that they are emitted
by the same cloud complexes. While it is not conclusively demonstrated in this work that
the transauroral lines are emitted by the same clouds within the apertures (see discussions
in Sun et al. 2017 and Rose et al. 2018), this does alleviate concerns regarding their use
in spatially-unresolved studies of moderate-to-high redshift AGN.

In addition, the transauroral-line technique has been used alongside the traditional
[OII] and [SII] line ratios and [ArIV] line ratio to show that this method gives electron
densities that are slightly higher than (if not comparable to) those given by the traditional
line ratios, but lower than those given by the [ArIV] ratio. Wang et al. (2004) found that
the [ArIV] technique provides much higher electron densities in observations of ionised
nebulae than the traditional ratios; the findings presented here support this and place the
transauroral-line technique in between these two methods in terms of derived densities.

Further detailed studies making use of the transauroral-line ratios alongside other
methods of electron-density estimation are needed. However, this work highlights the
necessity of careful consideration of the technique used to derive electron densities: the
traditional [OII] and [SII] lines may underestimate the electron density of warm-ionised
outflowing gas, while the [ArIV] ratio may overestimate it. This, in part, may be due
to the [ArIV] ratio probing higher-ionisation gas than the traditional and transauroral
[OII] and [SII] techniques. Since the [OIII] lines represent higher-ionisation gas than
the [OII] and [SII] lines, then the findings reported here indicate that the density of the
[OI11]-emitting gas may be higher than probed by the [OII] and [SII] lines. It is unclear
how this relates to the density of the Hf-emitting gas, although it could mean that true
mass outflow rates (thus kinetic powers and coupling efficiencies) are even lower than
estimated here, and much lower than typically derived using densities estimated with
the traditional [SII] and [OII] ratios. A more detailed investigation of this situation is
undertaken in Chapter 3.

The high electron densities (n. > 10® cm™3) found for the outflowing components
using the TR ratios are above those typically assumed by past studies for warm-ionised

outflows in active galaxies (10°-10% cm™3: e.g. Liu et al. 2013; Harrison et al. 2014; Fiore
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et al. 2017), and are above the previously-measured maximum density of n, ~ 10% cm™>

for the warm-ionised gas along radio axis of IC 5063, as derived from MUSE observations
by Mingozzi et al. (2019) (see also Venturi et al. 2021). Conversely, the findings of this
chapter support the results of other studies that report high electron densities for warm-
ionised outflows, including those that also use transauroral lines (e.g. Holt et al. 2011;
Rose et al. 2018; Santoro et al. 2018; Spence et al. 2018; Baron & Netzer 2019b; Davies
et al. 2020). This highlights the importance of properly estimating values of electron
density, and indicates that values determined solely using traditional techniques may be
too low, and resulting kinetic powers too high.

Overall, these results show the validity of using the transauroral [SII] and [OII] lines
in measuring the electron densities and reddening values of AGN-driven outflows: they
have the advantages of higher critical densities (relative to the traditional [SII] and [OII]
ratios), do not suffer from line blending issues, and are more prominent in galaxy spectra
than the [ArIV] doublet.

2.5 Chapter conclusions

Wide-wavelength-coverage, high spectral and spatial resolution Xshooter observations of
the nearby active galaxy IC 5063 have permitted, for the first time, electron density
measurements of spatially-resolved AGN-driven outflows using the transauroral [SII] and
[OI1] lines. The wealth of previous observations of the different gas phases of these outflows
has allowed the subsequently-derived warm-ionised outflow properties to be placed in a
multi-phase context. In addition, the ionisation and excitation mechanisms of the outflows
have been investigated for an object which shows clear jet-ISM interactions. This detailed
study has found the following.

e The transauroral lines are emitted in the same spatial positions and with the same
line profiles as other high-ionisation optical lines which are commonly used for out-
flow diagnostics, indicating that they are emitted by the same cloud complexes. This
alleviates concerns regarding the use of transauroral lines in spatially-unresolved
studies of moderate-to-high redshift AGN.

e In the case of IC 5063, there is tentative evidence that electron densities determined
using the transauroral lines are higher than those determined from the commonly-
used traditional [SII] and [OII] line ratios, and less than those produced using the
higher-ionisation [ArIV](4711/4740) ratio. Given the implication for derived out-
flow kinetic powers if electron density is underestimated, this highlights that the
transauroral lines should play an important role in future studies of AGN-driven

outflows.
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e The outflowing warm-ionised gas in IC 5063 has a higher density than the quiescent
gas, potentially as a result of compression effects of jet-induced shocks. However,
the outflow densities may be below those expected if the post-shock gas is cooling
in pressure equilibrium.

e The kinetic powers for the warm ionised phase are much below those required by
galaxy evolution models. However, when compared to previous observations of
cooler phases, it appears that this phase constitutes only a small fraction of the
total outflowing mass; the neutral atomic phase dominates the mass and kinetic

power of the total outflow.

e The dominant ionisation mechanism of the warm-ionised outflows and quiescent gas
is AGN-photoionisation, while the warm-molecular outflows appear to be excited
by composite AGN-shock excitation. A possible scenario is that the post-shock gas
closest to the AGN is maintained in an ionised state by photoionisation, and forms
the ionised part of an ISM component that shields the immediate-post-shock gas
that lies further from the AGN, allowing it to cool to colder phases.
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Chapter 3

Outflow conditions and acceleration
mechanisms for the prototypical
Seyfert galaxies NGC 1068 and NGC
4151

“Mortalis!

Caelum!

Viatorem in Aeternum!
Catharsis!

In ignem!

Poena Universi!”

— Aeternam, Poena Universi
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Chapter declaration

The data, analysis, results, and discussion presented in this chapter were reported in my
first-author publication “Outflow densities and ionization mechanisms in the NLRs of the
prototypical Seyfert galaxies NGC 1068 and NGC 41517 (Holden & Tadhunter, 2023).
The content of this chapter is based on that publication, which has been adapted into a

suitable format for this thesis; all work is my own, except where clearly stated.
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3.1 Chapter introduction: the prototypical Seyfert
galaxies NGC 1068 & NGC 4151

In Chapter 2, I presented a detailed study of the jet-driven outflows in the NLR of
the nearby Sey 2 galaxy IC 5063 using Very Large Telescope (VLT) / Xshooter ultravi-
olet (UV), optical and near-infrared (NIR) spectroscopy. Electron densities above the
sensitivity limit of the traditional [SII] ratio were found — resulting in modest warm-
ionised outflow kinetic powers (Fii, = (2.7 4 1.7) x 1073 of Ly,e) — in addition to AGN-

photoionisation being the dominant ionisation mechanism.

There is now a clear need to determine whether the conditions found in the NLR of
IC 5063 are similar in other Seyfert galaxies, specifically to further investigate true outflow
electron densities, kinetic powers, and ionisation mechanisms. Furthermore, considering
that IC 5063 has well-known jet-driven outflows, it is important to investigate the gas con-
ditions and NLR properties of objects for which the outflow acceleration mechanisms are
not clear, as this may further clarify the link between outflow ionisation and acceleration.
Therefore, archival Hubble Space Telescope (HST) / Space Telescope Imaging Spectro-
graph (STIS) spectra of the inner NLRs (r < 160 kpc) of the prototypical Seyfert galaxies
NGC 1068 and NGC 4151 are analysed in this chapter, which applies and expands upon
many of the techniques presented previously.

NGC 1068 and NGC 4151 appeared in Carl Seyfert’s original paper that established
the Seyfert class (Seyfert 1943; see Figure 1.1), and are the prototypical Seyfert 2 and
Seyfert 1 galaxies, respectively. In consequence, they are perhaps the most well-studied
AGN of their types. Their close proximity to Earth and the previous, extensive multi-
wavelength studies of their properties make them ideal objects for addressing the out-
standing questions outlined in Section 1.3: the outflows in their central regions can be
spatially resolved, and measurements made with techniques such as the transauroral-line
method can be compared to those obtained using other methods. Principally, this permits
an assessment of the validity of different density diagnostics, as well as an investigation
into the ionisation conditions (and mechanisms) of the gas.

The distances to NGC 1068 and NGC 4151 are taken to be D = 13.0 Mpc (Revalski
et al., 2021) and D = 15.8 Mpc (Yuan et al., 2020), respectively, which correspond to spa-
tial scales of 0.067 kpc/arcseconds for NGC 1068 and 0.078 kpc/arcseconds for NGC 4151.
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3.1.1 NGC 1068

NGC 1068 is one of the closest and brightest (in terms of observed flux) Seyfert 2 galaxies,
allowing detailed spatially-resolved observations, and thus making it the target for exten-
sive studies that cover a range of spatial scales at optical (e.g. Cecil et al. 1990; Evans et al.
1991; Axon et al. 1998; Crenshaw & Kraemer 2000c; Kraemer & Crenshaw 2000b; Das
et al. 2006), NIR, (e.g. Raban et al. 2009; Miiller Sanchez et al. 2009; May & Steiner 2017)
and radio (e.g. Wilson & Ulvestad 1983; Gallimore et al. 1996; Garcia-Burillo et al. 2014,
2019) wavelengths. NGC 1068 has a radio luminosity of L;4qm, = 2.3 x 102> W Hz ™!
(Ulvestad & Wilson, 1984), placing it in the upper end of the radio luminosity range for
Seyfert galaxies, and its high bolometric luminosity (0.4 < Lypq< 4.7x10% erg s~ Woo
& Urry 2002; Alonso-Herrero et al. 2011; Lopez-Rodriguez et al. 2018; Gravity Collab-
oration et al. 2020) is close to the lower boundary of the luminosity range for quasars
(Lpor > 10% erg s71). The galaxy also has an important historical role, as it was the first
object used to verify the orientation-based unified scheme for AGN (Figure 1.3: Antonucci
& Miller 1985).

The NLR of NGC 1068 presents as an ‘hourglass’-shaped bicone (Riffel et al., 2014;
Barbosa et al., 2014; May & Steiner, 2017) with an opening angle of § ~ 40° along
PA= 30 + 2° at an inclination of ¢ = 5°, placing the bicone axis close to the plane of the
sky and inclined ~45° out of the galaxy’s disk (Das et al. 2006; but see also Crenshaw &
Kraemer 2000c). Outflows of warm-ionised gas with velocities up to ~1500 km s™! have
been detected in the bicone (Crenshaw & Kraemer, 2000b; Das et al., 2006). In the NE
cone, the radio axis is closely aligned with the bicone axis — interpreted as a radio jet
propagating within the hollowed-out cone — with a radio lobe that extends just beyond
the maximum extent of the cone in optical emission (Wilson & Ulvestad 1987; shown
in Figure 3.1). Lower-velocity cold-molecular CO(3-2) outflows have been detected at
this position, indicating that the lobe may represent the termination of the AGN-driven
outflows (Garcia-Burillo et al., 2014).

The outflows in the NLR of NGC 1068 have been argued to be radiatively accelerated
by some authors (Kraemer & Crenshaw, 2000b; Das et al., 2006; Revalski et al., 2021;
Meena et al., 2023; Fischer et al., 2023), while others have proposed they are driven by
jet-induced shocks (Capetti et al., 1997; Axon et al., 1998). May & Steiner (2017) propose
a scenario in which the radio jet impacts molecular clouds on small radial scales near the
central AGN, accelerating high-velocity ‘bullets’ of gas that propagate within the bicone

but constitute only a small fraction of the total outflowing mass.
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3.1.2 NGC 4151

NGC 4151 is the prototypical Seyfert 1 galaxy', and is also one of the closest and brightest
(in terms of observed flux) of its class, leading to its NLR outflows being the target of
extensive studies of the coronal (Eion g 100 ¢V e.g. Storchi-Bergmann et al. 2009, 2010),
warm ionised (e.g. Winge et al. 1997; Hutchings et al. 1999; Crenshaw et al. 2000; Das
et al. 2005; May et al. 2020) and warm molecular (Hy; T ~ 2000 K, e.g. May et al.
2020) gas phases, which have distinct flux distributions (Storchi-Bergmann et al., 2009).
Similar to NGC 1068, the bicone-shaped NLR also has an hourglass morphology (May
et al., 2020), with PA = 22° at an inclination of i = 21° (Pedlar et al. 1992; 36° to the
galactic disk) and an opening angle of 33° (Das et al., 2005). However, the bolometric
luminosity of the AGN in NGC 4151 (Lpo = 1.4 x 10% erg s7!) is approximately an order
of magnitude below that of NGC 1068.

The radio source (of luminosity Li4qn, = 1.6 x 10*2 W Hz™!; Ulvestad & Wilson
1984) consists of a double-sided jet (PA ~ 77°) originating from the nucleus. High-
resolution radio imaging (Carral et al., 1990; Pedlar et al., 1993; Williams et al., 2017)
shows several radio knots along this structure within the central few arcseconds, whereas
lower-resolution radio observations (Johnston et al., 1982; Pedlar et al., 1993) reveal a
larger-scale, lower-surface-brightness structure with a radio lobe in the NE cone extending
to 6.3 arcseconds from the nucleus along the radio axis. It has been argued that the radio
jet has little connection to the NLR outflow kinematics in NGC 4151 (Hutchings et al.,
1999; Crenshaw et al., 2000; Das et al., 2005). However, enhanced line fluxes from the
warm-ionised gas, high electron temperatures (7, >16,000 K), and high [Fell]/[PII] ratios
(indicative of shocks: see Section 1.2.4) have been spatially associated with the radio
structure (Mundell et al., 2003; Storchi-Bergmann et al., 2009, 2010), indicating that jet-
ISM interactions may still drive shocks into the gas at certain locations within the bicone
(see also Wang et al. 2011a,b; Williams et al. 2017).

May et al. (2020) propose a similar model as they proposed for NGC 1068 (May
& Steiner, 2017) — albeit on smaller spatial scales with less-extreme kinematics — to
explain the NLR and outflow structure in NGC 4151: the radio jet impacts a molecular
cloud near the nucleus (potentially due to misalignment between the jet and torus/disk:
Storchi-Bergmann et al. 2010; May et al. 2020), driving fragmented, shock-accelerated gas
into the cones and contributing to the NLR morphology.

INGC 4151 was later classified as an intermediate ‘Seyfert 1.5 (Osterbrock & Koski, 1976; Robinson
et al., 1994).
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3.1.3 Previous photoionisation modelling of NGC 1068 and
NGC 4151

Crenshaw et al. (2015) and Revalski et al. (2021, 2022) performed detailed, multi-
ionisation component photoionisation modelling of the warm-ionised outflows in
NGC 1068 and NGC 4151, finding densities in the range 103° < n, < 1072 cm™2 for
the NLR gas in both objects, and coupling efficiencies above the lower limit required
by galaxy evolution models (e > 0.5 per cent: Hopkins & Elvis 2010) in the case of
NGC 1068. In order to further investigate the electron densities of the outflowing gas
in the NLR of these two important objects, and to attempt to clarify the uncertainties
regarding the acceleration and ionisation mechanisms of the gas, high-spatial-resolution,
wide-wavelength-coverage long-slit spectroscopy with the slit aligned along the radio axes

(which are approximately along the bicone axes) was required.

3.2 Observations and data reduction

3.2.1 Archival HST/STIS observations

This study required high-spatial-resolution spectra that contained both the traditional
[OIT]AN3726, 3729 and [SITJAN6717,6731 lines and the blue [SII]AN068,4076 and red
[OIT]AN7319, 7331 transauroral doublets (Section 1.2.1). Therefore, suitable Hubble Space
Telescope (HST) / Space Telescope Imaging Spectrograph (STIS) long-slit spectra taken
with the G430L and G750L gratings were acquired from the Hubble Legacy Archive’: the
wide wavelength coverage of the combination of these gratings is sufficient for measuring
the required emission lines. Both gratings have a spatial pixel scale of 0.051 arcseconds per
pixel, and the dispersions of the two gratings are 2.72 A /pixel (G430L; 2900-5700 A) and
4.92 A /pixel (G750L; 5240-10270 A). It was also required that these data were taken along
(or close to) the PA of the radio/bicone structures to ensure the observations are tracing
gas that is closely related to the radio structures. The data for NGC 1068 were taken as
part of the Cycle 7 HST Proposal GTO:7573 (PI Kraemer), with a 52 x 0.1 arcsecond
slit along PA = 202°, centred on a bright emission-line knot close (< 0.4 arcseconds) to
the nucleus (see Crenshaw & Kraemer 2000a and Kraemer & Crenshaw 2000a). Data for
NGC 4151 were taken with a 52 x 0.1 arcsecond slit along PA = 70°, offset to the south
by 0.1 arcsecond to reduce contamination from the bright Sey 1 nucleus, and were taken
in Cycle 7 as part of HST Proposal GTO:7569 (PI Hutchings) — a full description of the
NGC 4151 observations is given by Nelson et al. (2000). The positions of the STIS slits

over the central regions of the two Seyferts are shown in Figure 3.1.

2https://hla.stsci.edu/hlaview.html
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Figure 3.1: The slits of the archival STIS observations (red) shown plotted over
archival HST/WFPC2 [OIII] emission-line images of the inner regions of NGC 1068 and
NGC 4151, taken with the F502N filter (NGC 1068: GTO:5754, PI Ford; NGC 4151:
GTO:5124; PI Ford). The spatial extents of the regions considered in this study (the
extracted apertures: Section 3.2.3) along the slits are shown in blue. Left: The STIS slit
shown over the [OIII] emission-line image of the near-nuclear regions of NGC 1068; VLA
22 GHz contours from Gallimore et al. (1996) are presented in green, showing the radio
structure near the core and an extended lobe to the NE. Right: the STIS slit shown over
the [OIII] emission-line image of the near-nuclear regions of NGC 4151; the green contours
are from high-resolution e-MERLIN 1.5 GHz imaging presented by Williams et al. (2017),
and show a string of radio knots near the nucleus. I note that, while the narrow-band im-
ages are not continuum-subtracted, the brighter parts of the NLR emission are dominated
by [OIII] emission in the filter bandpass, and so the images provide a good representation
of the main NLR structures.

3.2.2 Reduction of STIS data

The first step in the data reduction was performed with the standard CALSTIS pipeline.
For NGC 1068, only a single exposure for each grating was available, while for NGC 4151
I took the average of two exposures for each grating using PYTHON scripts which made
use of the NumMpYy (Harris et al., 2020) and ASTROPY (Astropy Collaboration et al., 2013,
2018) modules. In order to ensure that the individual exposures for each grating were
aligned, spatial slices were first extracted along the slit direction in a line-free region of the
continuum covering the wavelength range 5480-5600 A for the G430L grating and 6795
6890 A for the G750L grating. The centroids of the spatial peaks — determined with
Gaussian-profile fits — were consistent within 0.4 pixels, confirming that each exposure
was taken with the same telescope pointing within 0.02 arcseconds. I also verified that
the spectra taken with the G430L and G750L gratings for each object were aligned, using
the same method of Gaussian-profile fits to the spatial flux profiles. Again, the spatial
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positions of the peak flux between gratings were consistent to within 0.4 pixels, indicating

that the observations with different gratings were closely spatially aligned.

Residual hot pixels and cosmic rays were removed from the spectra using the CLEAN
command of the STARLINK FIGARO software package (Currie et al., 2014). Galactic-
extinction correction was performed in the same manner as that done for 1C 5063 (Sec-
tion 2.2.3) — from the S98 and SF11 maps, the mean colour excesses in the direc-
tions of NGC 1068 and NGC 4151 were found to be E(B-V)pean = 0.0289 4 0.0004 and
E(B-V)mean = 0.0237 & 0.0011, respectively, and these values were used with the CCM89

R, = 3.1 extinction law to correct for Galactic extinction.

3.2.3 Aperture selection and extraction

The reduced STIS long-slit spectra of NGC 1068 and NGC 4151 show disturbed kinemat-
ics (indicating outflows) and several bright emission-line knots in the central few hundred
parsecs, as noted by previous studies (Crenshaw & Kraemer, 2000¢; Kraemer & Crenshaw,
2000a; Das et al., 2005, 2006; Meena et al., 2023). Several apertures (integrated groupings
of pixel rows) were extracted from the two-dimensional G430L and G750L spectra, fol-
lowing the methodology described in Section 2.2.4. Each aperture formed an integrated
one-dimensional spectrum that corresponds to a certain spatial position along the slit,
the locations of which were chosen to cover the locations of the bright emission knots seen
in the two-dimensional spectra (Figure 3.2). The widths of the apertures (6-15 pixels;
0.3-0.8 arcseconds) were set to contain sufficient signal in the emission lines that are
used for diagnostics in this analysis, namely the fainter transauroral [OIIJAA7319,7331
and [SIT]JAN4068,4076 doublets. The same apertures were extracted from the G430L and
G750L spectra for each object, as it was previously determined that the spectra were
closely spatially aligned. Flux errors were determined by adding the flux errors from
individual pixel rows (which constitute a given aperture) in quadrature. As an example,
part of the spectrum of Aperture 2 for NGC 1068 is presented in Figure 3.3. The chosen
apertures extended to a maximum radial distance of 139 pc for NGC 1068, and 151 pc in
the case of NGC 4151.

Aperture 3 for NGC 1068 was placed over a bright emission knot that corresponds
to a previously-detected radio source at the likely position of the galaxy’s nucleus (see
discussion in Kraemer & Crenshaw 2000a), while Aperture 4 for NGC 4151 corresponds
to the location along the slit that is closest to the nucleus. Note that the spectra for
NGC 4151 do not directly cover the nucleus due to the 0.1 arcsecond slit offset to the
south that was performed to avoid nuclear contamination. Unfortunately, the south-west
part of the slit for NGC 1068 (seen above Aperture 4 in Figure 3.2) did not contain enough
signal for the measurement of the faint [OII]AA7319, 7331 transauroral doublet, even when

integrated as a single aperture. Therefore, this region is omitted from any analysis.
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Figure 3.2: Apertures for NGC 1068 (left) and NGC 4151 (right), positioned over the
[OIII]AA4959,5007 doublet in the two-dimensional STIS G430L spectra. The spectral
direction is horizontal (left = bluewards; right = redwards) and the vertical direction is
spatial along the slit (with the direction shown by the labelled arrows); velocity scale bars
are shown in green, and spatial scale bars are shown to the right of each spectrum. The
apertures are shown as regions bounded by dashed lines, and are labelled on the left of
each image — they were chosen to contain enough signal for the measurement of faint
lines in distinct kinematic regions within the central few hundred parsecs of each galaxy.

Following aperture extraction, I ensured that the flux calibration was consistent be-
tween the two gratings for each aperture by overplotting the spectra in the region where
the wavelength ranges of the gratings overlap (5275-5705 A) It was found that all aper-
tures for NGC 1068 are closely matched in flux. However, for apertures 2 and 4 of
NGC 4151, the flux in the overlap region was >8 per cent higher in the G430L grat-
ing than the G750L grating, potentially due to internal reflections within the instrument
caused by the bright Type 1 nucleus (see Nelson et al. 2000). Therefore, these apertures

are not used in further analysis.

3.2.4 The contribution of stellar continua to the spectra

The underlying stellar continua in NGC 1068 and NGC 4151 were not modelled and sub-
tracted (as was done for IC 5063: Section 2.2.5) for various reasons. First, the archival
STIS G430L and GT750L spectra did not have sufficient spectral resolution to clearly
resolve absorption features that could be used to verify the robustness of the contin-
uum fits. Second, there may be substantial contamination by direct and scattered AGN
continuum (Antonucci & Miller, 1985) and nebular continuum (Tadhunter, 2016) that
precludes accurate stellar-continuum modelling. Finally, the emission lines in the spectra

have relatively-high equivalent widths, which fill in various stellar absorption features.
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Figure 3.3: The G430L grating spectrum for Aperture 2 of NGC 1068 (Figure 3.2). Key
emission lines that are used in the analysis are labelled with dotted lines. Note that, for
presentation reasons, the limit on the flux axis has been chosen so that fainter lines can
be seen clearly; as a result, the peak of the [OITIJA5007 line is not visible.

In order to verify whether stellar-continuum modelling was needed in this study,
equivalent widths (EWs) for the HS recombination line were measured. Equivalent
widths in the range 36 < EW < 148 A were found for the NGC 1068 apertures and
30 < EW < 151 A for the NGC 4151 apertures. The lowest measured emission-line
equivalent width (EW = 30 A for Aperture 3 in NGC 4151) is a factor of three higher
than that of the HS absorption feature as modelled for a ~400 Myr old stellar population
(which gives the highest EWs in modelling by Gonzéalez Delgado et al. 1999). Thus,
underlying stellar-absorption features may affect the HS luminosities measured in this
work by a maximum factor of 1.3 (for a stellar EW = 10 A). However, this is very
much an upper limit since there is no clear Balmer break in the continua in any of the
apertures, as would be expected for intermediate-age stellar populations that have strong

Balmer absorption lines.

3.2.5 Fits to key emission lines

The NLR kinematics in NGC 1068 and NGC 4151 are complex, and have been previously
modelled in detail as biconical outflows based on higher-resolution STIS spectra than

those used here (Das et al. 2006 and Das et al. 2005 respectively; but see also Crenshaw
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& Kraemer 2000b and Crenshaw et al. 2000). In those studies, the [OIIIJAA4959,5007
doublet line-profiles were fit with multiple Gaussian components for each pixel row of
the two-dimensional spectra. Here, a similar procedure is performed for the extracted
apertures by simultaneously fitting a first- or second-order polynomial to the continuum
surrounding the [OIII]AA4959,5007 doublet, in addition to one or two Gaussian profiles
to each of the lines within the doublet itself. The wavelength separation of the lines in
the doublet, as well as the intensity ratio of the lines (1 : 2.99), were set to those defined
by atomic physics (Osterbrock & Ferland, 2006). Furthermore, the widths of a given
Gaussian component were constrained to be the same for each line in the doublet. The

resulting model parameters for each aperture are presented in Table 3.1.

The difference between the mean wavelength of each Gaussian component and the
rest [OIII] wavelength in the reference frame of the galaxy was calculated using redshifts®
of z = 0.00381 for NGC 1068 and z = 0.003262 for NGC 4151. The intrinsic width
of each component was also determined by subtracting the instrumental width of the
STIS G430L grating in quadrature from the measured widths. According to the STIS
manual, for a slit of width 0.1 arcseconds, the instrumental broadening in the spectral
direction is in the range 2 < FWHM < 3 pixels, corresponding to 5.5 < FWHM < 8.2 A
for the G430L grating and 9.8 < FWHM < 14.8 A for the G750L grating. By fitting single
Gaussian profiles to the [OIII]AA4959,5007 emission-line doublet at a radial distance of
4 arcseconds from the nucleus of NGC 4151 in the G430L spectra (where the lowest line
widths are measured), a line width of FWHM;,s, = 6.0 + 0.4 A was measured; similarly,
measuring the [SII]A9531 line in the G750L spectra with this method resulted in a line
width of FWHM,,s = 12.3 &+ 2.4 A. Thus, instrumental widths of FWHM;,s; = 6.0 A
(360 km s~* at 5007 A) and FWHM;, = 12.3 A (560 km s~' at 6575 A) are adopted here
for the G430L and G750L gratings, respectively.

In subsequent analysis, only total line fluxes — including all Gaussian components
used — are considered, rather than fluxes from individual components (i.e. potentially
representing outflowing and quiescent gas). This was done because the low spectral reso-
lutions of the G430L and G750L gratings made it challenging to separate different kine-
matic components in cases where lines are heavily blended. Nonetheless, in order to
improve the accuracy of the fits to the weaker emission lines and blends in the spectra,
the kinematics (velocity shifts and widths) derived from fits to the [OIII] doublet in each
aperture were used to constrain the fits to the other key diagnostic lines, such as Hf,
Hr, [OII1]\4363, [OI1]A3726,3729, [OII]AN7319,7331, [SIT]AN4068,4076, [SIT|]ANGT17,6731,
[ArTV]AMT711,4740 and HellA4686. It was found that this procedure produced accept-
able fits to these lines, including the transauroral [SII]AN068,4076 and [OII]AA7319,7331
doublets. However, for closely spaced doublets such as [OIT]A3726,3729, the low spectral

321 cm redshifts from the NASA /TPAC Extragalactic Database (https://ned.ipac.caltech.edu/).
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Distance Distance Vc,a FWHM, , Ve,b FWHM,,

Aperture
(arcseconds) (pe) (kms™!)  (kms™') (kms™') (kms!)
NGC 1068
1 —1.45 —97 —8284+4 572425 295440 1078+96
2 —0.74 —50 —1844+7 1017431 — —

3 —0.23 —15 —306+£3  662+26 —5£20 1770£43
4 0.10 7 95+3 367+26 235£8 1684+34
NGC 4151
1 —1.58 —123 —172+2 420425 —2634+29 1261+102
3 —0.38 —30 —392+6 0£28 ¢ —356+£3 1065426
) 0.48 37 34+1 234424 121411 1013444
6 1.02 80 40+1 307+£25 12648 768+35

® The measured width of the component is consistent with the instrumental width, and
hence unresolved.

Table 3.1: [OIII] model parameters (galaxy rest-frame component velocity shift: wve;
instrumentally-corrected component velocity width: FWHM,) and distances from the
nucleus (in arcseconds and pc) for each of the apertures for NGC 1068 and NGC 4151.
In apertures where there are multiple Gaussian components for the [OIII] models, the
kinematic parameters for the two components are labelled with the subscripts ‘a’ and ‘b’.

resolution meant that individual lines were not resolved, and so the total doublet profile

was modelled as a single emission line during the fitting process.

3.3 Analysis of the STIS spectra

3.3.1 Transauroral-line diagnostics

In order to provide estimates of the electron densities of the warm-ionised gas in NGC 1068
and NGC 4151, I made use of the transauroral-line-ratio technique (first described by Holt
et al. 2011) that was verified and used in Chapter 2, for two key reasons. First, these lines
have sufficiently-high critical densities (Appendix B) to be sensitive to the electron density
values that have previously been determined for these objects (103° < n, < 1072 cm™3).
Second, because the transauroral-line method uses the ratios of the total line fluxes of
widely-separated emission-line doublets (unlike the commonly-used [OI1](3726/3729) and
[SIT](6717/6731) ratios), this method is less susceptible to uncertainties from fit degener-
acy resulting from the larger velocity widths (as is often the case for outflowing gas) and
low spectral resolutions (as for the G430L and G750L STIS gratings) that lead to the
blending of line profiles within the doublets.
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Aperture logig(nefem™3]) E(B-V)rg T, (K)

NGC 1068
1 4.06+0:05 0.1679:94 1430072100
5 4.65+1005 0.05%005 144001350
3 4.7470:05 0.1679:9% 1610071400
4 4.4510:09 0.1775:% 1600071690
NGC 4151
1 3681008 0117005 163003100
3 4.047007 0.135905 2100045359
5 3.94+910 0.159:98 1730075200
6 3.75108, 0.2319:97 1520073400

Table 3.2: Electron densities, reddening values and electron temperatures for the
NGC 1068 and NGC 4151 apertures. The densities and reddenings were determined si-
multaneously using the transauroral-line technique (Section 3.3.1; Figure 3.4), and the
temperatures were determined using the [OIII](500744959) /4363 ratio (Section 3.3.2).

The [OIII] models were fit to the transauroral lines to measure line fluxes, which were

then used to calculate the TR ratios

TR([OI1))
TR([SII))

F(3726 + 3729)/F(7319 + 7331),
F(4068 + 4076)/F(6717 + 6731).

As in Chapter 2, the CLOUDY code (version C17.02: Ferland et al. 2017) was used
to generate plane-parallel, single-slab, radiation-bounded models of solar-composition gas
with no dust depletion, photoionised by a central source. The ionising continuum of this
source followed a power-law of shape F, oc v™® between 10 pm and 50 keV, with a spec-
tral index of a = 1.5. I note, however, that the TR ratios are relatively insensitive to the
shape of the ionising continuum (see Appendix B in Santoro et al. 2020). The ionisation
parameter was set to log U = —3 (the highest value that reproduced the measured TR
ratios), and the electron density of the modelled gas was varied in 0.01 dex steps between
2.00 < logip(ne [em™]) < 5.00. The modelled TR ratios produced for each electron den-
sity value were then reddened with the R, = 3.1 CCM89 law, producing a grid of values
that could be compared to the measured ratios in order to provide simultaneous determi-
nations of electron density and reddening. The resulting TR grid is shown in Figure 3.4,

and the derived values are given in Table 3.2.

The electron densities measured in this way for NGC 1068 have values in the range

4.00 < logig(ne [em™3]) < 4.75, while those for NGC 4151 are approximately an order of
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Figure 3.4: Grid of modelled transauroral (TR) [SII] and [OII] line ratios for radiation-
bounded gas at different electron densities and reddenings (black joined squares; as mod-
elled with the CLOUDY code and the CCM89 extinction curve), and measured line ratios
for the NGC 1068 (orange circles) and NGC 4151 (blue circles) apertures.

magnitude lower (3.60 < logo(n. [cm™]) < 4.10). This is the first time that densities
above n, = 103® cm ™3 have been found using the transauroral lines with spatially-resolved
observations; these values agree with similarly high electron densities derived using this
technique for non-spatially resolved observations of other AGN (e.g. Holt et al. 2011;
Rose et al. 2018; Santoro et al. 2018; Spence et al. 2018; Davies et al. 2020; Speranza
et al. 2022). Importantly, the densities found here are above the upper sensitivity limit of
the traditional [OII](3726/3729) and [SII](6717/6731) line ratios (Appendix B), and since
broad (outflowing) and narrow (quiescent; non-outflowing) components are not separated,
are likely to be underestimates for the outflowing gas (which is expected to be denser than
the quiescent gas: e.g. Villar-Martin et al. 1999; Chapter 2). The reddening values that
are measured are relatively modest, and in the range 0.05 < E(B-V)tr < 0.25 for both

objects — these values were used to deredden the spectra for all further analysis.
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3.3.2 Ionisation states and mechanisms of the warm-ionised gas

The relatively-low-ionisation transauroral lines must be emitted by radiation-bounded
clouds — therefore, it is uncertain how well densities derived from the transauroral ratios
would represent the densities of clouds or cloud complexes that have been shock-ionised
or have significant matter-bounded components. Furthermore, the model used in the
transauroral-ratio method assumes radiation-bounded AGN-photoionised clouds, with no
contribution from a matter-bounded component or shock-ionisation. Similarly, the multi-
component ionisation modelling by Revalski et al. (2021) — which has previously been
applied to NGC 1068 and NGC 4151 — uses AGN-photoionisation models. Therefore, it
is important to investigate the ionisation mechanisms for the gas detected in the STIS
slits, which potentially can also give information regarding the outflow acceleration mech-

anism(s) present.

Electron temperatures

Electron temperatures of the warm ionised phase are expected to be higher for shocked gas
than AGN-photoionised gas (e.g. Fosbury et al. 1978; Villar-Martin et al. 1999). There-
fore, to provide a first indication of the ionisation mechanisms of the warm-ionised gas
observed in the apertures, electron temperatures were measured using the (dereddened)
[OIII}(5007+4959) /4363 emission-line ratio and the PYNEB PYTHON module (Luridiana
et al., 2015), taking the electron densities for the apertures to be those derived using the
transauroral-line technique for both objects (3.75 < logig(n. [cm™3]) < 4.75: see Table 3.2
and Section 3.3.1). Electron temperatures measured in this way are presented in Table 3.2
— values in the range 14,300 < T, < 21,000 K are found for every aperture in both ob-
jects, with the highest temperatures (up to 7, = 21,000 K) being found in the central
apertures of NGC 4151. These high electron temperatures may not be fully explainable as
being due to AGN-photoionisation of radiation-bounded gas (Fosbury et al. 1978; Binette
et al. 1996; Villar-Martin et al. 1999; Chapter 2).

Shock-ionisation vs matter-bounded AGN-photoionisation

In order to investigate the cause of the high electron temperatures further, the
[OI11](5007/4363) vs Hell/HS diagnostic diagram (developed by Villar-Martin et al.
1999) was produced for the apertures for NGC 1068 and NGC 4151 — this is shown in
Figure 3.5. The radiation-bounded photoionisation models shown here are the same as
those used for the TR ratio grid in Section 3.3.1 (Figure 3.4), albeit for an electron density

3

of n, = 10* em™3, varying ionisation parameters (between —3.5 < log;oU < —2.0), and

two values of spectral index (o = 1.0, 1.5)*. The pure-shock and precursor (pre-shock)

4The effect of varying the photoionisation model parameters on the [OIII](5007/4363) vs Hell/HJj
diagnostic diagram is investigated in Appendix A.

107



Luke R. Holden Precise diagnostics of AGN-driven outflows

models are taken from the MAPPINGS III library presented by Allen et al. (2008),

1

with varying shock velocities in the range 100 < vghoex < 1000 km s™ and magnetic

parameters of B//n = 2,4 uG ¢cm®/? for a solar-composition pre-shock gas with a density

—3. The magnetic parameters were chosen to cover a reasonable range

of n = 10% cm
of values expected in the ISM (Dopita & Sutherland, 1995), in addition to being close
to the magnetic parameters near equipartition (B/y/n ~ 3.23 uG cm®?2: Allen et al.
2008). Note that, as in Chapter 2, the standard ‘BPT’ diagrams (Baldwin et al.,
1981) are not used here to investigate the ionisation of the gas because the regions of
photo- and shock-ionisation in those diagrams overlap considerably (see Section 1.2.4,
Figure 1.11). Furthermore, some of the lines involved in those diagrams (such as Ha
and [NIIJAAN6548,6583) are strongly blended in the apertures considered here due to the
outflow kinematics and the relatively-low spectral resolution, and therefore are affected

by major fit degeneracies.

In Figure 3.5, the [OIII](5007/4363) and Hell/H/ line ratios are also plotted as func-
tions of Ayyr: the ratio of the solid angles subtended by matter-bounded clouds and
radiation-bounded clouds, from modelling by Binette et al. (1996). This ratio allows es-
timations of the relative contribution of matter-bounded clouds and radiation-bounded
clouds in the apertures. The modelling by Binette et al. (1996) assumes solar-metallicity
gas, with an ionising-source spectral index of @« = —1.3, an ionisation parameter of

log U = —1.4, and a density of nyp = 50 cm 3.

In this model, the radiation-bounded
clouds are ionised by UV photons which have passed through the matter-bounded com-
ponent, thus the shape of the ionising spectrum reaching the radiation-bounded clouds
has changed relative to that from the source — the parameters of the radiation-bounded
clouds are determined using the resulting ionising spectrum and by assuming that the

clouds have fixed pressures.

Due to line-blending effects and the continuum underlying the HS, [HelI]A\4686, and
[OITI]A4363 lines being more complex than that which underlies the [OIII]JAA4959,5007
doublet and transauroral lines, an MCMC (Markov Chain Monte Carlo) fitting routine
was used to fit the lines involved in the HelIA686/HS and [OIII](5007/4363) ratios in
each aperture for both objects — this was done to ensure that line-flux uncertainties were
not significantly overestimated due to the blending of spectral lines and the continuum.
The results of the Gaussian fits described in Section 3.2.5 (determined using least-squares
optimisation) to these lines were used as initial starting points for the MCMC routine,
which fit the same models (namely one or two Gaussian components and a low-order
polynomial) to the spectra — taking into account the flux uncertainty of the HST data
— with priors chosen to ensure that the resulting models were physical (i.e. the line
fluxes, mean wavelengths, and line widths must have been positive). For each fit, 500

walkers were initialised in a Gaussian distribution around the starting parameters, and
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5000 iterations (including a 1000 iteration ‘burn-in’ phase) were used. The MCMC fits
themselves were run using the EMCEE PYTHON module (Foreman-Mackey et al., 2013).

From Figure 3.5, there is clear evidence for significant matter-bounded emission
in apertures 1, 2, and 3 in NGC 1068, implied by high electron temperatures and
Hell/Hf > 0.4 (similar ratio values were also measured by Kraemer & Crenshaw 2000b);
the approximate ratio of matter-bounded to radiation-bounded clouds is Ayr ~ 2.
The difference between the [OIII](5007/4363) ratios measured in the NGC 1068 aper-
tures and those predicted from the Binette et al. (1996) modelling can be explained
as the models only representing one combination of parameters: it is possible for
matter-bounded clouds with different parameters to have similar [OIII}(5007/4363)
ratios to those found for NGC 1068. Specifically, this ratio would be smaller for higher
electron densities than the low density assumed by Binette et al. (1996). Moreover, the
presence of matter-bounded emission in these apertures is supported by the strength of
high-ionisation coronal emission lines (Eio, > 100 €V), such as [NeV]A3426, [FeVII]A3759,
and [FeVII]A6087, relative to lower-ionisation lines (such as [OIII]) in the STIS spectra.
These and other high-ionisation lines were previously identified in the same dataset by
Kraemer & Crenshaw (2000a). For Aperture 4 of NGC 1068 (centred slightly above
the nucleus: Figure 3.2), the Hell/Hf ratios are consistent with both matter-bounded
AGN-photoionisation and shock-ionisation.

To further probe the ionisation mechanism of the gas, the [NeV]A\3426/[NellI]A3869
ratio — which is sensitive to higher-ionisation gas — was also measured us-
ing the same MCMC fitting routine described earlier. A diagnostic diagram of
[NeV]A3426/[Nelll]A3869 vs Hell/HS — presented in Figure 3.6 — was produced
using the same radiation-bounded-photoionisation, matter-bounded-photoionisation,
and shock-ionisation models as used for the [OIII](5007/4363) and Hell/HS diagram.
It is found that the values for all of the NGC 1068 apertures are consistent with
matter-bounded AGN-photoionisation with 1 < Ay < 2, further indicating that the gas

in these apertures is matter-bounded and AGN-photoionised, including Aperture 4.

With the exception of Aperture 3, the [OIII}(5007/4363) vs Hell/H/ ratios mea-
sured in the NGC 4151 apertures (Figure 3.5), are consistent with both shock-ionisation
and radiation-bounded AGN-photoionisation (assuming a relatively flat spectral index of
a = 1.0 and log U ~ —2.0). However, from the [NeV]A3426/[NellI]A3869 vs Hell/HpA
diagram (Figure 3.6), it can be seen that the measured ratios for NGC 4151 are not
consistent with pure shock-ionisation alone: if the gas is shock-ionised, then a contri-
bution from the precursor component is required. Alternatively, the gas in these aper-
tures may have pure radiation-bounded AGN-photoionisation, however, I highlight that
this requires a relatively flat spectral index (o = 1.0), and/or higher ionisation parame-
ters (—3.0 < log U < —2.0) and densities (n, > 10° cm~?) than can explain the measured

transauroral-line ratios (Section 3.3.1). Ultimately, it is not possible to unambiguously
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Figure 3.5: [OIII](5007/4363) vs Hell /H diagnostic diagram (Villar-Martin et al., 1999),
used to distinguish between radiation-bounded AGN-photoionisation, matter-bounded
AGN-photoionisation, and shock-ionisation. The black markers show the predicted line ra-
tios from radiation-bounded CLOUDY modelling (see Section 3.3.1) for solar-composition

gas with a density of n, = 10* cm™® and varying ionisation parameters (log U; labelled)

and spectral indices (squares: a = 1.5; diamonds: « = 1.0). The solid red grid

shows the line ratios predicted from shock modelling (Allen et al., 2008) for solar-
composition gas with a pre-shock density of n = 10? ecm™® and magnetic parameters of
B/\/n = 2,4 nG cm®?, with lighter regions on the plot corresponding to lower shock
velocities. The purple dashed lines show the predicted emission from the precursor gas,
which has not yet passed through (but is photoionised by) the shock, and the dotted green
line shows the line ratios expected for different ratios of matter-bounded and radiation-
bounded clouds (Ay1, labelled and marked with green circles) from photoionisation mod-
elling by Binette et al. (1996). Observed line ratios for each aperture are shown in orange
for NGC 1068 and blue for NGC 4151, with the aperture number annotated.
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Figure 3.6: [NeV]3426/[Nelll]3869 vs Hell/HS diagnostic diagram — both ratios are
sensitive to the presence of significant matter-bounded components. The line and marker
scheme is the same as Figure 3.5. The line ratios measured in the NGC 1068 apertures
are located in the matter-bounded photoionisation region of the diagram (corresponding
to 1 < Ay < 2; consistent with Figure 3.6) whereas the NGC 4151 line ratios fall in the
shock /precursor /radiation-bounded AGN-photoionisation region.

determine the true, dominant ionisation mechanism of the gas in the NGC 4151 apertures

with the diagnostic features that are available in the STIS data.

The viability of shock-ionisation

In order to further investigate the viability of shocks as the dominant ionisation mechanism
along the slits for NGC 1068 and NGC 4151, the measured Hf fluxes were compared to
those expected from shock models — a technique presented by Baron et al. (2017). First, I
converted the measured (and dereddened) Hp fluxes (Fpg) into Hf luminosities using the
luminosity distance (Dy,) for each galaxy. The resulting luminosities were then converted
into luminosities per surface area using the physical aperture sizes (i.e. the aperture width
multiplied by the slit width).
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The measured luminosities per surface area were then compared to those expected
from the MAPPINGS IIT shock models of pre-shock density n = 10> cm ™ (correspond-
ing to the densities measured in the apertures, assuming a compression factor of 100:
Sutherland & Dopita 2017) and magnetic parameters B/y/n = 2,4 uG cm®?. From
this comparison, it was found that the HS luminosities per surface area, as measured in
each aperture for NGC 1068 (4.9 x 1073 < Lys < 2.2 x 1072 erg s7! em™2) and NGC 4151
(2.2 x 107 < Lyp < 4.6 x 1073 erg s7' em™2), can be accounted for by shocks with veloc-

Uand vshoae > 225 km s7!

ities vVgnoek > 425 km s~ respectively. In both cases, the outflow
velocities for the apertures (Section 3.3.4; Table 3.3) are above these required velocities.
This demonstrates that shock-ionisation could feasibly produce the recombination line
fluxes measured in both objects, however, this alone does not necessarily confirm the

ionisation mechanism.

I note that here a gas covering factor of unity relative to the shock (i.e. that the
emitting gas covers the entire area of the shock within each aperture) is assumed, which
may not be the case in reality. If this covering factor is in fact much lower than unity,
then a larger shock area or higher shock velocities would be needed to produce the same

HpS luminosity.

3.3.3 Electron densities of the high-ionisation gas in NGC 1068

The relative strengths of the high-ionisation (Ei,, £ 100 €V) lines detected in several of
the NGC 1068 apertures indicate the presence of matter-bounded clouds, which may play
an important role in the structure of the cloud complexes in the NLR. Determining the
physical conditions of this high-ionisation component is therefore necessary. To this end,
a diagnostic diagram consisting of the [FeVII](6087/3759) and [NeV]A3426/[FeVII]A6086
ratios (see Rose et al. 2011) was created (Figure 3.7). The line fluxes involved in these

ratios were determined using the same MCMC fitting method described in Section 3.3.2.
The ratios involved in the [FeVII](6086/3759) vs [NeV]A3426/[FeVII|A6086 di-

agnostic diagram are sensitive to both electron density and temperature, and thus
the position of the AGN-photoionisation grid on this diagram changes with the as-
sumed ionising-source spectral index («) and the ionisation parameter (U) of the
gas. Therefore, the effect of varying spectral index, electron density, and ionisation
parameter on this diagram was quantified before using it to derive electron densities.
Two CLOUDY models for differing ionising-source spectral indices (o = 1.0,1.5) were
created (following the methodology described in Section 3.3.3) for solar-metallicity,
plane-parallel, single-slab clouds of varying ionisation parameters (—3.5 < log U < 2.0)
and electron densities (5.0 < log(n, [em™3]) < 8.0). The resulting line-ratio grids are
presented on the [FeVII](6086/3759) vs [NeV]A3426/[FeVII]A6086 diagnostic diagram

in Figure 3.7, from which it can be seen that a flatter spectral index produces lower
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[NeV]A3426/[FeVII]\6086 ratios, with little effect on the [FeVII](6086/3759) ratios: for
low values of [NeV]\3426/[FeVII]\6086 (i.e. as measured in Aperture 4 for NGC 1068),
the effect of this variation on derived density is small (~0.1 dex). However, a shallower
spectral index cannot reproduce higher values of [NeV]A3426/[FeVII]A6086 (as measured
in NGC 1068 apertures 2 and 3) without very low (log U < —3.0) ionisation parameters.
Therefore, the CLOUDY grid with a = 1.5 was used to derive electron densities for the
high-ionisation gas.

The measured line ratios for the NGC 1068 apertures are plotted on the [Fe-
VII](6086/3759) vs [NeV]A3426/[FeVII|A6086 diagram in Figure 3.7. From the a = 1.5
grid, the densities of the high-ionisation gas were determined to be in the range
6.45 < logip(n. [em™3]) < 8.00: several orders of magnitude higher than the gas traced
by the lower-critical-density [OIl] and [SII] lines. The implications of this for the gas

structures within the apertures are discussed in Section 3.4.2.
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Figure 3.7: [FeVII](6087/3759) vs [NeV]A3426/[FeVII]A6086 diagnostic diagram with
radiation-bounded AGN-photoionisation grids generated with CLOUDY for two values
of spectral index: a = 1.0 (green) and o = 1.5 (purple). Dashed lines connect points of
constant density (labelled), and dotted lines connect points of constant ionisation param-
eter (also labelled). The measured ratio values in the NGC 1068 apertures are shown in
orange and labelled; from the a = 1.5 grid, the high-ionisation gas in NGC 1068 is found
to have densities in the range 6.45 < logjo(n. [cm™3]) < 8.00.
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3.3.4 Energetics of the outflowing gas
Outflow kinematics

Determining the mass outflow rates, kinetic powers, and coupling efficiencies of the gas
outflows detected in the STIS spectra required measurements of the kinematics of the
outflowing gas’. For this purpose, the results from detailed kinematic modelling of the
NLRs of NGC 1068 and NGC 4151 presented by Crenshaw & Kraemer (2000b) and Cren-
shaw et al. (2000) (hereafter CKN1068 and CKN4151), respectively, were used. I note
that, due to the different PAs used and the fact that the outflow geometry likely depends
greatly on PA, the updated kinematic models from Das et al. (2005) and Das et al. (2006)

were not used.

To calculate deprojected velocities, a universal ‘deprojection factor’ was first derived
by dividing the maximum observed velocities (located at the velocity ‘turnover’ position:
see Crenshaw & Kraemer 2000b and Crenshaw et al. 2000) by the maximum model-
deprojected velocities from the CKN1068 and CKN4151 bicone models. The highest
observed (projected) velocity at the position of each aperture was taken and divided by
the determined deprojection factor to give the maximum deprojected outflow velocity in
each aperture. The deprojected outflow velocities are given in Table 3.3, and are hereafter
labelled as vyt

I note that, while the aperture widths were not deprojected (as this projection factor
would be highly uncertain), correcting for this would not have a significant effect on
the conclusions and interpretations made in this chapter: the assumed outflow velocities
(which are taken to be the maximal velocities from the bicone models) compensate for
the lack of any (likely modest) aperture-width deprojection when calculating mass outflow

rates and kinetic powers.

Mass outflow rates, kinetic powers, and coupling efficiencies

Hp luminosities were used to determine masses for the warm-ionised gas in each aperture
with Equation 1.3; the Case B recombination coefficient for HS was taken to be a?}cg =
1.61 x 107 em3 s7t (for a gas of density n, = 10* cm~3 and temperature T, = 20,000 K:
Osterbrock & Ferland 2006). Assuming that the derived masses (estimated using the
total line fluxes) are dominated by outflowing gas, they were combined with the outflow
velocities from the CKN1068 and CKN4151 models (voy) and the aperture widths (AR)
to calculate mass outflow rates using Equation 1.4. The resulting mass outflow rates were

then used to produce kinetic powers with Equation 1.5.

Finally, the ratio of the kinetic power to the bolometric AGN luminosity was taken

to estimate coupling efficiencies for each aperture (Equation 1.2). NGC 1068 has a bolo-

®Kinematics were not derived from the [OIII] models produced here due to the relatively-low spectral
resolution and high instrumental widths of the G430L and G750L spectra.
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Vout Mout Mout :
Aperture Fign (ergs™) et (per cent)
(kms™)  (Mo) (Moyr™)
NGC 1068
1 -1300 1.74+0.3 3.7+£0.6 (2.0£0.3) x 1042 (4.94+0.7) x 1071
2 -1100 0.63+0.08 1.6+02 (6.1+£0.7)x 104 (1.5 +£0.2) x 101
3 -450 0.73+£0.09 12+£0.1 (7.6+£0.9) x 10 (1.94£0.2) x 1072
4 150 0.9440.22 0.604£0.14 (42+1.0) x 103 (1.1£0.2) x 1073

NGC 4151
700 25406  3.7+10 (58+02) x 10" (41+1.1)x 10"
800 0.72+£0.30 34+14 (6.9+29)x 10" (49+20)x 107!
800 17404 45+12 (92424) x 10" (6.5+1.7) x 10~
( ) ( )

(@) B O

800 2.9+0.7 6.9+1.8 1.44+04) x 102 (9.94+2.6) x 107!

Table 3.3: Outflow velocities, outflow masses, mass outflow rates, kinetic powers, and
coupling efficiencies for the apertures of the STIS spectra of NGC 1068 and NGC 4151.
The outflow velocities used to calculate the mass outflow rates and kinetic powers pre-
sented here are from the CKN1068 and CKN4151 models (see Section 3.3.4).

metric luminosity in the range 0.4 < Lyg< 4.7x10% erg s~ (Woo & Urry, 2002; Alonso-
Herrero et al., 2011; Lopez-Rodriguez et al., 2018; Gravity Collaboration et al., 2020), of
which the lowest value is taken to ensure higher estimates of coupling efficiencies and thus
determine the maximum potential impact of the outflowing gas on the host galaxy. For
NGC 4151, the bolometric luminosity was taken to be Ly, = 1.4 x 10* erg s71 (Kraemer
et al., 2020).

Derived mass outflow rates, kinetic powers and coupling efficiencies for NGC 1068 and
NGC 4151 are presented in Table 3.3. For NGC 1068, the maximum values determined
here (Mo = 3.74£0.6 Mg yr " Egn = (2.0£0.3) x 10" erg s7', ¢ = 0.4940.07 per cent)
are less than the maximum values determined from photoionisation modelling by Revalski
et al. (2021)°. For NGC 4151, the maximum derived values (Myy = 6.9 + 1.8 Mg yr—';
Ean = (144 1.0) x 102 ergs™, & = 0.99 & 0.26 per cent) are similar to the results
of photoionisation modelling by Crenshaw et al. (2015). The mass outflow rates for
NGC 4151 calculated here are also consistent with previous values derived for the warm

ionised phase by Storchi-Bergmann et al. (2010) (M, ~ 2.4 Mg yr™!) and the X-ray

emitting gas (Mo &~ 2 Mg yr~': Wang et al. 2011b and Kraemer et al. 2020).

For NGC 1068, the mass outflow rates for the warm ionised phase are much below that
of the cold-molecular gas at a similar radial distance from the nucleus (i.e. traced by CO,
HCN; T~ 100 K): Garcia-Burillo et al. (2014) derive a cold-molecular mass outflow rate

6Crenshaw et al. (2015) and Revalski et al. (2021) assume bolometric luminosities of Lpo =
1 x 10% erg s~! for NGC 1068 and Ly, = 7.9 x 10*3 erg s~! for NGC 4151 when calculating coupling
efficiencies.
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of My = 6321 Mg, yr~! within the r ~ 200 pe circumnuclear disk (CND) of NGC 1068.
This indicates that most of the outflowing mass may be present in the colder, non-ionised

gas phases, as has been found for other objects (see Chapter 2 and Ramos Almeida et al.
2019).

3.4 Discussion

Through the analysis of archival STIS spectra of the central regions (r < 160 pc)
of NGC 1068 and NGC 4151, this chapter has presented evidence for dense
(10%% < n, < 10*® cm™3) gas that shows line ratios consistent with matter-bounded
AGN-photoionisation in the case of NGC 1068, and shock-ionisation (with precursor gas
ionisation) or radiation-bounded AGN-photoionisation in the case of NGC 4151. Further-
more, the measured Hf luminosities could be explained as being due to shock-ionisation
for both objects, assuming a shock covering factor of unity. In both objects, outflow
coupling efficiencies are derived that are close to the lowest value required by models of
galaxy evolution, however, these are likely underestimates. In this section, I discuss the
implication of these results on the dominant ionisation and acceleration mechanisms of
the gas seen in the STIS slits, compare the results of this analysis to past work on these
two well-studied objects, and investigate the impact on the density diagnostic techniques
used. Finally, I place the results of this chapter in a broader context by comparing them
with those of Chapter 2, which considered the Seyfert 2 galaxy IC 5063.

3.4.1 The outflow ionisation and acceleration mechanisms in the
NLRs of NGC 1068 and NGC 4151

To determine the true impact of the outflowing gas on the host galaxies, quantitative
comparison of observations to theoretical modelling is needed. However, both modelling
of jet-ISM interactions (Capetti et al., 1997; Axon et al., 1998; May & Steiner, 2017; May
et al., 2020) and radiation-pressure-driven outflows (Crenshaw et al., 2000; Crenshaw &
Kraemer, 2000b; Das et al., 2005, 2006; Revalski et al., 2021; Meena et al., 2023) is able
to explain the observed kinematics in NGC 1068 and NGC 4151. Therefore, in order
to enable accurate comparisons to theoretical models and thus accurately determine the
impact of the outflows in these objects, the dominant outflow acceleration mechanism(s)
need to be robustly identified.

Matter-bounded ionisation and the acceleration mechanism in NGC 1068

It has been previously proposed that the outflows in NGC 1068 are driven via radiation
pressure (Kraemer & Crenshaw, 2000a; Das et al., 2006; Revalski et al., 2021; Meena
et al., 2023), instead of via shocks induced by the radio jet colliding with the ISM within
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the bicone. While emission from the outflowing and quiescent gas is not separated in this
work, the results presented here may be taken as consistent with this mechanism: Sec-
tion 3.3.2 presents evidence for matter-bounded AGN-photoionisation of the warm-ionised
gas in the form of simultaneous high [OIII] temperatures (Table 3.2: T, ~ 15,000 K; cor-
responding to [OIII](5007/4363) < 60) and line ratios (HelIA4686 / HB > 0.4: Figure 3.5;
[NeV]A3426 / [NellI]A3869 > 1.0: Figure 3.6) within a 134 pc radius from the nucleus in
the NE cone along the radio axis, as perhaps may be expected for radiatively-accelerated
gas. However, it is possible that the outflowing gas has been shock-ionised and accelerated
by the jet, but has subsequently cooled and then been reionised by the AGN (as is the
case for IC 5063: Chapter 2). Spatially-resolved, high spectral-resolution observations are
needed to further investigate this situation by separating the emission from the outflowing
and quiescent gas, and then determining the ionisation and excitation mechanisms of each
kinematic component. In addition, comparing the electron densities of the outflowing and
non-outflowing gas may reveal signs of shock compression, which is expected to be a factor
of ~4-100 (Sutherland & Dopita, 2017).

It is notable that the outflowing gas in NGC 1068 appears to be spatially confined
to the extent of the radio structure: the broad (FWHM > 250 km s™!) [OITI]AN4959,5007
emission in the G430L spectra is seen to a maximum radius of ~4.8 arcseconds from the
nucleus in the NE cone (as measured from the line profiles of the [OIII] emission that ex-
tends beyond the regions covered by the apertures), similar to the maximum radial extent
of the NE radio lobe (6.18 arcseconds; 420 pc) measured from radio imaging (e.g. 15 GHz:
Wilson & Ulvestad 1987; 5 GHz: Wilson & Ulvestad 1983, Gallimore et al. 1996; 22 GHz:
Gallimore et al. 1996; 1.4 GHz: Gallimore et al. 1996, Garcia-Burillo et al. 2014). This
is also in agreement with ground-based Fabry-Pérot integral field spectroscopy by Cecil
et al. (1990) — which finds no significant velocity deviation from the systematic velocity
beyond the radio lobe — and kinematic modelling by Crenshaw & Kraemer (2000b), Das
et al. (2006) and Meena et al. (2023), who find outflows extended up to a radial distance
of ~5.1 arcseconds from the nucleus’. Furthermore, VLT /MUSE spectroscopy presented
by Venturi et al. (2021) shows that the measured [OIII] W5, velocity parameter has high
values (400 < [OIII] Wy < 1200 km s™!) between the nucleus and the lobe, out to a radius
of 3.6 arcseconds along the bicone axis. Moreover, the NLR molecular CO(3-2) outflows
(as seen in ALMA imaging by Garcia-Burillo et al. 2014) decelerate within the radio lobe,
at a distance of r ~ 400 pc (r ~ 5.7 arcseconds) from the nucleus. Taken together, this

shows that the NE cone outflows have a similar extent to the NE radio lobe, and is ev-

"An [OIII] emission knot in the NLR of NGC 1068, labelled ‘A’ by Meena et al. (2023) and lo-
cated 7.3 arcseconds from the nucleus (i.e. beyond the radio source), has outflow-like kinematics
(200 < FWHM < 1000 km s71; o,y = 863 kms™1). As noted by Meena et al. (2023), this knot lies
beyond the expected extent of radiatively-driven outflows. Regardless, I highlight that the vast majority
of the outflows along the radio axis are located at lower radii than the maximum extent of the NE radio
lobe.
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idence for the outflows being accelerated by the radio jet, although it does not entirely

rule out radiative acceleration.

Shock-ionisation and acceleration in NGC 4151

The results produced here for NGC 4151 indicate that the near-nuclear gas along the
radio axis may be shock-ionised, since the measured [OIII](5007/4363), Hell/HS, and
[NeV]A3426/[NellI]A3869 line ratios and HS luminosities are consistent with those ex-
pected from a mixture of pure-shock and shock-precursor ionisation (Figures 3.5 and 3.6;
Section 3.3.2).

The radio structure in the NLR of NGC 4151, as seen in low-resolution 1.5-5 GHz
VLA radio imaging by Johnston et al. (1982), has a lobe-like component with a centroid
6.43 arcseconds from the nucleus along the radio axis in the NE cone. This structure lies
beyond the maximum ~4 arcseconds extent of the warm-ionised outflows (Meena et al.
2023; see also Das et al. 2005), and — as I have argued for the situation in NGC 1068
— is consistent with the outflows being launched by the radio jet. From HST/PC +
HST/WFPC2 imaging, Williams et al. (2017) found higher [OIIl]/Ha ratios close to
the string of radio knots that are seen in their higher-resolution 1.51 GHz observations
(shown here in Figure 3.1), with the values of this ratio decreasing beyond radial distances
of r ~ 4 arcseconds from the nucleus along the radio axis. The authors interpreted this
as the radio jet having a contribution to the ionisation of the gas close to the nucleus,
but AGN-photoionisation being dominant further out. This is also in agreement with the
results from X-ray and optical imaging by Wang et al. (2011a), who propose a mixture of
shock-ionisation and AGN-photoionisation in the NLR of NGC 4151.

Taken together with the findings of these previous investigations, the results presented
in this chapter may indicate that the outflows in NGC 4151 have been shock-accelerated
and then re-ionised by photons from the AGN in varying amounts at different locations,

with AGN-photoionisation being dominant further from the nucleus.

3.4.2 The effect of ionisation mechanisms on density diagnostics

The ionisation mechanisms (Section 3.3.2), electron temperatures (Section 3.3.2), and
electron densities (Sections 3.3.1 and 3.3.3) of the warm-ionised gas detected in the STIS
slits allow an investigation into the structures and conditions of the line-emitting clouds,
and therefore verification of the origins of different emission lines and the precision of
diagnostics which make use of them. For example, the transauroral-line density diag-
nostic (Section 3.3.1) relies on AGN-photoionisation being dominant, with no significant
contribution from a matter-bounded component or shock-ionisation. Since evidence is
found here for matter-bounded emission in NGC 1068 and potential shock-ionisation in

NGC 4151, it is important to investigate the effect of this on derived densities.
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The impact of matter-bounded photoionisation

If the higher-ionisation lines are indeed emitted by matter-bounded gas structures in the
outflow (as shown by the [OIII] temperatures, Hell/H/3 ratios, and [FeVII](6086/3759) vs
[NeV]A3426/[FeVII]\6086 diagram: Sections 3.3.2 and 3.3.3), then the transauroral lines
cannot be emitted by these structures. However, it is possible that they are emitted by
different clouds within the same cloud complexes, considering that these lines have similar
profiles in each of the apertures. Alternatively, or perhaps in addition, it is possible that
the outer layers of a single cloud are matter-bounded, while the denser core is radiation-
bounded (one of the scenarios presented by Binette et al. 1996). In this scenario, the
matter-bounded layers may represent lower-density gas that was driven away from the
ionisation front by the increase in pressure that occurred when the gas structure was first
photoionised by the AGN. However, this is not consistent with findings of this chapter: in
Section 3.3.3, the [FeVII](6087/3759) and [NeV]|A3426/[FeVII|]A6086 emission-line ratios
were used to determine high-ionisation gas densities of 6.45 < logyg(n. [cm™3]) < 8.00 in
the NGC 1068 apertures: significantly higher than that of the lower-ionisation gas. A
potential explanation is that the gas that is emitting the high-ionisation [FeVII] and [NeV]
lines represents dense fragments of the expanding matter-bounded component: since these
lines have high critical densities (7.1 < logio(neit [cm™3]) < 8.5; Appendix B), they would
only be emitted strongly by such dense cloud components.

Therefore, given the ionisation energies of the lines (Appendix B), I propose that
the [FeVII] and [NeV] lines trace matter-bounded, higher-ionisation clouds within the
complexes (or edges of individual clouds), and the [OII] and [SII] lines are emitted
from radiation-bounded clouds (or cores of individual clouds). In this scenario, much
of the [OIII] emission must arise from the matter-bounded regime in order to explain the
high electron temperatures that are measured in the NGC 1068 apertures (Section 3.3.2).
Hence, given the high density of the high-ionisation gas, it is likely that the gas emit-
ting the [OIII] lines is denser than the gas that is emitting the transauroral lines. This
reinforces the need for outflow diagnostics that are sensitive to high (n. > 1035 cm™3)

densities.

The impact of shock-ionisation

Since the gas in the NGC 4151 apertures may be shock-ionised, it is essential to quantify
the effect of this on the transauroral-ratio density diagnostic. In Appendix C, I plot the TR
ratios from shock models over the transauroral-line photoionisation diagnostic grid used in
Section 3.3.1, and quantify the impact of shock-ionisation on the transauroral-line-derived
electron density and reddening values. These diagrams show that, overall, the effect on the
derived density is +0.38 orders of magnitude, and the effect on derived reddening values is

E(B-V)+£0.13. Crucially, this is much less than the impact of using lower-critical-density
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techniques (such as the [SII](6717/6731) ratio), and is similar to the effect of varying the
parameters of the photoionisation model (Santoro et al. 2020: log(n.[cm™3])+(0.1-0.7);
E(B-V)£(0.1-0.2)). In summary, while using the transauroral-line method presented
by Holt et al. (2011) as a density and reddening diagnostic for shock-ionised gas does
incur some uncertainty on the derived densities, the derived densities are still likely more

accurate than those derived from commonly-used, traditional methods.

Gas that has been shock-ionised by jet-ISM interactions presents a problem for the
photoionisation modelling method used by Revalski et al. (2021), as the technique relies
on assuming that material at a given distance from the nucleus is being photoionised
by the central AGN engine. In the case of shock-ionisation, the outflows are instead
being shock-ionised locally within the bicone at any given distance from the nucleus,
and so any electron densities derived using an assumed ionisation parameter and dis-
tance will be incorrect. Revalski et al. (2021) used the standard BPT diagrams (Baldwin
et al., 1981) in an attempt to ensure all of the measured line ratios were consistent with
AGN-photoionisation. However, the regions of AGN shock and photoionisation in these
diagrams overlap considerably (Section 1.2.4); further diagnostics should also be used
in order to disentangle the contribution from shocks and photoionisation, such as the
[OIII}(5007/4363) vs HellA4686/HS (Villar-Martin et al. 1999; used in this chapter in
Figure 3.5) and [Fell]A12570/Pa8 vs HoA21218/Bry (Chapter 2, Figure 2.14; Rodriguez-
Ardila et al. 2005; Riffel et al. 2013a; Colina et al. 2015; Riffel et al. 2021) diagnostic
diagrams, and/or the three-dimensional diagram (which makes use of line ratios and ve-

locity dispersion) presented by D’Agostino et al. (2019).

Overall, despite the challenges that shock-ionisation and significant-matter-
bounded photoionisation components present to the transauroral-line technique and
the Revalski et al. (2021) photoionisation modelling, I argue that these methods are
nonetheless more-robust density diagnostics than the commonly-used [SII](6717/6731)
and [OII](3726/3729) ratios. In the case of matter-bounded photoionisation, the
[SIIJAN6T17,6731 and [OII]AA3726,3729 lines arise from the same part of the ionisation
structure of the cloud as the transauroral lines, meaning they face the same issues as the
transauroral-line method, while the Revalski et al. (2021) modelling allows for higher-
ionisation components, and therefore is a more-accurate diagnostic of the overall cloud
density. Furthermore, it is established here that using radiation-bounded photoionisation
grids to measure the densities of shock-ionised gas with the transauroral-line method
incurs an uncertainty on the overall density that is much less than using lower-critical
density line ratios for high-density (n. > 10% cm™2) gas: in the case of NGC 4151 (where
there may be some contribution from shock-ionisation), the transauroral-line-derived
densities are similar to those reported by Revalski et al. (2022) (see also Crenshaw et al.

2015), indicating that both methods still give more-precise density determinations than
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traditional methods, despite some of their underlying assumptions potentially being

incorrect.

The origin of the transauroral lines in NGC 1068, NGC 4151 and IC 5063

In order to further investigate the origin of the transauroral lines in the archety-
pal Seyfert galaxies (and the nearby Sey 2 IC 5063: Chapter 2), the measured
[OI1](7319+7331) /[OIII]A5007 vs [SII](4068+4076)/Hp ratios are plotted with overlaid
grids from radiation-bounded photoionisation modelling (as first presented by Spence

et al. 2018) and shock modelling in Figures 3.8a and 3.8b, respectively.

The photoionisation models in Figure 3.8a are those used in Sections 3.3.1 and 3.3.2,
generated using CLOUDY for a radiation-bounded cloud with varying values of den-
sity, ionisation parameter and spectral index. The measured ratios for NGC 1068 and
NGC 4151 are consistent with this grid; however, the corresponding ionisation parame-
ters are a half-an-order-of-magnitude higher than that which was required to reproduce
the measured transauroral-line ratios (log U = —3; Figure 3.4). This is further evidence
that radiation-bounded AGN-photoionisation is not the dominant ionisation mechanism
in the STIS apertures, and in the case of NGC 1068, can be explained as the [OIII] and Hf
emission being dominated by matter-bounded components (as indicated by the measured
Hell/Hp ratios; Figure 3.5). This is because matter-bounded emission will increase the
relative strength of the [OIII] and Hf lines, reducing the [OII](7319+7331)/[OIIT]A5007
and [SII](4068+4076)/Hp ratios and thus giving a higher corresponding ionisation pa-

rameter on the radiation-bounded grid.

These measured ratios are also presented in Figure 3.8b with the expected ratios
from shock-ionisation modelling. The shock models here are those presented by Allen
et al. (2008), and are for two values of pre-shock density (10' cm™ and 10% cm™?),
velocities of vghoac = 400,600,800 km s, and magnetic parameters in the range
2 < B/y/n <10 uG cm®2. In all apertures for NGC 4151, the measured line ratios
are consistent with shock-ionisation, albeit with relatively-high magnetic parameters
(4 < B/y/n < 10 uG cm®?). These magnetic parameters are higher than those typical
for the ISM (2 < B/v/n < 4 uG em®?; Dopita & Sutherland 1995; Allen et al. 2008),
potentially indicating higher magnetic fields associated with the shocked material. If the
gas detected in the NGC 4151 data is indeed shock-ionised, then the position of the shock-
model grid on the diagram would explain why the ionisation parameter deduced from
the radiation-bounded photoionisation grid (Figure 3.8a) for the NGC 4151 apertures is
higher than expected from the TR diagnostic grid (Figure 3.4): shock-ionisation produces
lower values of [OII)(7319+7331)/[OIII]JA5007 and [SII}(4068+4076)/HS3, corresponding

to higher ionisation parameters on the photoionisation grid.
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Figure 3.8: TR([SII])/H/ vs TR([OII])/[OIII]A5007 ratio grids from CLOUDY radiation-
bounded photoionisation modelling (a) and the Allen et al. (2008) MAPPINGS III shock-
ionisation models (b), along with measured values for each aperture in NGC 1068 (or-
ange crosses), NGC 4151 (blue crosses) and IC 5063 (green crosses; see Chapter 2).
The modelled photoionisation-line-ratio grid shown in a) is for three spectral indices
(a = 1.0,1.5,2.0; labelled) at different electron densities (squares: n, = 10° cm™3; trian-
gles: n, = 10* em™3; stars: n, = 10° cm™3) and ionisation parameters (log U; labelled),
while the shock-ionisation grids in b) are for post-shock densities of n = 10* cm™ and
n = 10* ecm™3 (labelled; assuming a shock compression factor of 100), magnetic parameters
of B/y/n=2,4,10 uG cm®? (labelled), and velocities of vgeac = 400, 600, 800 km s~

Finally, T also present [OII](7319+7331)/[OIII]JA5007 and [SII](4068+4076)/Hp ratios
for the Seyfert 2 galaxy IC 5063, as measured from the VLT /Xshooter dataset described
in Chapter 2. In agreement with the analysis of Chapter 2, here it is found that the ratios
are consistent with radiation-bounded AGN-photoionisation for an ionisation parameter

of =3 < log U < —2 and densities in the range 3 < logjo(n.[cm™]) < 4.

3.4.3 Comparison of the transauroral-line-derived electron den-

sities to other techniques

Using the transauroral-line method, high electron densities are measured for NGC 1068
(4.00 < log(ne[em™3]) < 4.75) and NGC 4151 (3.50 < log(n.[cm™3]) < 4.10)  (Sec-
tion 3.3.1; Table 3.2). This agrees with the similarly high densities (n, > 10% cm™2) that
are derived from multi-component photoionisation modelling of both objects presented
in Crenshaw et al. (2015) and Revalski et al. (2021) (see also Collins et al. 2009 and
Revalski et al. 2022). Crucially, the derived densities from both techniques lie above the
sensitivity range of the traditional [SII](6717/6731) and [OII](3726/2739) techniques,
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which are commonly used (either directly or as a basis for assumption) to derive electron
densities in studies of the warm ionised phase (e.g. Nesvadba et al. 2006; Liu et al.
2013; Harrison et al. 2014; Fiore et al. 2017), thus further supporting the need for robust
warm-ionised gas electron density diagnostics such as the transauroral-line technique and

multi-component photoionisation modelling.

Through the use of the traditional [SIIJ(6717/6731) ratio, Kraemer & Crenshaw
(2000a) (using the same STIS dataset as used in this work) and Kakkad et al. (2018)
and Mingozzi et al. (2019) (using IFU data) derived electron densities of n, ~ 10% cm™>
for the outflows in the NLR of NGC 1068. These [SII]-derived densities are 1-1.5 orders
of magnitude lower than those that are found using the transauroral-line method, and are
close to the upper limit of the density range for the [SII]-ratio technique (Appendix B:
Nerit ~ 105 cm™). This provides further evidence that, for gas of electron densities
ne > 10%° em™3, the [SII](6717/6731) ratio may underestimate the true electron density

by more than an order of magnitude.

3.4.4 The impact of the outflowing gas on the host galaxies

Using densities derived from the transauroral-line ratios, reddening-corrected recom-
bination line fluxes, and kinematics taken from previous modelling, mass outflow

rates in the range 0.6 < Moy < 6.9 Mg yr—?

and coupling efficiencies in the range
1.1x1073 < €4y < 0.99 per cent are found (Table 3.3). In many cases, the calculated
coupling efficiencies are just above the lower limit required by models of the co-evolution
of galaxies and their supermassive black holes (e.g. ~ 0.5-10 per cent: Di Matteo et al.
2005; Springel et al. 2005; Hopkins & Elvis 2010). It is important to note that there is
likely more outflowing material within the bicones that is not covered by the slits (which
are only 0.1 arcseconds wide), and that comparisons between coupling efficiencies from
models and observations are not straightforward (see Section 1.2.3 and Harrison et al.
2018). To properly account for the impact of the warm-ionised outflows, detailed studies
that make use of robust density diagnostics, separate emission from the outflowing and
quiescent gas and, importantly, cover the entire NLRs of both objects, are needed.
Moreover, I highlight that assessments of all gas phases — not just the warm ionised
phase — are needed to robustly assess the total impact of the AGN-driven outflows
(Section 1.2.1; Cicone et al. 2018), as the warm-ionised gas may represent just a fraction
of the total outflowing gas mass at a given radius (e.g. Chapter 2; Ramos Almeida et al.
2019). Therefore, it is likely that the true coupling efficiencies of the total NLR outflows
in NGC 1068 and NGC 4151 are higher than are calculated here.

123



Luke R. Holden Precise diagnostics of AGN-driven outflows

Object Lyo (ergs™h) (\%%C;?Zl) Pt (ergs™) 0"  lonisation mechanism®

Matter-bounded

NGC 1068 0.4-4.7x10% 2.3x10% 1.8x10% ~ 45° S
photoionisation

Photo- and/or

NGC 4151 1.4x10%* 1.6x10%2 ~ 10*2 ~ 36° L
shock-ionisation

104445 Radiation-bounded

IC 5063 7.6x10% 3x10% ~ 5° L
photoionisation

“Jet power for NGC 1068: Garcia-Burillo et al. (2014); NGC 4151: Wang et al. (2011a);
IC 5063: Mukherjee et al. (2018).
’Determined with line ratios measured in slits along PA = 202° (NGC 1068), PA = 70°
(NGC 4151) and PA = 115° (IC 5063).

Table 3.4: Bolometric luminosities, 1.4 GHz radio luminosities, jet powers (Pe), jet ori-
entations with respect to the disk (6;et), and ionisation mechanisms determined along the
radio axes for the nearby Seyfert galaxies NGC 1068, NGC 4151, and 1C 5063.

3.4.5 A tale of three Seyferts: NGC 1068, NGC 4151 and IC
5063

Finally, using the results for the nearby Seyfert 2 IC 5063 presented in Chapter 2 along
with the results for NGC 1068 and NGC 4151 that are presented here, a sample of nearby
Seyferts with spatially-resolved, detailed studies of their NLR outflows can be constructed.

IC 5063 is a nearby (z = 0.01131) early-type Seyfert 2 galaxy that is seen close
to edge-on, with a radio jet propagating almost in the plane of the disk which drives
fast (Vow > 700 kms™') outflows (Morganti et al. 1998; Oosterloo et al. 2000; Morganti
et al. 2015; Mukherjee et al. 2018; Chapter 2). These outflows are seen in multiple gas
phases, including warm ionised (Morganti et al. 2007; Sharp & Bland-Hawthorn 2010;
Congiu et al. 2017; Venturi et al. 2021; Chapter 2), neutral atomic (Morganti et al., 1998;
Oosterloo et al., 2000), warm molecular (Tadhunter et al. 2014; Chapter 2), and cold
molecular (Morganti et al., 2013b, 2015; Dasyra et al., 2016; Oosterloo et al., 2017).

In Chapter 2, I presented evidence that both the outflowing and quiescent warm-
ionised gas in IC 5063 has dominant AGN-photoionisation — even though the outflows
show clear signatures of jet-acceleration — and that the different outflow phases may rep-
resent a post-shock cooling sequence. I interpreted this situation as the pre-shock gas be-
ing AGN-photoionised, and the closest post-shock gas to the AGN being maintained in an
ionised state by photoionisation. In Figure 3.9, the [OIII](5007/4363) and Hell4686/Hp
ratios for the outflowing gas in IC 5063 (Section 2.3.1) are added to the diagnostic dia-
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Figure 3.9: [OIII}(5007/4363) vs Hell4686/H/ diagnostic diagram (as in Figure 3.5) with
line ratios measured from the STIS spectra of NGC 1068 and NGC 4151 (presented in this
work), and from Xshooter spectra of IC 5063 (Chapter 2, Figure 2.11). The AGN;, shock,
and precursor models are the same as those described in Section 3.3.2. The three objects
each show distinct ionisation conditions, hinting at the complex nature of the NLRs of

Seyfert galaxies.

gram presented in this chapter (Figure 3.5). Furthermore, [OII}(7319+7331)/[OIII]A5007
and [SII](4068+4-4076) /Hp ratios for IC 5063 (alongside NGC 1068 and NGC 4151) are pre-
sented in Figure 3.8, determined using the Xshooter data for IC 5063 — it can be seen that
they are consistent with radiation-bounded AGN-photoionisation with gas densities in the
range 10° < n, < 10* em™3 and ionisation parameters in the range —3 < log U < —2, in
agreement with the values determined in Chapter 2.

It is interesting that the overall differences in ionisation conditions between the three
galaxies are significantly larger than the range of ionisation conditions within the galaxies.
This small sample thus shows three distinct cases in the three objects: radiation-bounded
AGN-photoionisation in IC 5063, matter-bounded AGN-photoionisation in NGC 1068,
and shock-ionisation or radiation-bounded AGN-photoionisation with a relatively-flat

spectral index and higher ionisation parameters in NGC 4151. Despite all being clas-
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sified as Seyferts, the details of the ionisation mechanisms in the objects vary greatly.
This is particularly interesting considering that in all cases, the outflows detected along
the radio axes appear to be spatially confined to the radio structures (i.e. the outflows
do not extend beyond the radio lobes in the NLRs). As argued in Section 3.4.1, this is
consistent with shock-acceleration, although it does not rule out radiative-acceleration. If
the outflows in IC 5063, NGC 1068 and NGC 4151 are shock-accelerated, then this would
highlight the importance of not deriving information regarding the outflow acceleration
mechanisms based solely on the ionisation/excitation mechanisms or kinematics of the
gas in NLRs: a full account, involving detailed multi-wavelength observations with mul-
tiple diagnostics, is required to properly evaluate the relative contributions of different

mechanisms.

Despite evidence that the outflows in all three objects are being driven by the radio
jet, the densities of the outflowing gas differ by more than an order of magnitude:
for IC 5063, the outflowing gas has densities in the range 3.17 < log(n, [em™3]) < 3.43
(Table 2.4), while for NGC 1068 and NGC 4151 the densities are in the ranges
4.00 < log(ne [em™3]) < 4.75 and 3.50 < log(n, [cm™?]) < 4.10, respectively (Table 3.2).
The reason for this may simply be due to different pre-shock gas densities in the different
objects (assuming that the outflows in all three are shock-accelerated): for IC 5063
the pre-shock density is 2.1 < log(n. [em™3]) < 2.7, however without higher-velocity-
resolution spectra, it is not possible to determine the quiescent gas densities in NGC 1068
and NGC 4151. In addition, the differing post-shock densities in the three Seyferts may
be due to different cooling conditions behind the shock front. Standard shock-jump
conditions predict a compression factor of ~4, however, this may be much higher (~100)
if the post-shock gas has cooled in pressure equilibrium (Sutherland & Dopita, 2017;
Santoro et al., 2018).

Moreover, it is important to note that all three objects have low-to-intermediate radio
luminosities (1.6x10%? < L; 4 gu, < 3.0x10% W Hz™!; Table 3.4) — again, if the outflows
in these Seyferts are jet-accelerated, then this would reinforce the importance of jet-
driven shocks as a feedback mechanism in the inner regions of galaxies, even at lower
radio luminosities, in agreement with the statistical study of nearby AGN presented by
Mullaney et al. (2013). Furthermore, the radio jets in NGC 1068 and NGC 4151 are
oriented out of the galactic disks by ~45° and ~36° respectively, unlike IC 5063 in which
the jet propagates almost directly into the plane of the disk. Therefore, at least within
the central few-hundred parsecs of the AGN, this would show that inclined jets can still
have an impact on the kinematics and ionisation of the NLR, as predicted by recent
relativistic hydrodynamic simulations (Mukherjee et al., 2018; Meenakshi et al., 2022b),
which show that a jet inclined 6;c; ~ 45° to the galaxy’s disk may have a significant effect
on the kinematics, density, and temperature of the gas within the central few kiloparsecs

(albeit less so than a jet inclined in the plane of the disk, such as is the case in IC 5063).
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Similar hydrodynamic simulations, specifically tailored to the situations in NGC 1068
and NGC 4151, could thus be used to quantify the impact of their radio jets on the
star-forming gas in their NLRs, as well as the impact of inclined kpc-scale jets in general.

Ultimately, further observations of NGC 1068 and NGC 4151 are required to decisively
determine the outflow acceleration mechanism(s). Namely, wide-wavelength-coverage
spectroscopy (to make available a range of diagnostics) with sufficient velocity resolu-
tion to kinematically-discriminate between outflowing (post-shock?) and quiescent (pre-

shock?) gas.

3.5 Chapter conclusions

By analysing archival HST/STIS spectra taken along the radio axes of the inner few
hundred parsecs of the NLR of the prototypical Seyfert galaxies NGC 1068 and NGC 4151,
the following was found.

e Spatially-resolved electron densities in the ranges 4.00 < logyo(n. [em™3]) < 4.75 and
3.60 < logjg(ne [em™3]) < 4.10 are measured using the transauroral-line technique
for the NLR gas in NGC 1068 and NGC 4151, respectively. These values are an order
of magnitude above those commonly reported and assumed based on traditional
density estimates, but are in agreement with the results from alternative diagnostics
such as multi-component photoionisation modelling. Overall, these results provide
further motivation for the use of the transauroral lines in deriving electron densities
of AGN-driven outflows.

e The measured emission-line ratios for the warm-ionised gas are consistent with
the dominant ionisation mechanisms being matter-bounded AGN-photoionisation
in NGC 1068, and shock-ionisation and/or radiation-bounded AGN-photoionisation
with a relatively flat spectral index (and/or higher ionisation parameters and lower
metallicities) in NGC 4151.

e Along the radio axes, the outflows in the northeastern cones of both objects have
similar spatial extents to the radio structures — this is consistent with the outflows
in their NLRs being shock-accelerated by the radio jets and reionised by radiation
from the AGN, although it does not rule out radiative-acceleration.

e Applying the transauroral-line technique to gas that has dominant shock-ionisation
may incur an uncertainty on the derived electron densities by up to £0.38 orders
of magnitude, which is still far below the potential order-of-magnitude error in-
curred when using techniques which are not sensitive to higher-density gas. How-
ever, care must still be taken when using detailed density-diagnostic techniques,

as the ionisation mechanism of the gas may alter the results. Therefore, robust
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ionisation-mechanism diagnostics should be used to verify the validity of the den-
sity measurements.

e Finally, combining these findings with those for the nearby Seyfert 2 galaxy IC 5063
shows that ionisation mechanisms and outflow conditions along the radio axes in the
central few hundred parsecs vary significantly between the different objects. Hence,
overall, this chapter highlights the necessity of care when deriving information about
outflow acceleration mechanisms from the ionisation of the gas, and the need for

robust ionisation-mechanism diagnostics with detailed observations.
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Chapter 4

A compact cold-molecular outflow in
the ULIRG F13451+1232

“I have seen a vision,

the source undefined,

W2

I find myself immersed in conversation with the sky.

— Scar Symmetry, Scorched Quadrant
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Chapter declaration

The data, analysis, results, and discussion presented in this chapter were reported in my
first-author publication “ALMA reveals a compact and massive molecular outflow driven
by the young AGN in a nearby ULIRG” (Holden et al., 2024). The content of this chapter
is based on that publication, which has been adapted into a suitable format for this thesis.
The first stage of the ALMA CO(1-0) data reduction was performed by Tom Oosterloo,

while all subsequent work is my own.
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4.1 Introduction

Another excellent object to investigate the impact and acceleration mechanism(s) of multi-
phase AGN-driven outflows is the ultraluminous infrared galaxy (ULIRG; Lig > 10'? L:
Sanders & Mirabel 1996) F1345141232 — also known as 4C12.50 — which is a merger
(Gilmore & Shaw 1986; Heckman et al. 1986) in a late pre-coalescence phase (nuclear
separation ~4.5 kpe: Tadhunter et al. 2018). ULIRGs such as F13451+1232 are among
the most rapidly evolving galaxies in the local universe due to merger-induced gas inflows
feeding the central AGN and triggering star formation — the exact situation modelled in
some hydrodynamic simulations of galaxy evolution that include AGN-driven outflows as
a feedback mechanism (e.g. Di Matteo et al. 2005; Hopkins et al. 2008).

As a luminous radio source (Lj4can, = 1.9 x 102 W Hz™!), F13451+1232 contains
radio emission on two distinct scales: small-scale emission within a radius of ~130 pc
of the primary nucleus along position angle PA = 151° (Stanghellini et al., 1997; Lister
et al., 2003; Morganti et al., 2013a), and larger-scale, diffuse emission extending to a
radial distance of ~77 kpc from the primary nucleus along PA ~ 180° (Stanghellini et al.,
2005). It has been proposed that this radio structure could be the result of two epochs of
jet activity (Stanghellini et al., 2005), with the smaller-scale radio structure comprising
a young, recently-restarted jet, and the larger-scale emission originating from a previous
jet cycle.

Because of the properties of its small-scale radio emission, F13451+1232 is also classi-
fied as a gigahertz-peaked-spectrum (GPS) source (see Section 1.2.5, and O’'Dea & Saikia
2021 for a review); such sources are associated with powerful jet-ISM interactions that
may accelerate gas outflows in multiple phases (Mukherjee et al., 2016; Holt et al., 2006;
Santoro et al., 2018, 2020; Kukreti et al., 2023). In addition, given the object’s high
optical-emission-line luminosity (Liony = 1.45 x 10* erg s™!: Rose et al. 2018) — leading
to its additional classification as a type-2 quasar (QSO2)' — it might also be expected
to accelerate prominent outflows via radiation pressure. Therefore, F13451+1232 is ideal
for investigating the properties and acceleration mechanisms of multi-phase outflows in
an object that is considerably more luminous at optical and radio wavelengths than the
Seyfert galaxies studied in Chapters 2 and 3.

Despite the fact that outflows in F13451+1232 have been confirmed in the coronal
(Villar Martin et al., 2023), warm ionised (Holt et al., 2003, 2011; Rose et al., 2018; Villar
Martin et al., 2023), and neutral atomic (HI + NalD: Morganti et al. 2005; Rupke et al.
2005b; Morganti et al. 2013a) gas phases, there has so far not been a robust detection
of molecular outflows in this object (Fotopoulou et al. 2019; Lamperti et al. 2022; see

discussion in Villar Martin et al. 2023). In nearby AGN where molecular outflows have

1F13451+1232 is included in the QUADROS sample of ULIRGs (Rose et al., 2018), and the QSOFEED
sample of type-2 quasars (Ramos Almeida et al., 2022).
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been detected, it is often found that they contain more mass and kinetic power than the
warmer phases (e.g. Chapters 2 and 3; Fiore et al. 2017; Ramos Almeida et al. 2019;
Speranza et al. 2024). In this context, it is important to note that the warm-ionised and
neutral-atomic outflows in F134514-1232 have relatively modest mass outflow rates (~6-
12 Mg, yr—!: Morganti et al. 2013a; Rose et al. 2018); therefore, if molecular outflows are
present, they could potentially carry enough mass to change the interpretation of AGN
feedback in this important object.

Models of galaxy evolution predict that AGN triggered at the peaks of mergers (such
as F134514-1232) launch prominent, galaxy-wide (r > 5 kpc) outflows (e.g. Springel et al.
2005; Hopkins et al. 2008; Johansson et al. 2009). However, a cold-molecular outflow in a
similar source, PKS 1549-79, was found to be compact (r < 120 pc: Oosterloo et al. 2019),
as were the previously-detected neutral HI (rgr < 100 pc: Morganti et al. 2013a) and
warm-ionised (rjorm ~ 69 pe: Tadhunter et al. 2018) outflows in F13451+1232. In order to
complete the multi-phase information for this important object, and to directly determine
if the spatial extents of any cold-molecular outflows are consistent with the predictions of
models of galaxy evolution, here I present high-spatial resolution (0.113 x 0.091 arcsecond
or 247 x 119 pc beam size), high-sensitivity Atacama Large Millimeter/submillimeter
Array (ALMA) CO(1-0) observations of the inner few kiloparsecs of the primary nucleus
of F13451+1232.

Throughout this chapter, I assume a cosmology of Hy = 70 km s~ Mpc™!, Q,, =
0.3, and Qy, = 0.7. This corresponds’ to an arcsecond-to-kpc spatial conversion fac-
tor of 2.189 kpc/arcsec and a luminosity distance of Dy, = 570 Mpc at the redshift of
F13451+1232 (2 = 0.121680: Lamperti et al. 2022).

4.2 Observations and data reduction

F13451+1232 was observed in Band 3 of ALMA on two nights using two different con-
figurations of the 12 m array (Project Code 2019.1.01757.S): the array configuration
used on the 10th September 2021 (baselines = 180-16200 m) resulted in a beam size
of 0.083 x 0.069 arcseconds, while the configuration used on the 28th September 2021
(baselines = 70-14400 m) resulted in a beam size of 0.166x0.123 arcseconds. The to-
tal time on-source was 5588 seconds (~1.5 hours). Four spectral windows were used for
the observations: one centred on 102.790 GHz with a bandwidth of 1.875 GHz (covering
the CO(1-0) line), and the remaining three centred on 104.581 GHz, 90.977 GHz, and
92.477 GHz with bandwidths of 2.000 GHz (covering the continuum). J1337-1257 and
J1353+1435 were observed to provide bandpass/flux and phase calibration, respectively;

2Calculated using Ned Wright’s Javascript Cosmology Calculator (Wright, 2006).
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phase self-calibration was performed using the MIRIAD data reduction package (Sault
et al., 1995).

The CO(1-0) transition was targeted for two reasons. First, the ALMA observing
band that covers the CO(1-0) line is wider than those that cover higher-order transitions
such as CO(2-1) or CO(3-2), and therefore facilitates more accurate continuum subtrac-
tion. Second, the CO(1-0) transition is less susceptible to gas excitation conditions than

the higher-order CO transitions, and hence may be a more reliable probe of molecular gas
masses in ULIRGs.

In order to check for instrumental errors such as bandpass and spectral-calibration
issues, three CO(1-0) line datacubes were produced: two using the visibilities of the
two different array configurations separately, and one produced by combining the visi-
bilities from both observation sets (with a final beam size of 0.113 x 0.091 arcseconds,
PA = —51.8°). To optimise the column-density sensitivity, and to ensure that the dirty
beam was not significantly non-Gaussian, each CO(1-0) line cube was made using Briggs
weighting with robust = 1. When inspecting these cubes individually, no indications of

bandpass or spectral-calibration issues were found.

The data products produced by the automated ALMA pipeline are potentially affected
by issues related to continuum subtraction, which are a consequence of the bright and
steep continuum emission produced by the primary nucleus of F1345141232. Therefore,
for all three datacubes, the respective visibilities (as calibrated by the ALMA pipeline)
were used as an initial step, to which standard self-calibration (using continuum images
made from the line-free channels) was applied. Line datacubes were then created, and the
continuum in each was removed by subtracting a linear function that was fitted to the
continuum on either side of (but excluding) the CO(1-0) emission. A continuum image
was also generated from the combined visibilities of both observations using the continuum
spectral windows. Least-squares fitting was performed using the ASTROPY (Astropy
Collaboration et al., 2013, 2018) PYTHON module to fit a two-dimensional Gaussian profile
to the point source in this continuum image; the centroid position (13:47:33.36 +12 17
24.23) was taken to be the location of the nucleus. The continuum image was made using
uniform weighting and has a resolution of 0.049 x 0.033 arcseconds (PA = —46.8°).

To ensure the highest sensitivity and signal-to-noise, only the combined CO(1-0)
datacube is considered in the main analysis of this chapter; this cube has a root-mean-

square (RMS) noise of 0.148 mJy beam ™' for a velocity resolution of 28.8 km s™!.
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Figure 4.1: Integrated flux (moment 0; left panels), flux-weighted velocity (moment 1;
middle panels), and velocity dispersion (moment 2; right panels) maps for the central
6 x 6 kiloparsec (top panels) and inner-kiloparsec region (bottom panels) of the primary
nucleus of F1345141232. The white cross marks the continuum centre, which is taken to
be the position of the AGN nucleus. The beam size of the observations is shown as a pink
ellipse in the bottom left corner, and a 1 kpc scale bar is shown in black.

4.3 Analysis and results

4.3.1 Moment maps

To investigate the flux and kinematic structures of the CO(1-0) emission around the
primary nucleus of F134514+1232, moment maps of the combined datacube were created
using the SOFTA-2 source-finding pipeline (Serra et al., 2015; Westmeier et al., 2021). In
order to ensure that only genuine emission over a range of spatial scales (and of varying
surface brightness) was included when producing the moment maps, SOF1A-2 first applied
different combinations of spatial and velocity smoothing to the datacube: Gaussian filters
with FWHMs of 0, 3, 6, 12, and 15 pixels were used for the spatial smoothing, and boxcar
filters of widths 0, 3, 7, and 15 channels were used for the velocity smoothing. For each
combination of spatial and velocity smoothing, emission above 40, (measured from the
original cube in a region that did not contain emission) was added to a total mask. This
mask was then applied to the original, non-smoothed datacube, from which the maps in

Figure 4.1 were produced.
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In the 6 x 6 kpc moment maps (upper panels of Figure 4.1), cold-molecular gas is
detected to radial distances of ~2.5 arcseconds (~5.5 kpc) south of the primary nucleus,
and ~1 arcsecond (~2 kpc) to the west. This large-scale (r > 1 kpc) emission, which has

1

velocities in redshift and blueshift of up to |v| ~ 500 km s~ is indicative of gas that has

been disturbed by the merger.

Within the central kiloparsec of the primary nucleus (Figure 4.1), there is clear ev-
idence for a disk with radius rqic ~ 0.5 kpc centred on the nucleus, blueshifted to the
east and redshifted to the west, with a projected maximum flux-weighted velocity of
200-250 km s~!. In addition, there is an extended region (up to r ~ 0.3 arcseconds
or 660 pc from the nucleus along PA = 120°) of emission with higher velocity disper-
sions (o > 150 km s™1) than that of the disk. Furthermore, a particularly prominent

1

redshifted component with a velocity dispersion of ~250 km s™" is seen within a radius

of r ~ 0.1 arcseconds (r ~ 220 pc) of the continuum centre.

4.3.2 BBarolo modelling of the gas disk

To separate non-gravitational kinematics from those expected from a rotating gas disk,
the disk was modelled using the 3DFIT task from the BBAROLO tool (Di Teodoro &
Fraternali, 2015). The 3DFIT task fits a series of concentric rings to the data in three
spatial dimensions and three velocity dimensions (the rotational velocity, v,.; the radial

velocity, vyaq, and the velocity dispersion vgssp).

The fitting procedure followed the methodology outlined in Alonso-Herrero et al.
(2018), Dominguez-Fernandez et al. (2020), and Ramos Almeida et al. (2022). Through-
out, the centre of the disk model was fixed to be the position of the continuum centre
(as measured from a two-dimensional Gaussian fit to the continuum image: Section 4.2).
An initial fit was first performed using the 3DFIT task in which the radial velocities
of the rings were fixed to be 0 km s™! and the scale height of the disk () was fixed to
0 pc. The remaining parameters were allowed to vary; initial values for the rotational
velocity and velocity dispersion were based on the flux-weighted velocity shift and ve-
locity dispersion maps (Figure 4.1), the initial value of the inclination (it = 38°) was
based on the measured ratio of the projected disk major and minor axes while assum-
ing a circular disk, and the initial value for the PA was set to that previously estimated
from two-dimensional spectroastrometry of CO(2-1) observations of the disk by Lamperti
et al. (2022). However, limits were imposed on the variation of these free parameters —
between successive rings, the rotational velocity was not allowed to change by more than
+50 km s™!, nor were the inclination and PA allowed to change by more than 4-20°. The
fits used uniform weighting and local normalisation. It should be noted that, since the
physical size of the modelled rings is much less than the beam size of the observations,

the properties of adjacent rings are correlated. However, this does not have a significant
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Tring (arcseconds)  Tyng (PC)  Uror (kms™!)  waisp (kms™) i (°) PA (°)

0.013 29 248 2.5 62.2 242
0.040 88 250 24.6 8.6 236
0.067 147 212 91.1 55.9 236
0.094 206 249 72.5 53.8 240
0.121 265 268 65.8 52.4 245
0.148 324 281 62.8 51.4 252
0.175 383 293 61.2 50.8 238
0.202 442 312 68.3 50.5 261
0.229 501 301 61.5 50.3 239
0.256 560 314 08.3 50.1 252

Table 4.1: Final parameters for each ring of the BBAROLO 3DFIT disk model. The
distance of each ring to the fixed disk centre (ryng) is given in both arcseconds and
parsecs. Here, v, and vgis, are the rotational velocities and velocity dispersions of each
ring, respectively.

effect on the maximum rotational velocity of the disk model (nor does changing the values
of the initial parameters), and therefore does not affect the interpretations made in this
analysis.

In order to ensure that the overall radial extent and kinematics of the disk were
accurate — and to alleviate potential problems with fit degeneracy arising from having
a high number of free parameters — the results of the initial fit were used as a basis
for a second fit. For this second run, I fixed the velocity dispersion, inclination, and
PA to the values determined from the first run, so that only the rotational velocity was
allowed to vary. The final model parameters for each ring are presented in Table 4.1;
Figure 4.2 presents the moment maps and residuals of the final disk model. High flux-
weighted velocities (Vi,os > 200 km s™!) and velocity dispersions (o ~ 200 km s~1) due to
non-rotational kinematics can be seen in the residual maps near the centre of the disk.

In the final BBAROLO model, the disk has an average inclination of i ~ 54° (where
i = 0° corresponds to the disk being face-on), and its major axis lies along PA ~ 248°; the
deprojected rotational velocity increases from v, = 246 km s=! to vy = 307 km s~! over
the radius range 28 pc < rgisc < 560 pc. I highlight that the purpose of this modelling was
solely to give a reasonable estimate of the maximum rotational velocity of the molecular
gas, which is needed to robustly identify non-rotational motions. Considering this, it is
notable that the high-velocity-dispersion emission (o > 150 km s™!) seen near the disk
in the moment maps (Figure 4.1) cannot be accounted for by the BBAROLO model (see
Figure 4.2), and thus cannot be explained as being part of the rotating gas disk.

138



Chapter 4. A compact molecular outflow
in F13451+1232 4.3. Analysis and results

Data Model Residual

0.010 0.015
Intensity (Jy kms~1)

Moment 1

~F 1 1 i
4

g . 1 1 i

x L 2

-

o | -

= [ [ T T i

0 50 100 150 200 250 0 100 200
o (km/s) O.es (kM/s)

Figure 4.2: Integrated flux (moment 0; top), flux-weighted velocity (moment 1; mid-
dle), and velocity dispersion (moment 2; bottom) maps of the CO(1-0) data (left), the
BBAROLO disk model (middle), and residuals (data - model; right). The ticks have sep-
arations of 0.2 arcseconds. The black dashed line shows the PA of the modelled disk,
whereas the black cross shows the disk centre (which was set to be the continuum centre

position; see Section 4.2). The green lines in the middle-row panels are isovelocity con-

tours at 0 km s~ 1.
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4.3.3 Kinematics of the non-rotating gas

To investigate the non-rotational kinematics further, I binned the velocity channels of
the original cube by a factor of three and applied Hanning smoothing using the CASA
software suite (CASA Team et al., 2022) to improve the signal-to-noise ratio of the emis-
sion. This resulted in a cube of velocity resolution 86.4 km s~! and an RMS noise of
0.083 mJy beam™!. Using the PVEXTRACTOR PYTHON module®, 1.00 x 0.05 arcsecond
slices, centred on the nucleus, were extracted from both this datacube and the BBAROLO
disk-model datacube along the major axis of the disk (PA = 248°) and in the direc-
tion of the high-velocity-dispersion gas near the nucleus (PA = 120°). From these slices,
position-velocity (PV) diagrams were produced, which are presented in Figure 4.3. In
the PV diagrams, there is clear evidence for non-rotational kinematics, with detected
velocities being well above the projected maximum rotational disk velocity given by the
BBAROLO model. There is intermediate-velocity emission (300 < |v] < 400 km s™!) seen
in both blueshift and redshift along PA = 120°, in the ranges 0.1 < r < 0.3 arcseconds
and 0.0 < r < 0.2 arcseconds, respectively, to the southeast (SE) of the nucleus. More-
over, the compact (r < 0.1 arcseconds) redshifted feature visible in the moment maps
(Figure 4.1) can be seen in the PV diagrams between 400 < v < 680 km s™*, located close

to the nucleus.

4.3.4 Comparison to the small-scale radio structure

Due to the velocities at which the compact, high-velocity nuclear feature is detected, it
is unambiguously distinct from the rotating gas disk: it may be interpreted as either
an inflow moving towards the nucleus on the observer’s side of the disk, or an outflow
originating from the nucleus on the far side of the disk. Spatial comparison of the high-
velocity flow to the small-scale radio structure may provide an indication of the nature of
this flowing gas and, if it is an outflow, the driving mechanism. Figure 4.4a shows the flux

! — in which peak emission is detected

map integrated over the range 400 < v < 680 km s~
above the 60,5 level — along with VLBI 1266 MHz continuum imaging (from global VLBI
experiment GM62B; data presented and detailed in Morganti et al. 2013a) of the central
0.20 x 0.20 arcseconds (440 x 440 parsecs). The beam size of the VLBI observations was
8.01 x 4.89 milliarcseconds (PA = —20.2°). Due to the small uncertainties in the ALMA
pointing, the VLBI image was offset from the continuum centre by ~0.1 arcseconds; this
pointing error was corrected for by aligning the compact core seen in the VLBI image with
the continuum centre, as it is expected that the same source is being imaged at different

spatial resolutions.

By fitting a two-dimensional Gaussian profile to the integrated high-velocity CO(1-
0) emission in Figure 4.4a using the EMCEE Python module (Foreman-Mackey et al.,

3https://pvextractor.readthedocs.io/en/latest/
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Figure 4.3: Position-velocity (PV) diagrams for 1.00 x 0.05 arcsecond slices with PA =
248° (upper panel; the major axis of the disk) and PA = 120° (lower panel; the direction
of the high-velocity-dispersion emission seen in Figure 4.1), centred on the continuum
centre. CO(1-0) emission is shown in yellow/orange, with black contours at the —30,s,
—1.50mms, 1.50mms, 30mms, 60mms, and 120, levels (dashed: negative; solid: positive);
solid blue contours show the flux from the BBAROLO disk model at the same o, levels.
Extended, intermediate-velocity emission is seen in both redshift and blueshift in the PA =
120° diagram, and a compact, higher-velocity feature (400 < v < 680 km s™!) centred
approximately on the nucleus (0.0 arcsec) can clearly be seen in both diagrams.
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Figure 4.4: a) Integrated flux map (orange-brown) of the velocity channels between
400 < v < 680 km s~!. The dashed black ellipse shows the aperture extracted from the
datacube to derive the mass of the outflow; the corresponding line profile is shown in Fig-
ure 4.4b. The small-scale radio structure, as seen in VLBI 1266 MHz continuum imaging
(Morganti et al., 2013a), is shown as dark blue solid contours at the 0.3x(—1, 1, 2, 4,
8, 16, 32, 64, 128, 256, 512, 1024) mJy/beam levels, whereas the white cross marks the
position of the continuum centre seen in the ALMA CO(1-0) observations (Section 4.2).
b) CO(1-0) line profile extracted from the aperture that covers the outflow; the line pro-
file shown was extracted from the 84 km s~! velocity resolution combined datacube. The
part of the line profile that is taken to represent outflowing gas (400 < v < 680 km s7)
is shaded in yellow.
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2013), it was found to be offset to the southeast (SE) of the continuum centroid by
32 £ 2 milliarcseconds (70 + 4 pc) along PA ~ 155°. I highlight that this is within the
spatial extent of, and has a similar PA to, the small-scale radio structure (r ~ 0.07 arcsec;
PA = 151°).

4.3.5 Channel maps

To determine the level at which the high-velocity, nuclear CO(1-0) emission is detected
in different velocity channels, I created channel maps of the central kiloparsec of the

L velocity resolution cube. The high-velocity

primary nucleus from the 86.4 km s~
(400 < v < 600 km s~!) channel maps — presented in Figure 4.5 — show emission above
the 30.ms level (and up to 40,,5) in all four channels on scales similar to that of the beam
size (0.11 arcseconds or 240 pc), indicating that the feature is spatially-unresolved in the

combined datacube.
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Figure 4.5: Channel maps of the central ~1 kpc of the primary nucleus of F13451+41232
(centred on the nucleus: Section 4.2) between 448 < v < 576 km s™!, taken from the
velocity-binned and smoothed cube with channel widths of 43.7 km s™! and a velocity
resolution of 86.4 km s~!. Black contours are shown at the —30,ms, —1.50mms, 1.50mms,
30.ms levels (dashed: negative; solid: positive), where o,y is the RMS of the binned-and-
smoothed cube. The continuum centre is marked as a white cross in each channel; the

beam size is shown as a pink ellipse in the 448 km s channel map (top left panel).
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4.3.6 Potential effects of continuum subtraction

Due to the bright, steep-spectrum continuum around the CO(1-0) line — originating
from primary nucleus of F13451+1232 (as seen in the cores of other CSS/GPS sources,
e.g. Oosterloo et al. 2019) — it is possible that inaccuracies in the continuum subtraction
process have contributed flux to the compact, redshifted, high-velocity feature that is
detected at the position of the nucleus. However, I argue that this feature represents real
CO(1-0) emission, for several reasons. Firstly, the flux is detected above the 60 level
in the flux map integrated over the velocity range 400 < v < 680 km s™! (Figure 4.4a),
and in multiple velocity channels at the 3-4o0,,s levels (Figure 4.5). Secondly, it has a
significantly higher flux than the negative or positive residual features detected in the
integrated spectrum (Figure 4.4b).

Moreover, in Figure 4.6, T present CO(1-0) line spectra extracted from the two
cubes of differing spatial resolution that comprise the combined datacube (Section 4.2);
the size of the extraction aperture in each case was matched to the beam size. The
high-velocity redshifted feature is well detected in both datacubes in the velocity range
400 < v < 680 km s~!, while any residual features of comparable flux are not present in
both cubes at the same velocity. Furthermore, its absolute flux is less in the smaller-beam
cube, indicating that the beam is not recovering all of the flux and thus implying that
the feature is (partially) spatially resolved. While some contribution from instrumental
effects cannot be entirely ruled out, based on these arguments, I conclude that this

feature is real.
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Figure 4.6: CO(1-0) line profiles of the primary nucleus of F1345141232 extracted from
the two sets of observations of differing array configurations (hence beam sizes) that
comprise the datacube presented in this analysis (see Section 4.2). These profiles were
extracted from the respective cubes using apertures matched to the beam sizes. It can
be seen that the flux in the high-velocity redshifted component (shaded in grey) is less in
the cube with the smaller beam size.
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It is notable that previous CO(2-1) observations of the primary nucleus of
F13451+1232 — that were of similar sensitivity to the CO(1-0) observations presented
here — did not detect evidence for nuclear outflows (Lamperti et al., 2022). However,
in those observations, the other spectral windows were also used when fitting a linear
slope to the continuum because of the narrower observing band (a factor of two narrower
in velocity) of CO(2-1) observations relative to CO(1-0) — this may have led to
over-subtraction of the high-velocity outflow component. Therefore, it is possible that
outflow emission in CO(2-1) was not detected due to uncertainties in the continuum

subtraction process.

4.3.7 Outflow energetics

In order to provide an estimate of the mass inflow/outflow rates of the high-velocity,
spatially-unresolved redshifted feature located at the position of the nucleus, an ellipti-
cal aperture matching the beam size (0.113 x 0.091 arcsec, PA= —51.8°; shown in Fig-
ure 4.4a) was extracted from the datacube. I then summed all pixels within the aperture
to create a line profile, which is presented in Figure 4.4b, and selected emission between
400 < v < 680 km s™! to isolate the non-rotating gas.

For the extended, intermediate-velocity (300 < |v| < 400 km s™!) emission seen in
blueshift and redshift, two sub-apertures were extracted from the 1.00 x 0.05 arcsecond
slice along PA = 120° (used to create the upper PV diagram in Figure 4.3): one cover-
ing radii 0.0 < r < 0.2 arcseconds (for the extended redshifted emission), and the other
covering the range 0.1 < r < 0.3 arcseconds (for the extended blueshifted emission). I
then selected emission in the ranges 300 < v < 400 km s~ and —400 < v <—300 km s~*
respectively in these slices to isolate the non-rotating gas.

For every channel within the range of the selected velocities in the extracted apertures,
CO(1-0) fluxes (ScoAV) were calculated and converted to luminosities (L) using the

relation presented by Solomon & Vanden Bout (2005):
to = 3.25 x 10"ScoAV Y 2DE (1 + 2) 7%, (4.1)

where Vs is the observed frequency of the CO(1-0) line (102.789 GHz) and Dy, is the lumi-
nosity distance to F13451+1232. The CO(1-0) luminosities were then summed across all
selected velocity channels, resulting in total luminosities for each of the two intermediate-
velocity features and the high-velocity feature. Assuming a CO-to-Hs conversion factor
of aco = 0.8 Mg, (K km s™* pc?)~! (typical for ULIRGs: Downes & Solomon 1998), these
total luminosities were converted into molecular gas masses (Mo )-

By taking an aperture covering the disk in the combined CO(1-0) datacube and
integrating between —310 < v < 310 km s}, a disk mass of 1.1 x 101® My, was found using
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Equation 4.1 and aco = 0.8 Mg (K km s7! pc?)™!; Lamperti et al. (2022) also detected

this nuclear disk using CO(2-1) spectroastrometry, and found a similar mass.

The corresponding mass flow rates of the non-rotating molecular gas were estimated

using

- tand, (4.2)

where v, is the flux-weighted velocity, AR is the range of flow radii, and @ is the angle
of the flow relative to the observer’s line of sight. The tanf term is required to correct
for projection effects in both radius and velocity. To estimate this projection factor, I
assumed a solid-angle-weighted mean inclination for random orientations of the line of
sight to the flow direction, giving § = 57.3° (see Law et al. 2009 for a full derivation).
Finally, kinetic powers were estimated with

. ) 2

Byin = %Mﬁow <(:1(})%) : (4.3)
The resulting CO(1-0) luminosities, masses, flux-weighted velocities, flow radii, mass flow
rates, kinetic powers, and coupling efficiencies (ef = Flin /Lyo1) are given in Table 4.2. For
the high-velocity nuclear gas, I derived a mass flow rate of My ~ 230 Mg yr~t, which
corresponds to a kinetic power that is ~1.4 per cent of the bolometric luminosity of the
AGN (Lpy = 4.8 x 10" erg s™': Rose et al. 2018). In contrast, much lower mass flow
rates (Mo = 22-27 Mg yr~!) and kinetic powers ((6.0-7.1)x1072 per cent of Ly) were

found for the extended, intermediate-velocity emission.

4.4 Discussion

In addition to a kpc-scale disk, this analysis has detected non-rotating cold-molecular gas
in CO(1-0) emission near the primary nucleus of F13451+1232. This non-rotating gas
consists of spatially-extended (0.0 < r < 0.3 arcseconds; 0 < r < 660 pc), intermediate-
velocity (300 < |v| < 400 km s™!) components seen in both blueshift and redshift, and a
compact (r < 0.06 arcseconds; r < 120 pc), high-velocity (400 < v < 680 km s™!) nuclear

component seen in redshift.

4.4.1 Interpreting the non-rotating gas as inflowing

Given that the AGN in F13451+1232 may have recently restarted and thus be young
(Stanghellini et al., 2005; Morganti et al., 2013a), if the non-rotating gas seen in interme-
diate and high-velocity CO(1-0) emission is inflowing, it is possible that it represents gas
flows responsible for its triggering. The total gas flow rates (22-230 M, yr—!: Table 4.2)
are orders of magnitude higher than those needed to sustain the AGN (0.8 Moyr—!, as-
suming 7 = 0.1 and Ly, = 4.8 x 10% ergs™': Rose et al. 2018). Therefore, this is a
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L M;g v AR ®
C t CcO oW w
OTPOTER [K km s~ pc? M) [km s™1]  [arcsec]
Extended blueshifted 2.7 x 107 22x 107 =339 0.2
Extended redshifted 2.2 x 107 1.8 x 107 350 0.2
Nuclear redshifted 4.2 x 107 3.4 x 107 514 0.0545
Mﬁow roj Mﬂow Ekin € b
C t Pro)
vmpene Mo yr™] Mo yr ] fergs™] [per cent]
Extended blueshifted 17 27 3.4 x 102 7.1 x1072
Extended redshifted 14 22 2.9 x 10*2 6.0 x 1072
Nuclear redshifted 148 230 6.6 x 10*3 1.4

?For the extended emission, AR is taken to be the radial distance over which the
extended emission is seen; for the spatially-unresolved, high-velocity redshift feature,
AR is taken to be half of the beam major axis.
bCalculated assuming Lyq = 4.8 x 10%° erg s™! (Rose et al., 2018).

Table 4.2: CO(1-0) luminosities, masses, projected flux-weighted flow velocities, aperture
radii, projected mass flow rates (Mﬂow,l)roj), deprojected mass flow rates (Mﬁow), and
deprojected energetics for the extended emission in both blueshift and redshift, and the
nuclear redshifted feature seen in the PV diagrams (Figure 4.3). When deprojecting,
0 = 57.3° was assumed.

plausible feeding mechanism even if only a small fraction of the inflowing gas is accreted
onto the central supermassive black hole. However, I argue later that the compact, high-
velocity component (and potentially also the intermediate-velocity emission) is in reality

outflowing, rather than inflowing.

4.4.2 The spatially-extended, intermediate-velocity gas

The nature of the intermediate-velocity emission (300 < |v| < 400 km s™1) that is seen in
both redshift and blueshift in the PV diagram along PA = 120° (Figure 4.3) — and as a
region of higher velocity dispersion to the SE of the nucleus in the moment 2 maps (Figure
4.1) — is not clear. On one hand, it may represent spatially-extended (220 < r < 440 pc)
AGN-driven outflows. However, since the emission extends well beyond the compact
radio source, then these outflows would not be driven solely by the jet — an additional
outflow driving mechanism would be required. Based on the similar PAs of the extended
emission and the small-scale radio structure, one possibility is that this gas is accelerated
by radiatively-driven winds that are collimated by a circumnuclear torus with an axis
similar to that of the compact radio source. Alternatively, due to the velocities not being
much above those expected for rotation (as given by the BBAROLO model: Section 4.3.2),
this extended emission may represent material from the merger settling onto the disk. This

latter interpretation is supported by the larger-scale (r > 1 kpc) filament-like structures
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seen to the south and west of the primary nucleus (Figure 4.1), which likely represent
gas disturbed by the merger: these large-scale structures have similar velocity shifts and

dispersions to the intermediate-velocity gas seen near the nucleus.

If the intermediate-velocity emission truly did represent AGN-driven outflows, then
its mass outflow rates (22-27 Mg, yr=!) are higher than those of the previously detected
warm ionised (11.3 Mg yr—!: Rose et al. 2018)" and neutral HI (~6 Mg yr~')” phases.
Furthermore, they are similar to those recently reported for the cold-molecular outflows
in a sample of nearby QSO2s (8-16 My, yr~!': Ramos Almeida et al. 2022), which were
identified using a similar method to that used here for the intermediate-velocity gas. When
applying a factor of three to account for assumed outflow geometry, as was done by Fiore
et al. (2017), I find (in agreement with Ramos Almeida et al. 2022) that these mass outflow
rates (66-81 Mg, yr~') fall significantly below the correlation between mass outflow rate
and AGN bolometric luminosity given by Fiore et al. (2017) (Figure 1.9). However, it is
important to note that Lamperti et al. (2022) reported a wide range of mass outflow rates
for ULIRGs with similar bolometric luminosities (6 < Miow < 300 M, yr~1), indicating
that the high mass outflow rates found by Fiore et al. (2017) may represent the most
extreme cases, and therefore represent the upper envelope to any relationship between

mass outflow rate and AGN bolometric luminosity (see also Speranza et al. 2024).

4.4.3 The compact, high-velocity nuclear outflow

While it is possible that the intermediate-velocity emission does not represent out-
flowing gas, I highlight that the observed velocities of the redshifted nuclear feature
(400 < v < 680 km s7!) are much higher than what would be expected due to settled
gravitational motions (v < 300km s™!: the projected velocities seen in the disk).
Moreover, the emission of this component is compact (r < 120 pc), unresolved in the
combined datacube, and on a similar radial scale to both the compact radio structure
(r < 0.06 arcseconds; r < 130 pc: Figure 4.4a) and the other outflow phases (r < 100 pc:
Morganti et al. 2013a; Tadhunter et al. 2018). Therefore, it is much more likely to
be a nuclear outflow, rather than an inflow or settling gas from the merger. Further-
more, the fact that the high-velocity emission is spatially offset from the nucleus (by
32 £ 2 milliarcseconds) along the direction of the small-scale radio structure (PA = 151°)
suggests a relation between the two. This is consistent with acceleration by shocks, which

may be induced by either a jet or a broader, radiatively-driven wind that is collimated

4The warm-ionised mass outflow rates and kinetic powers were calculated following the second method
of Rose et al. (2018), which involves using the vg; parameter as the outflow velocity to account for
projection effects; these estimates are likely to be upper limits.

5The neutral HI mass outflow rate has been recalculated using the methodology in Section 2.4.1 with
the values presented by Morganti et al. (2013a); the kinetic power and coupling efficiency have been
recalculated by using these values with Equation 4.3 and assuming Ly = 4.8 x 10%° erg s=! (Rose et al.,
2018).
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by the circumnuclear torus. Given that the compact CO(1-0) outflow is seen to be offset
along the direction of the radio structure (which would not necessarily be expected in the
radiatively-driven scenario), and that the neutral-atomic outflow component (detected in
HI absorption) is seen to be coincident with the radio hotspot (Morganti et al., 2013a), I
favour the jet-driven interpretation. In this context, it is interesting to note the southern
bend in the small-scale radio structure, which may be due to the jet colliding with dense

molecular gas, being deflected, and thereby launching the nuclear outflow.

The fact that this nuclear outflow is partially spatially resolved by the smaller-beam
observations (Figure 4.6) allows the outflow radius to be constrained to be in the range
88 < AR < 182 pc (0.042 < AR < 0.083 arcseconds; i.e. half of the beam major axes of
the two constituent observations: Section 4.2). Considering that the feature does not
appear to be spatially resolved in the channel maps (Section 4.3.5; Figure 4.5) produced
from the combined datacube (beam size: 0.113 x 0.091 arcseconds; see Section 4.2), this
indicates that it is, overall, partially spatially resolved in the ALMA CO(1-0) observations
— I thus take 120 pc (0.0545 arcseconds) as an upper limit on the outflow radius.

The cold-molecular mass outflow rate for this nuclear component (Mﬁow ~
230 M, yr 1) is more than an order of magnitude higher than those previously derived
for the other outflow phases in F13451+1232, lies within the range of values for molecular
outflows previously detected in ULIRGs (a few to thousands of solar masses per year:
Cicone et al. 2014; Pereira-Santaella et al. 2018; Fluetsch et al. 2019; Herrera-Camus
et al. 2020; Lamperti et al. 2022), and is close to (within 1o of) the correlation between
cold-molecular mass outflow rate and AGN bolometric luminosity found by Fiore et al.

(2017) when corrected for assumed outflow geometry.

Overall, the kinetic power of the cold molecular phase in F1345141232 (6.6 x
10% ergs—!) accounts for ~1.4 per cent of Ly, — approximately a factor of three higher
than the combined kinetic power of the neutral HI (~0.04 per cent of Ly,: Morganti
et al. 2013a) and warm ionised (0.49 per cent of Ly.: Rose et al. 2018) outflow phases.
Therefore, for all phases, the total outflow kinetic power is ~2 per cent of the AGN
bolometric luminosity. While this is consistent with the requirements of simulations of
outflows launched by AGN in galaxy mergers (0.5 < ¢ < 10 per cent: e.g. Di Matteo
et al. 2005; Hopkins & Elvis 2010) — and thus may be interpreted as the outflows having
an impact on the evolution of the galaxy — I highlight that such comparisons must
be done with care, and that it is unclear if interpretations can be made robustly (see
Section 1.2.3 and Harrison et al. 2018).

Finally, I emphasize that even if a CO-to-Hs conversion factor that is at the lower end
of the range of values used in the literature (i.e. aco = 0.3 Mg (K km s™! pc?)~! for opti-
cally thin gas: Oosterloo et al. 2017, 2019) is assumed, the derived cold-molecular, nuclear

mass outflow rate is still much higher than those of the other phases (~86 Myyr—!). Con-
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versely, if a conversion factor that is characteristic of molecular clouds in the Milky Way
is assumed (aco = 4.3 Mg (K km s7! pc?)~!: Bolatto et al. 2013), the mass and kinetic
: 1

power of this outflow increase significantly (Myy, ~ 1240 Mg, yr—'; € ~ 7 per cent).

4.5 Chapter conclusions

Through the analysis of high-spatial-resolution CO(1-0) observations of the primary nu-
cleus of the ULIRG F13451+4-1232, this chapter has presented evidence for (and has charac-
terised) a kpc-scale circumnuclear disk and spatially-extended (0.0 < r < 0.3 arcseconds;
0 <r <660 pc), intermediate-velocity emission (300 < |v| < 400 km s™1). This
intermediate-velocity molecular gas may represent AGN-radiation-driven outflows,
or merger material settling onto the disk. Furthermore, I have presented evidence for a
compact (r < 120 pc), jet-driven cold-molecular outflow (400 < v < 680 km s™') at the
position of the nucleus, with a mass outflow rate of My ~ 230 Mg yr~! and a kinetic
power that is ~1.4 per cent of the AGN bolometric luminosity.

Overall, this detection of cold molecular outflow(s) in F1345141232 changes the sce-
nario of the AGN-driven outflows in the object: previous studies found that the neutral
atomic HI and warm ionised phases had relatively modest mass outflow rates, whereas
here it is found that the cold-molecular outflow is carrying over an order of magnitude
more mass (and several times the kinetic power) than the warm ionised and neutral atomic
phases. Similar results have been found for other types of active galaxy, where the colder
phases have been seen to carry the majority of the outflowing mass (Ramos Almeida
et al., 2019; Speranza et al., 2024), including IC 5063 (Chapter 2) and NGC 1068 (Chap-
ter 3). This further demonstrates the need for multi-wavelength observations to fully
quantify the impact of AGN-driven outflows. Moreover, a similarly compact (r < 120 pc)
but more massive (Mout ~ 650 My, yr=!) outflow was found in the ULIRG PKS 1549-79
(Oosterloo et al., 2019), which is also both a merger and a luminous radio source. These
results thus provide important evidence that powerful radio sources accelerate compact
molecular outflows, and that these outflows may carry more mass and power than other
gas phases.

Crucially, in demonstrating that cold-molecular AGN-driven outflows can be compact
(r < 120 pc), this chapter emphasises the importance of high-spatial-resolution observa-

tions when robustly quantifying the impact of AGN-driven outflows on their host galaxies.
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in F13451+1232 5.1. Chapter introduction

5.1 Chapter introduction

The results presented thus far in this thesis show that, for the active galaxies studied,
the warm-ionised gas accounts for relatively little of the total outflow masses and ki-
netic powers. Importantly, the observations and techniques used in these analyses (e.g.
kinematics derived from [OIII] emission-line profiles, the transauroral-line technique of
electron density measurement, and ionisation diagnostic diagrams involving various line
ratios) trace relatively high-density (n > 10% cm™2), high-surface-brightness emission in
the central kiloparsecs. However, theoretical models require that AGN-driven outflows
are not limited to these scales, but are instead galaxy-wide in order to explain observed
properties of the local galaxy population (Silk & Rees, 1998; Di Matteo et al., 2005; King,
2010; Zubovas & King, 2014; Curtis & Sijacki, 2016; Barai et al., 2018; Costa et al., 2018;
Zubovas & Maskeliunas, 2023).

While the outflow spatial extents predicted by models are seemingly in contradiction
to those determined from observations — both in this thesis and in previous studies (radial
extents of a few kiloparsecs: e.g. Villar-Martin et al. 2016; Rose et al. 2018; Spence et al.
2018) — it is possible that there is a spatially-extended (r > 5 kpc), low-density, low-
surface-brightness, high-mass component to the warm ionised phase that the techniques
used so far are not sensitive to, and that previous studies have not detected. From the
arguments made by Spence et al. (2018), it can be shown that, for a fixed volume of an
outflow that has two equal-temperature components of different densities (high density:

ny; low density: n;) and filling factors (f, and f;), the ratio of the Hf luminosities is given

by ,
Lupt _ 1 (ﬂ> . (5.1)

Lugn — fu \nn
Taking the ratio of the filling factors as the upper end of the range found in the QUADROS
ULIRG sample (fi/fn = 103: Spence et al. 2018), then a component that is a factor of
100 less dense would contribute less than 10 per cent of the total HS flux. Since the ratio

of the masses is given by
Mo fim

ﬁh N fomn’ (5:2)
then this tenuous component would be ten times more massive than the dense compo-
nent. Therefore, it is possible that, in objects for which compact, high-density, kpc-scale
outflows have been detected (such as IC 5063, NGC 1068, NGC 4151, and F13451+1232;
Chapters 2, 3, and 4), there also exists a much-more extended and massive component
that the observations were not sensitive to. Principally, this may be because the emission
from relatively dense (n. > 10% cm™3) gas likely dominates on the kpc-scales considered
for those objects, potentially masking emission from a low-density component. In this
scenario, a tenuous warm-ionised outflow component may have a mass and kinetic power

that is comparable to (or significantly above) that of the compact outflows. Therefore, to
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ensure that a significant outflow component is not being missed in observational studies
(and to determine whether or not warm-ionised outflows are truly galaxy-wide), the exis-
tence (or lack thereof) of spatially-extended, low-surface-brightness, massive warm-ionised

outflows in such objects needs to be verified.

ULIRGs are ideal test cases for investigating this scenario: they represent the peaks
of mergers and therefore, according to models of galaxy evolution that invoke AGN trig-
gered by such conditions, are expected to host prominent, galaxy-wide outflows (Springel
et al., 2005; Di Matteo et al., 2005; Hopkins et al., 2008; Johansson et al., 2009). In par-
ticular, the ULIRG F1345141232 (the object studied with high-spatial-resolution ALMA
observations in Chapter 4) is the perfect laboratory for this type of study. Not only is
it a merger (Gilmore & Shaw, 1986; Heckman et al., 1986; Tadhunter et al., 2018) with
a potentially recently-triggered AGN (Stanghellini et al., 2005), but the large-scale radio
structure implies a previous epoch of AGN activity, which may have launched outflows
that are still detectable (relic or fossil outflows: see King 2010; Fluetsch et al. 2019;
Zubovas & Maskeliunas 2023). Furthermore, the object is also classified as a QSO2, and

0% erg s™%:

its high bolometric luminosity (4.8 x 1 Rose et al. 2018) may be expected
to drive significant amounts of gas radiatively — the mechanism that is commonly in-
voked by models which predict galaxy-wide outflows (e.g. Di Matteo et al. 2005; Curtis
& Sijacki 2016; Barai et al. 2018; Zubovas & Maskeliunas 2023). Compact (r < 100 pc)
outflows have now been characterised in all gas phases close to the primary nucleus of
F13451+41232 (Chapter 4; Holt et al. 2003; Morganti et al. 2005; Rupke et al. 2005b;
Holt et al. 2011; Morganti et al. 2013a; Rose et al. 2018; Tadhunter et al. 2018; Villar
Martin et al. 2023), with the warm ionised outflow phase being found to have a high
electron density (n. = 10%° cm™3: Holt et al. 2003, 2011; Rose et al. 2018)*. Therefore,
following Equations 5.1 and 5.2, it is feasible that a galaxy-wide, warm-ionised outflow
component could have much lower densities while being significantly more massive, yet
has remained undetected in the nuclear regions due to emission from the high-density gas

being dominant on these scales.

Some studies that make use of IFU spectroscopy of other QSOs have claimed ev-
idence for extended (r > 5 kpc) ionised outflows (Fu & Stockton, 2009; Westmoquette
et al., 2012; Liu et al., 2013, 2014; Harrison et al., 2014; McElroy et al., 2015; Wylezalek
et al., 2017). However, since these studies were ground-based, it is possible that the beam-
smearing effects of atmospheric seeing may have artificially spread emission from compact,
spatially-unresolved nuclear outflows across the field of the view of the observations, lead-
ing to the interpretation of galaxy-wide outflows. As demonstrated by Husemann et al.
(2016) for a sample of quasars with redshifts in the range 0.4 < z < 0.7 (Liu et al., 2014),

failure to account for atmospheric seeing in IFU studies of active galaxies has a significant

1F13451+1232 was the first object for which the transauroral-line technique of electron density mea-
surement was developed and applied (Holt et al., 2011).
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effect on derived outflow kinematics and kinetic powers, and can dramatically change the

interpretation of the roles and natures of the outflows.

Therefore, to directly test if an extended, low-surface-brightness, galaxy-wide compo-
nent to the warm ionised outflow phase exists in ULIRGs — and to determine the impact
of atmospheric seeing on AGN-driven-outflow spatial extents, kinematics, masses, and
kinetic powers derived from ground-based observations— in this chapter, I analyse deep,

wide-field VLT /MUSE observations of F13451+1232.

5.2 Observations and data reduction

5.2.1 Archival VLT/MUSE-DEEP data

Archival MUSE-DEEP? data products of F13451+1232 were downloaded from the ESO
Archive Science Portal®’. The MUSE-DEEP data project combines observations from mul-
tiple observing blocks (not necessarily taken contiguously, or on the same night) by first
removing instrumental signatures (i.e. bias subtraction, dark subtraction, flat-fielding,
telluric correction, and sky subtraction) from each constituent science exposure and per-
forming astrometry, flux, and wavelength calibration using the MUSE DATA REDUCTION
PIPELINE' (Weilbacher et al., 2020). The reduced exposures are then spatially aligned,
and overlapping pixels are resampled to produce a deep datacube.

The observations used to produce the MUSE-DEEP cube for F13451+1232 were taken
as part of ESO programme 0103.B-0391 (PI Arribas) on the 11th and 12th May 2019
using the instrument’s Wide Field Mode (WFM) with adaptive optics (AO), centred on
the object’s bright primary (western) nucleus. MUSE-WFM covers a field of view of
1.53 x 1.53 arcminutes with a pixel scale of 0.2 arcseconds per pixel, and has a wavelength
range of 4700-9350 A with a spectral resolution of ~1800 at 5000 A. The total combined

exposure time of the deep datacube was 6732 seconds.

5.2.2 Further reduction of MUSE-DEEP data

To remove residuals of the MUSE DATA REDUCTION PIPELINE sky-subtraction routine,
I performed a second-order sky subtraction on the deep datacube. First, I selected a
0.6 x 0.6 arcsecond region at a radial distance of ~20 arcseconds north-west of the primary
nucleus that was free of emission (Figure 5.1), and took the median of the spaxels in this
region to give a median spectrum. Since the data had already been (first-order) sky-

subtracted by the pipeline, the only features in this spectrum were residuals of subtracted

2https://doi.eso.org/10.18727/archive/42

3https://archive.eso.org/scienceportal/home

4The MUSE-DEEP dataset for F1345141232 described here was reduced using version 2.8 of the
MUSE DAtA REDUCTION PIPELINE (Weilbacher et al., 2020)
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telluric lines. Second, I subtracted this median spectrum from each spaxel in the deep

datacube, resulting in a second-order-sky-subtracted cube.

Finally, to correct for galactic extinction in each spaxel, the CCM89 R, = 3.1 extinc-
tion law was used with the mean value of E(B — V) = 0.0286 found in the direction

mean

of F13451+1232, taken from the S98 and SF11 extinction maps.

5.2.3 Seeing estimates

To estimate the seeing of the deep dataset, I extracted a 6 x 6 arcsecond region from the
deep cube around a star that lies in the field of view at a radial distance of ~17 arcseconds
in projection from the primary nucleus of F13451+1232 (Figure 5.1). The flux density
of this star was integrated between the wavelengths 5496-5664 A (corresponding to the
[OIII]AA4595,5007 doublet) to produce a two-dimensional continuum image; fitting a two-
dimensional (2D) Moffat profile (which accurately describes the PSF of a seeing disk:
Moffat 1969) to this image resulted in FWHM, = 0.79 + 0.10 arcseconds, which is taken
to be the seeing value for the deep datacube. Given that the observations were taken at
lower elevations than zenith, and considering that the typical FWHM reduction of the
MUSE-WFEM AO mode is 10-50 per cent (Fusco et al.,; 2020), the seeing value derived
in this way is consistent with the values measured by the VLT observatory DIMM (near

zenith) during the constituent observations (0.66-0.91 arcseconds)®.

5.3 Analysis and results

5.3.1 A Bayesian emission-line fitting routine

In order to fit the large number of emission lines involved in this analysis robustly, I have
developed an automated, Bayesian emission-line fitting routine. This routine uses the
EMCEE PYTHON module (Foreman-Mackey et al., 2013) — which is an implementation
of the Affine Invariant MCMC Ensemble sampler (Goodman & Weare, 2010) — to fit a
first-order polynomial to the continuum and N, Gaussian components to a given emission-
line profile. In this routine, N, is iteratively increased from zero, and at each iteration,
the Bayesian odds of the current and previous iteration are used to determine if another
iteration (one more Gaussian component) statistically improves the fit to the line profile,
thus preventing over-fitting.

Lines, doublets and emission-line blends (such as Ha + [NIIJAN6548,6584) were fit
individually; a sufficient wavelength range of continuum on either side of the line profile(s)

was included in the fits. In cases where the modelled lines arise from a doublet of the

SVLT observatory DIMM seeing values queried using the DIMM Seeing Query Form: http://
archive.eso.org/wdb/wdb/asm/dimm_paranal/form
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Figure 5.1: 6400-6850 A rest-wavelength image (covering Ha + [NIIJAN6548,6584,
[SIT]AN6717,6731, and continuum) of F13451+1232, produced from archival MUSE-DEEP
data. The primary nucleus is marked with a black cross, the star used to estimate the
atmospheric seeing value of the dataset is marked with a yellow dashed-line box, and
the 0.6 x 0.6 arcsecond region that was extracted for the second-order sky subtraction is
marked with a red solid-line box.
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same ion (e.g. [SIIJAN6717,6731), the width of a given Gaussian component was set to be
the same for each doublet line, and the wavelength separations were set to those defined
by atomic physics (Osterbrock & Ferland, 2006). Furthermore, for lines arising from
the same upper energy level, the flux ratios were also set to those defined from atomic
physics ([OIII](5007/4959) = 2.99; [NII](6584/6548) = 2.92: determined with the PYNEB
PYTHON module: Luridiana et al. 2015).

Before the main production run of the MCMC routine, a burn-in phase was performed.
The steps of this phase were not included in determining the final parameters of the fit,
as their purpose was to ensure that the walkers started in a region of probability that is
more representative of the sampled parameter distribution. 1000 steps were used for both
the burn-in and the main production run, as it was found that the walkers converged well
before this number of steps; 200 walkers were used in both cases.

The initial starting points for the model parameters were set by Gaussian distributions
around physically-motivated estimates: the continuum flux offset (i.e. the y-intercept of
the first-order polynomial) was set to be the mean flux measured on either side of the
emission line; the continuum slope (the gradient of the first-order polynomial) was set to
zero; the peak value of each Gaussian component was set as half of the maximum flux
value seen in the data, the Gaussian centroids were set to the wavelength of the emission
line in the rest frame of the galaxy, and the Gaussian widths were set to be twice the
instrumental line width of MUSE (o, = 1.1 A: Weilbacher et al. 2016).

Priors for the routine were also physically motivated. For the Gaussian components,
their peak values were required to be equal-to or greater-than zero (to ensure only emission
was being modelled), their centroids were not allowed to be more than 50 A in separa-
tion from the rest wavelength of the line in the galaxy’s rest frame (corresponding to
v ~ 3000 km s™!), and their widths were constrained to be greater than the MUSE in-
strumental width. Furthermore, the flux ratios for lines arising from the same ions (but
with different upper energy levels) were required to be within the ratio limits defined
by atomic physics — for example, 0.44 < [SII](6717/6731) < 1.45 (determined using the
PYNEB PYTHON module).

The log-likelihood function used in the MCMC fits was
1 k r o 2
AT PG
InL == E _— .
N 2,1< Fr )’ (5:3)
1= ’

where, at the wavelength step ¢ (and up to the final wavelength step k), F) ; is the observed
flux density, FY7 is the modelled flux density, and FYY is the uncertainty associated with

the observed flux density.
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The fitting routine begins with N, = 0 (i.e. only a first-order polynomial), for which
a fit to the data is produced using the MCMC Ensemble. The Bayesian probabilities
for the initial run are recorded, and this process is repeated for N, = N, + 1 until the
ratio of posterior probabilities (Bayesian odds) of successive runs is less than two®. If
this condition is not met, the routine continues until it is fulfilled. In this way, the
minimum number of statistically-meaningful Gaussian components required to describe
the emission-line profiles is determined by the routine, avoiding over-fitting.

Cases where only a first-order polynomial was required to adequately describe the
spectrum (i.e. N, = 0) were considered to be non-detections, whereas in cases that
required one or more Gaussian components, the value for each model parameter was
taken to be the 50th percentile for the marginalised probability distribution (i.e. the
probability distribution for each parameter), and the 1o uncertainties were taken as the
16th and 84th percentiles.

5.3.2 The effect of atmospheric seeing on outflow extents and

kinematics
Nuclear aperture extraction and modelling

Given that compact (r < 100 pc), warm-ionised outflows have been detected and char-
acterised near the primary nucleus of F13451+1232 (Holt et al., 2003, 2011; Rose et al.,
2018; Tadhunter et al., 2018), it is possible that the beam-smearing effects of atmospheric
seeing have artificially spread this emission to larger spatial scales in the MUSE-DEEP
datacube FOV. To account for this, I first extracted a circular aperture centred on the
primary nucleus, the radius of which was set to be 0.4 arcseconds (~0.9 kpc), correspond-
ing to the half width at half maximum (HWHM = FWHM/2) of the seeing value for the
dataset (HWHM, = 0.40 £ 0.10 arcseconds: Section 5.2.3). This radius was selected be-
cause intermediate and broad components of any line profiles within it are expected to be
due to the prominent compact outflows (Holt et al., 2003, 2011), and there was sufficient
signal for the robust modelling and fitting of these profiles. The spaxels contained in the
nuclear aperture were summed to give a total nuclear spectrum, while the flux uncertain-
ties of each spaxel were added in quadrature. Second, the Bayesian emission-line-fitting
routine described above was used to produce and fit a model to the [OIII]AA4959, 5007
doublet of the nuclear spectrum. To ensure that the model accounted for the extended
blue wings and dual-peaked line profiles seen in the nuclear spectrum, the results of a

least-squares fit consisting of three Gaussian components were used as initial parameters

6As a check on this criterion, I also performed this routine with the Bayesian Information Criterion
(BIC), where the more-complex model was chosen if the difference of BIC values between successive runs
was greater than 6. When applied to the MUSE-DEEP data, the resulting model parameters were not
significantly different from those produced using the Bayesian odds criterion.

161



Luke R. Holden Precise diagnostics of AGN-driven outflows

for a run of the MCMC line-fitting routine. The resulting model is shown along with
the spectrum extracted from the nuclear aperture in Figure 5.2, and its parameters are
given in Table 5.1. The two broadest kinematic components of this model — henceforth
referred to as the ‘nuclear model’ — are consistent with those of the ‘broad’ and ‘very
broad’ components of the nuclear [OITI] fits for F134514+1232 presented by Rose et al.
(2018), and correspond to nuclear outflows. The narrowest component of the nuclear
spectrum fit is consistent with the ‘narrow’ component of the Rose et al. (2018) [OIII]
model, and its kinematics correspond to those of the kpc-scale disk detected in CO(1-0)
emission in Chapter 4 (see also Lamperti et al. 2022). Note that while the fit to the
nuclear spectrum does not precisely describe the details of the emission-line profile, it is

adequate for the purposes of this study.

Emission-line fits of the extended emission

To determine the large-scale warm-ionised gas kinematics, for each spaxel in the deep
datacube, the Bayesian emission-line fitting routine was used to fit a model consisting
of the nuclear model (accounting for beam-smeared, nuclear-outflow emission) and N,
additional Gaussian components (accounting for genuine, non-beam-smeared emission) to
the [OIII]AN4959,5007 doublet. The centroid wavelengths, widths and relative intensities
of the Gaussian components of the nuclear model were fixed; only the peak flux density
was allowed to vary. In this way, the line-fitting routine was able to determine the extent
to which the nuclear-outflow emission was smeared across the MUSE field of view, as well
as detect and isolate the contributions of genuine extended emission to line profiles in
each spaxel. Similar approaches to PSF-subtraction and beam-smearing-correction have
been taken by previous studies (e.g. Carniani et al. 2015; Kakkad et al. 2020; Speranza
et al. 2024), although here, only broad components (FWHM > 500 km s™!) are included

in the nuclear model.

Beam smearing of compact outflow emission

As a measure of the extent of beam smearing of the compact nuclear-outflow emission,
in the left panels of Figure 5.3 I present the spatial distribution of the peak flux intensity
of the nuclear model in the central 7 x 7 arcsecond region around the primary nucleus
of F1345141232, as determined by fitting the [OIII]AAN4959, 5007 doublet in each spaxel.
The flux of the nuclear-model components appears to be radially symmetric around the

location of the primary nucleus, indicative of beam smearing.
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Peak flux density Centroid Velocity FWHM FWHM
(x10716 A) wavelength (A)  shift (km s™) (A) (km s™1)
3.52+0.34 5608.9 + 0.8 —382.2+43.9 188=+0.8 1006.1 £ 42.8
1.46 £0.06 5592.7 + 0.7 —1248.2+£359 5H3.1+1.3 2846.7 £68.1
1.05 +0.37 5615.8 £ 0.9 —19.5+475  7.74+3.8 4129+ 203.5

Table 5.1: Parameters for the [OIlI] model derived from fitting the spectrum extracted
from a circular aperture of radius r = 0.4 arcseconds around the primary nucleus of
F13451+1232. The presented velocity shifts are relative to the galaxy rest frame, and
the FWHM values have been corrected for instrumental broadening. The ‘nuclear model’
referred to in this work consists of the two broadest components presented here (the
top two rows); the narrowest component (bottom row) is kinematically distinct, and
corresponds to the kpc-scale disk in the nucleus of F13451+1232 (see Chapter 4).
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Figure 5.2: [OIII]AA4959,5007 line profile for the extracted circular r = 0.4 arcsec aperture
centred on the primary nucleus of F13451+1232 (black solid line). The overall fit to the
line profile is shown as a solid red line; the broad Gaussian components of this fit (the
‘nuclear model’) are shown as dashed blue lines, the narrow Gaussian component is shown
as a dash-dotted green line, and the first-order polynomial (accounting for the continuum)
is shown as a dotted orange line. Residuals (flux — model) are shown as crosses below
the line profile.
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Figure 5.3: The spatial distribution of the peak flux of the nuclear model in the [OIII]
fits (left panel), the results of two-dimensional Moffat profile fits to this distribution
(middle panel), and residuals ([OIII] nuclear model peak flux — model; right panel) in
the inner 7 arcseconds (15 kpc) of the primary nucleus of F134514+1232 (marked with a
black cross). The flux in all cases is normalised to the highest flux value of the nuclear
model (upper left panel); the top row shows the full range of normalised flux, while the
bottom row shows a significantly reduced range for presentation purposes. It can be seen
that the [OIll]-nuclear-model flux is well-described by a Moffat profile with an FWHM of
0.74 £ 0.02 arcseconds.

To investigate this further, a two-dimensional Moffat profile was fit to the spatial lux
distribution of the nuclear model, which is shown along with residuals (the flux of the
fitted two-dimensional Moffat profile subtracted from the peak flux of the nuclear model)
in Figure 5.3 — it can be seen that the spatial distribution of the nuclear-model flux is
well described by a Moffat profile of FWHM = 0.74 + 0.02 arcseconds. This value is con-
sistent (within 1o) with the seeing value measured from a star in the MUSE-DEEP data
FOV (FWHM, = 0.79 £ 0.10 arcseconds: Section 5.2.3; see Figure 5.1), providing direct
evidence that atmospheric seeing artificially spread emission from the nuclear outflows
across the MUSE FOV.

To investigate the residual emission after the beam-smeared nuclear-outflow emission

has been accounted for, I subtracted the [OIII] nuclear model from each spaxel of the
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Figure 5.4: [OIII]A5007 line profile extracted from rectangular 2 x 1 arcsecond apertures
(centred on the primary nucleus in the east-west direction) at increasing radial distances
(labelled) to the north of the nucleus, for the original datacube (solid black line) and the
datacube with the nuclear model subtracted using a Moffat distribution (dashed green

line). It can be seen that the beam-smeared nuclear outflow emission is significant between
5595 < A < 5610 A (—1200 < v < —420 km s™') in all apertures.

datacube. This was done by first normalising the peak flux of the nuclear model to unity,
multiplying it by the value of the Moffat profile fit to the [OIII] nuclear model flux distribu-
tion in each spaxel (middle panels of Figure 5.3; which is consistent with what is expected
from atmospheric seeing, as noted above), and subtracting this from the original datacube.
To demonstrate the radial extent to which the beam-smeared emission contributes signif-
icantly to the line profiles, I extracted a series of rectangular 2 x 1 arcsecond apertures —
centred on the nucleus in the east-west direction — at increasing radial distances north
of the nucleus from this datacube and the original datacube. I present the [OIII]JA5007

line profiles in these apertures for both datacubes in Figure 5.4, which demonstrate that
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the beam-smeared nuclear-outflow emission contributes significantly to the flux between
5595 < A < 5610 A (—1200 < v < —420 km s™!) in all apertures, including in an aperture

that covers a radial extent of 3.5 < r < 4.5 arcseconds north of the primary nucleus.

As further confirmation that beam smearing is responsible for the spatial extent of
the broad [OIII] emission, a series of annuli were extracted from both around the primary
nucleus of F134514+1232 and the star in the MUSE-DEEP FOV that was used to measure
the seeing in Section 5.2.3. In both cases, the annuli were centred on the brightest pixel
of the flux distribution and had fixed widths of Ar = 0.5 arcseconds; the inner radius of
the annuli was increased in 0.5 arcsecond steps from r = 0.0 arcseconds to 2.0 arcseconds.
The pixels in each annulus around the primary nucleus of F134514+1232 were summed
(and uncertainties added in quadrature) to produce a spectrum, to which the nuclear
model + N, Gaussian components + first-order polynomial was fit. The normalised
flux in each annulus, relative to the flux level of the innermost annulus (i.e. a circular
aperture of radius r = 0.5 arcseconds), is shown for both the peak flux of these nuclear
model fits and the monochromatic [OIII] flux of the star in Figure 5.5. With the exception
of the 0.5 < r < 1.0 arcsecond annulus, the flux distribution of the nuclear model closely
follows that of the star (and therefore the PSF of the seeing disk). The discrepancy
in flux in the 0.5 < r < 1.0 arcsecond (1.1 < r < 2.2 kpc) annulus can be explained as
genuine intermediate-velocity emission from the host galaxy system (consistent with what
is expected in a merger) contributing to the line profiles on these scales. Overall, this is
further strong evidence that beam-smeared compact-outflow emission can be significant
up to at least a radial distance of 2.5 arcseconds — six times the HWHM of the seeing
disk (HWHM, = 0.40 £ 0.10 arcseconds).

Accounting for atmospheric seeing in velocity maps

In order to determine the impact of the beam-smeared nuclear-outflow emission on mea-
surements of outflow radial extents and kinematics, the fitting procedure was repeated as
outlined in Sections 5.3.1 and 5.3.2 for every spaxel in the cube, but the nuclear model was
not included in the fits. This is henceforth referred to as the ‘free-fitting’ case, and was
done to provide a test of what would be found if the beam smearing of the nuclear-outflow
emission had not been accounted for.

Wso (vgo — v19: Section 1.2.2) maps were created for the results of both line-fitting
approaches (i.e. including the nuclear-model Gaussian components, and the free fits). To
create the Wgo maps, first, any spaxels for which the peak flux density value of the highest-
flux Gaussian component was less than logq from the continuum were not considered.
In the free-fitting case, all Gaussian components were used to measure Wy, while in the
fits that included the nuclear model, only the additional (non-nuclear-model) Gaussian

components were used. For each case, the total fluxes of the Gaussian components involved
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Figure 5.5: Peak flux values of nuclear-model fits to spectra extracted from annuli around
the primary nucleus of F13451+1232 (dotted blue line), and the total monochromatic
[OIT]] flux of the pixels in each annulus around a star in the field of view of the MUSE
observations (red dashed line); the fluxes have been normalised to the value of the inner-
most annulus in both cases. With the exception of the 0.5 < r < 1.0 arcsecond annulus —
which likely also contains real intermediate-velocity emission from the host galaxy/merger
— the normalised-flux profiles are similar, indicating that the spatial extent of the broad
lines around the primary nucleus is due to the beam smearing of nuclear-outflow emission.

were calculated, and the vy and wvyy percentile velocities (the velocities containing 90
and 10 per cent of the total line flux, respectively) were determined following the method
described in Section 2.3.1 (see also Rose et al. 2018). These percentile velocities were then
used to calculate the Wy parameter. The resulting maps for the inner 6 x 6 arcsecond
region around the primary nucleus are shown in Figure 5.6. Furthermore, flux-weighted
velocity shifts (v,,) in each spaxel for both cases were determined using Equation 2.1 (see
also Rose et al. 2018); these maps are presented in Figure 5.7.

In the velocity maps produced from the free fits (left panel of Figure 5.6), very-high
velocity widths (Wgo ~ 2500 km s™!) and shifts (v,, ~ —1000 km s~1) are seen in a circular
region of maximum radial extent r ~ 1 arcsecond (r ~ 2.2 kpc) centred on the nucleus, in
addition to high velocity widths (Wgg ~ 1500 km s~!) and shifts (v,, ~ —500 km s™!) seen
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Figure 5.6: Non-parametric velocity width (Wgy = w99 — v19) maps of the central 6 x
6 arcsecond (13 x 13 kpc) region around the primary nucleus of F1345141232 (black
cross), as measured from free-fitting Gaussian components (left panel) and fitting the
nuclear model and N, Gaussian components (in which only the N, Gaussian components
were used to measure Wyg; right panel). The former case (left panel) is what would
be expected had the beam smearing of compact high-velocity outflow emission not been
accounted for, while the latter case (right panel) accounts for this beam smearing.
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Figure 5.7: As for Figure 5.6, but for flux-weighted velocity shift (v,,).
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in a larger circular region (r ~ 2 arcseconds; r ~ 4.4 kpc), also centred on the nucleus. The
maximum radial extent of detected emission is r ~ 2.5 arcseconds (r ~ 5.5 arcseconds)
NW of the nucleus, where intermediate velocity widths (Wgy ~ 500 km s™1) and low
velocity shifts (v, < 210 km s7!) are seen. Although this map could be taken as evidence
for kinematically-disturbed gas on large scales (up to a radius of r = 2.5 arcseconds
= 5.5 kpc), crucially, the effects of beam smearing (Figures 5.3 and 5.5) have not been

accounted for.

By including the nuclear model (Figure 5.2) in the spaxel fits and only measuring
the kinematics of the additional Gaussian components (i.e. those representing genuine,
non-nuclear emission), the velocity maps presented in the right panel of Figures 5.6 and
5.7 were produced. Here, the spatially-extended circular region (r ~ 2.5 arcseconds) of
high velocity widths (1000 < Wyy < 2700 km s71) and shifts (350 < Wyy < 1000 km s71)
produced in the free-fitting case is not seen, as it is accounted for by the nuclear model
components. The only region where additional emission is detected is in a region
that extends ~2.5 arcseconds to the NW of the nucleus, albeit the velocity widths are
lower (Wgo < 500 km s™!) than those seen in the same region in the free-fitting case.
Given that, in this region, the emission-line fitting routine required further Gaussian
components in addition to the nuclear model to describe the line profiles, I take this as
representing genuine, spatially-extended emission. Conversely, given that the extended
(r ~ 2.5 arcseconds) region of high-velocity emission seen in the free-fits velocity maps
can be accounted for by the nuclear model, and that the peak flux distribution of
this model follows the PSF of the seeing disk (Figures 5.3 and 5.5), I argue that the
extended, high-velocity emission in the free-fitting case represents emission from the
compact outflows in the nucleus of F13451+1232 that has been artificially spread across
the FOV by atmospheric seeing. In this context, it is important to note that this region
of high-velocity emission seen in the free-fitting case (r < 2.5 arcseconds; left panel)
extends far beyond the HWHM of the seeing disk (HWHM, = 0.40 £ 0.10 arcseconds:
Section 5.2.3), and that, when accounted for, the resulting gas kinematics of any real

emission (right panel) are much more modest.

5.3.3 Energetics of the extended warm-ionised emission

Aperture extraction from the MUSE-DEEP datacube

In order to quantify the properties of the spatially-extended (r > 5 kpc) warm-ionised
gas robustly, and to investigate further the radial extent to which beam smearing of the
nuclear-outflow emission may affect the derived gas kinematics and energetics, rectangular
apertures of various sizes and positions in the MUSE-DEEP FOV were selected. Following

the same process as outlined in Sections 2.2.4 and 3.2.3, the spaxels contained in a given
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aperture were summed to give a single one-dimensional spectrum, and the flux errors
of each spaxel were added in quadrature. In this way, the signal of important diagnostic
emission lines (and the potential contamination from the beam-smeared nuclear emission)

was sufficient for robust characterisation.

The locations and sizes of the apertures — shown in Figure 5.8 — were chosen to cover
distinct flux structures seen in Ha+[NIIJAA6548,6584+[SIT|AN6717,6731 images produced
from the MUSE-DEEP cube and high-spatial-resolution (0.05 arcseconds pix ') [OIII]
imaging presented by Tadhunter et al. (2018). Furthermore, the sizes of the apertures
were also chosen to include sufficient signal in the required diagnostic lines. Aperture 1
was selected as it was the furthest location (in radial distance) to the north of the primary
nucleus in which the fainter emission lines were well-detected; Aperture 2 was chosen to
cover the arc-like structure to the NW of the nucleus that is seen in the high-resolution
[OITI] HST imaging by Tadhunter et al. (2018); Aperture 3 covers the approximate area
of genuinely-extended emission seen in the velocity maps (right panels of Figures 5.6 and
5.7), and Apertures 4 and 5 were placed at the furthest radial distances to the south
and west respectively that contained sufficient signal in the required diagnostic lines. It
was not possible to extract an aperture covering the secondary nucleus (r ~ 2 arcseconds
east of the primary nucleus), as the [OIII]AA4959, 5007 doublet at this location has a
low equivalent width, is dominated by beam-smeared emission from the primary nucleus,
and the underlying continuum is complex. Likewise, the region that presents bright Ha
+ [NIIJAN6548,6584 + [SIIJAN6717,6731 emission r ~ 4 arcseconds to the southeast of
the primary nucleus (Figure 5.8) — corresponding to a known HII region in this object
(Rodriguez Zaurin et al., 2007) — does not contain sufficient signal in the [OIII] lines for

measurement.

Aperture emission-line fits

For each aperture, the line profiles of the [OIII]AA4959,5007 doublet (used for kinematics),
the Ha + [NII]AN6548,6584 blend (the former used to determine gas masses), and the
[SIT]JAN6717,6731 doublet (used to determine electron densities) were fit with two methods:
one using the nuclear model and N, Gaussian components, and the other using only N,
Gaussian components (free-fitting), mirroring the approach taken earlier. For the nuclear-
model fits, in the case of the [OIIIJAA4959,5007 doublet, the nuclear model described
in Section 5.3.2 (Figure 5.2; Table 5.1) was used, while a distinct model for the Ha +
[NTI]ANG6548,6584 blend was created using the Bayesian emission line routine with the
nuclear aperture. The Ha and [NII]AN6548,6584 line profiles were significantly blended,
and so the nuclear model consisted of a single Gaussian for each of the lines (with equal line

widths, and wavelength separations and [NII] flux ratio taken from atomic physics) and N,
Gaussian components for the broad blend. For the [SIIJ]AN6717,6731 doublet, the nuclear
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Figure 5.8: Continuum-subtracted Ha + [NIIJAN6548,6584 + [SIIJ]AN6717,6731 image
(left: linear scale; right: logarithmic scale) of F134514-1232 with the locations and sizes
of the selected apertures shown in blue. The aperture numbers are labelled at the top
right of each, and the position of the primary nucleus is marked with a black cross.

model was defined using a similar method to that of [OIII]: N, Gaussian components
were used for each line; constraints from atomic physics (Osterbrock & Ferland, 2006)
were used to fix the wavelength separation of the lines, and the widths of the lines were
set to be equal. However, in this case, the relative peak flux densities of the lines were
required to be in the range 0.44 < [SII](6717/6731) < 1.45.

The emission-line fits produced by both methods (the nuclear model + N, Gaussian
components, and the free fits) for each aperture are shown in Figure 5.9. For each of the
diagnostic lines ([OILI], [SII], Ha + [NII]), the Bayesian odds of the nuclear-model fits
and free fits was used to determine if the nuclear model was required: the more-complex
model (i.e. that consisting of the greater number of parameters) was selected if the ratio
of its posterior probability to that of the less-complex model was greater than two. The
results of this selection for each line blend in each aperture are given in Table 5.2. In the
case where the nuclear model was preferred, only the additional (non-nuclear-component)
Gaussian components were used to derive gas kinematics and velocities, while in the

free-fitting case, all Gaussian components were used.
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Figure 5.9: Fits to the [OIII]AAN4959, 5007 doublet (top rows), Ha + [NIIJAN6548,6584
blend (middle rows), and [SII]AN6717,6731 doublet (bottom rows) in the apertures using
the nuclear model + N, Gaussian components (left column) and free-fitting (right column)
approaches. The spectrum extracted from the aperture is shown as a black solid line, the
overall fit in each case is shown as a solid red line, the first-order polynomial fit (accounting
for the continuum) is shown as a dotted orange line, the components from the nuclear
model (left panels only) are shown as a dashed blue line, and the additional Gaussian
components (left panels) / free-fit components (right panels) are shown as green dash-
dotted lines.
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Kinematics, physical conditions, and energetics of the extended emission

In order to place upper limits on the energetics of any real, spatially-extended warm-
ionised outflows, the masses, mass outflow rates, and kinetic powers of the warm-ionised
gas in each aperture were calculated under the assumption that it is outflowing. As
discussed and demonstrated in Chapters 1, 2, and 3, a major source of uncertainty in
deriving warm-ionised outflow kinetic powers is the electron density; proper measure-
ment requires robust diagnostics that are sensitive to a range of values and insensitive
to emission-line blending effects, such as the transauroral-line technique (Holt et al.,
2011). Since the required transauroral lines of [SII] and [OII] are not contained in the
spectral coverage of MUSE, here the electron density for each aperture was determined
using the traditional [SII](6717/6731) ratio with strict measurement criteria, as was pre-
viously done for VLT /Xshooter spectra of the Sey 2 galaxy IC 5063 in Section 2.3.1:
if a measured ratio was not 30 away from the theoretical lower or upper ratio limit
(0.30 < [SII](6717/6731) < 1.45), then a 3o limit was taken in the opposite direction (to
give an upper or lower limit). In this way, it was ensured that the measured densities
were accurate, and not subject to effects resulting from the ratio saturating at high or low
values. The measured [SII] ratios (or upper/lower limits) were then used to determine
electron densities using the PYNEB PYTHON module. Due to the necessary lines (namely
[OIII]A4363) not being well detected in the apertures, it was not possible to measure
electron temperatures for the extended gas. Therefore, a temperature of 7, = 10,000 K
(typical for the warm ionised phase: Chapters 2 and 3) was assumed in the electron
density calculations.

Next, the flux of the Ha line was determined by measuring the total flux of all Gaussian
components that corresponded to the Ha line in the fitted blends (i.e. not the nuclear-
model components). Note that the HS line itself was not measured due to its significantly
lower flux compared to He, resulting in it not being well detected in the majority of the
apertures. To estimate the HB flux — required to estimate gas masses — the emissivity
ratio juo/jus = 2.863 at T, = 10,000 K and n, = 10% cm™3 (Osterbrock & Ferland,
2006) was used. Warm-ionised gas masses for each aperture were then calculated using
the derived Hf luminosities with Equation 1.3, taking offy = 3.02 x 107" cm™2 s~ (for
T, = 10,000 K and n, = 10? cm™3) and the derived electron density for the aperture.

The gas kinematics in each aperture were determined using the [OIIIJAA4959, 5007
doublet in two ways, following the methodology outlined in Section 2.3.1 (see also Rose
et al. 2018). Flux-weighted velocity shifts (vy,) and FWHMs (FWHM,,) were determined
using Equations 2.1 and 2.2, respectively; the flux-weighted FWHMs were corrected for
instrumental broadening by subtracting the instrumental width of MUSE from the width
of each constituent Gaussian component in quadrature. 10th and 90th percentile velocity
shifts (vip and wvgg: the velocity containing 10 and 90 per cent of the total emission-

line-component flux, respectively) were also determined and used to produce the non-
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parametric Wy velocity width for each aperture. The resulting kinematics are given in
Tables 5.2 and 5.3. The percentile velocity shifts were subsequently used with Equation 1.4
to produce mass outflow rates, assuming A = 1 (see Section 1.2.1) and taking the outflow
radius (AR) to be the radial extent of the given aperture in the direction from the nucleus.
Finally, kinetic powers were determined using Equation 1.5 with the estimated mass flow
rates and the percentile velocities (and assuming no velocity width; i.e. o = 0 kms™)
— percentile velocities were used because any potential outflowing gas in the apertures
would not be spatially-resolved (see discussion in Section 1.2.2), and in this way, any real
outflow kinematics will not be underestimates. Coupling efficiencies for each aperture were
estimated by comparing the measured kinetic powers to the AGN bolometric luminosity
of F13451+1232 (L = 4.8 x 10% erg s71: Rose et al. 2018). The resulting gas properties

¢

for each aperture are presented in Tables 5.2 and 5.3

For the beam-smearing-corrected case (in which the nuclear model was used in the fits
to the extended emission; Table 5.2), the kinematics are modest (50 < v, < 180 km s™;
370 < v, < 440 km s™%; 300 < FWHM,, < 470 km s™%; 400 < Wy < 470 km s71).  Simi-
larly, the mass outflow rates and kinetic powers — despite being lower limits for aper-
tures 2 and 4 — are also low (0.14 < M,y < 1.50 Mg yr—"; 1.21 x 107* < Fig, < 1.88 x
1073 per cent of Ly,). For all apertures, the inclusion of the nuclear model in the fits to
the extended emission produced statistically-better fits to the [OIII] emission lines, fur-
ther demonstrating that beam-smeared nuclear-outflow emission contributes significant
flux up to radial distances of r ~ 4 arcseconds (r ~ 9 kpc; i.e. the maximum radial dis-
tance of the apertures from the primary nucleus). Furthermore, when beam smearing is
not accounted for — demonstrated here by the free-fitting case (Table 5.3) — the derived
mass outflow rates are significantly higher (up to My = 7.4+ 4.8 Mg yr~1). However,
even in this case, the mass outflow rates are much lower than that of the total nuclear
outflow in F13451+1232 (Mout ~ 230 Mg, yr~!: Chapter 4), and the maximum measured
kinetic power (Aperture 3: FEyin = 0.06 & 0.02 per cent of Lyo) is far below the range of
values required by models of galaxy evolution (> 0.15 per cent of Ly : e.g. Springel et al.
2005; Hopkins & Elvis 2010; Schaye et al. 2015; Dubois et al. 2016).

Finally, I highlight that the mass outflow rates, kinetic powers, and coupling efficien-
cies presented here are likely to represent upper limits for any real, spatially-extended
outflows, as it is assumed (but not established) that the additional non-nuclear compo-
nents represent outflowing gas, although their kinematics are not consistent with this

scenario.
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Nuclear model Ve FWHM,, Up Wao EWy,
Aperture .
required (kms™) (kms™') (kms™!) (kms!) (A)
[O111]
1 — 88+2 427416 370+10 401+10 —195+1.2
[O111]
2 Ha 179496 3114191 437+174 401 +175 —113.14+288
[O111]
3 — 14141 43245  437+4  467+4  —40843.7
[STI]
[O111]
4 — 5144  460+49 370417 467427 144412
[O111]
5 Ha 7343  467+£15 370+14 467+15 —11.1+09
M (%108 M Eygn (x10% 10-*
Aperture logig(n[em™3]) (> kin (X s (X
M) (Mg yr™')  ergs™) per cent)
1 2.531051 1.574+0.42 0.1440.04 0.58+0.16 1.2140.33
2 < 2.53 > 4.10 > 0.94 > 4.07 > 8.48
3 2.2470:38 205483 1.50+£0.42 9.044+091 18.8+3.5
4 <241 > 2.34 > 0.20 > .87 > 1.81
5 < 2.42 > 1.74 > 0.15 > 0.65 > 1.35

Table 5.2: Beam-smearing-corrected [OII] kinematics (flux weighted velocity shift, intrin-
sic flux-weighted FWHM, percentile velocity, and non-parametric velocity width W),
electron densities, masses, flow rates, kinetic powers, and coupling efficiencies for the

apertures extracted from the MUSE-DEEP datacube (Figure 5.8).

The ‘Nuclear model

required’ column indicates if including the nuclear models (e.g. Figure 5.2) in the mod-
elling of the [OIII]AA4959, 5007, Ha + [NII], and [SIIJAN6717,6731 line profiles produced
better fits — if so, only the additional (non-nuclear-model) Gaussian components were
used to derive gas properties. Equivalent widths (EW) for the Ha line are also given.
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Ve FWHM,, Uy Wso
Aperture
(km s™1) (km s™1) (km s™!) (km s™!)
1 —48+9 695 £ 158 —498 £ 93 868 =116
2 —109 £ 3 868 + 31 —898 £ 19 1335+ 21
3 —266 £4 1057 £21 —1099£13 1469 +14
4 —331+£10 1226+ 54 —898 £+ 26 1268 £ 28
) —740 £119 1683 £437 —2300+£249 2600 £ 250

Aperture  logio(ne[cm™?]) M (10 M _ P (X,1040 e (1072
M) (Mg yr1) erg s~ 1) per cent)
1 2.5310 1.574+0.42 0.1840.06 1424054 2974+1.13
2 < 2.53 > 4.28 > 2.99 > 76.1 > 159
3 1.959-3 5744326 7.36+£4.79 280+£98 5844240
4 <241 > 2.34 > (.49 > 12.5 > 26.0
5 < 2.42 > 3.18 > 1.71 > 285 > 593

Table 5.3: Non-beam-smearing-corrected [OIII] kinematics (flux weighted velocity shift,
intrinsic flux-weighted FWHM, percentile velocity, and non-parametric velocity width
Wso), electron densities, and energetics (mass, flow rate, kinetic power, and coupling
efficiencies) for the apertures extracted from the MUSE-DEEP datacube (Figure 5.8). In
this case, the nuclear models for [OIII]AN4959, 5007, Ha + [NII], and [SIT]AN6717,6731
were not included in the fits to those lines.
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The potential impact of underlying stellar continua

As the underlying stellar continuum in each aperture was not modelled and subtracted
before emission-line fitting (i.e. as was done for IC 5063: Section 2.2.5), I estimated the
potential effect that this might have had on the resulting outflow properties by measuring
the equivalent width (EW) of the Gaussian components of the Ha line fits, which are
given for each aperture in Table 5.2. As outlined in Section 3.2.4, the maximum expected
EW for Balmer lines (in absorption) from modelling by Gonzalez Delgado et al. (1999)
is EWy ~ 10 A. Therefore, in this case, the impact on derived Ho luminosity, and hence
outflow mass, would be approximately a factor of two at most (for Aperture 5, where the
lowest EWs are measured), although I note that this is an upper limit. Importantly, when
the Ha luminosity for each aperture is corrected for an assumed stellar-absorption feature
of EWy = 10 A, the beam-smearing-corrected kinetic powers remain low (e < 2.5 x
1073 per cent of Ly). Therefore, the lack of stellar-continuum modelling and correction

does not affect the interpretations and conclusions made in this chapter.

5.4 Discussion

By modelling the emission from compact outflows in the primary nucleus of F13451+41232
and including this model in the fits to spatially-extended [OIII]AN4959,5007, Ha +
[INIT]JAN6548,6584, and [SII]AN6717,6731 emission, it is found that the warm-ionised gas
has modest kinematics (v < 300 km s™'; FWHM < 500 km s™!: Figure 5.6; Table 5.2) on
radial scales of r > 2.5 arcseconds (5.5 kpc), consistent with gravitational gas motions that
are expected in a merger and the stellar velocities previously measured on these scales
for this object by Perna et al. (2021). Therefore, this careful analysis of deep MUSE
observations has found no evidence for galaxy-wide (r > 5 kpc) warm-ionised outflows
in F134514+1232. Furthermore, I have directly demonstrated that failure to account for
the beam-smearing effects of atmospheric seeing can lead to significant overestimations of
outflow radii, kinematics, mass outflow rates, and kinetic powers. In this section, I dis-
cuss the implication of the results presented here for models of galaxy evolution, compare
them to the findings of previous observational studies, and highlight the importance of

accounting for beam smearing when deriving the properties of AGN-driven outflows.

5.4.1 Comparison to models of galaxy evolution

(Semi-)analytic (e.g. Silk & Rees 1998; Fabian 1999; King 2003; Zubovas & King 2014)
and hydrodynamical (e.g. Di Matteo et al. 2005; Curtis & Sijacki 2016; Barai et al. 2018;
Costa et al. 2018, 2022; Zubovas & Maskeliunas 2023) models of galaxy evolution that
include AGN-driven outflows as a feedback mechanism require them to extend to galaxy-

wide scales and heat, entrain, and eject material needed for star formation. Despite being
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a physical representation of the situation considered in such models — and therefore an
ideal laboratory to verify this prediction — here, no evidence of galaxy-wide outflows is
seen in the warm ionised gas phase in the ULIRG F13451+1232. If taken as an indication
that there are no galaxy-wide outflows at all in this object, then the results presented in
this work contradict the predictions of the models, potentially indicating that the outflows

will not have a significant, direct effect on the evolution of the system.

Conversely, it is possible that galaxy-wide outflows are present in F134514+1232, but
the deep MUSE observations were not sensitive to them. For example, there may be
a galaxy-wide warm-ionised component that has a surface brightness below the limit of
the observations. However, I note that, in this case, the fluxes measured here could be
considered upper limits; given these fluxes and the outflow masses and kinetic powers
that are derived (Table 5.2), unphysically low electron densities for the warm-ionised gas
(ne < 10* cm=3) would be required to produce kinetic powers that are consistent with
model predictions (Ekin > 0.5 per cent of Ly,). Alternatively, some hydrodynamical mod-
els (e.g. Costa et al. 2015, 2018; Curtis & Sijacki 2016; Barai et al. 2018) predict galaxy-
wide outflows in a tenuous (n < 10' em™?), highly-ionised hot phase (T > 10° cm™?),
which MUSE observations are not sensitive to”. A direct test of this scenario would re-
quire X-ray spectroscopy of low-surface-brightness emission, which could be enabled by
future facilities such as LYNX.

Another consideration is that the models that predict galaxy-wide outflows com-
monly invoke radiatively-driven winds as the outflow acceleration mechanism. As argued
in Chapter 4, the coincidence of the small-scale radio structure and compact outflows in-
dicates that the nuclear outflows in the primary nucleus of F13451+41232 are jet-driven,
although acceleration from radiatively-driven winds cannot be ruled out. While this may
explain why galaxy-wide outflows are not seen in this object (i.e. they are not radiatively
driven), I note that simulations that invoke this mechanism to drive galaxy-wide outflows
require a range of AGN luminosities (44 < logio(Lpol [erg s™!] < 47) that includes the lu-
minosity of F13451+1232 (L, = 4.8 x 10% erg s™!: Rose et al. 2018). Considering this,
it is not clear why the situation in this object would drastically differ from the situation

considered in the models.

5.4.2 Comparison to previous observational studies
The scenario for the outflows in F1345141232

High-spatial resolution HST/ACS [OIII] imaging by Tadhunter et al. (2018) revealed com-
pact (o ~ 69 pc) warm-ionised emission near the primary nucleus of F13451+1232,

consistent with outflow radii determined for the neutral atomic (rpy < 100 pe: Morganti

"The density of the theoretical galaxy-wide, tenuous, highly-ionised gas discussed here is too low to
produce emission lines in optical spectra (such as those arising from Ne V and Fe X).
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et al. 2013a) and cold molecular (rcogi—gy < 120 pc: Chapter 4) phases. The analysis of
MUSE-DEEP data presented here thus provides evidence that, at least in these phases,
the AGN-driven outflows in F13451+1232 are limited to a compact region around the
primary nucleus, rather than being galaxy-wide. Deep IFU observations of other ULIRGs
hosting AGN (such as those in the QUADROS sample: Rose et al. 2018; Tadhunter et al.
2018; Spence et al. 2018; Tadhunter et al. 2019) will be important for establishing if the
outflow extents determined for F13451+1232 are representative of the wider population

of this important subclass of active galaxy.

Regarding the genuine extended emission seen in the beam-smearing-corrected veloc-
ity maps (right panels of Figures 5.6 and 5.7), the low-velocity-width (Wso < 500 km s71)
structure (with low velocity shifts: v,, < 210 km s7!) that is seen to the NW of the pri-
mary nucleus is likely associated with the arc-like structure seen in high-spatial-resolution
HST [OIII] imaging by Tadhunter et al. (2018). I note that it is possible that other non-
outflowing, [OIlI]-emitting structures may be present on galaxy-wide scales for which the
MUSE-DEEP data did not have a sufficient signal to detect in individual spaxels: for ex-
ample, the intermediate-velocity-width structures seen in CO(1-0) emission (Chapter 4,
Figure 4.1).

AGN-driven outflow spatial extents measured by other methods

Long-slit spectroscopy studies of active galaxies of various types, including quasars
and Seyferts (Das et al. 2006; Villar-Martin et al. 2016; Chapters 2 & 3), ULIRGs
(Spence et al., 2016; Rose et al., 2018; Spence et al., 2018; Tadhunter et al., 2019), and
CSS/GPS/Flat Spectrum (FS) radio AGN (Santoro et al., 2020), have found similar
outflow spatial extents for the warm ionised outflow phase, reaching maximum radial
distances of ~6 kpc from the AGN (although the majority find radial distances that
are much smaller than this). Similarly, high-spatial-resolution HST [OIIl]-imaging
(e.g. Fischer et al. 2018; Tadhunter et al. 2018) and spectroscopic (e.g. Chapter 3;
Das et al. 2005, 2006; Tadhunter et al. 2019) studies have also found outflows to only
extend up to these radial distances, as has a technique that makes use of IR SED
fitting of dust emission (Baron & Netzer, 2019a). Considering that no high-velocity
(Wgo > 500 km s~1) [OIII] kinematics are determined on galaxy-wide scales from the
MUSE-DEEP observations presented here, the results of this chapter thus provide further
support for warm-ionised, AGN-driven outflows being limited to the central regions of

active galaxies.
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5.4.3 The impact of beam-smearing on outflow spatial extents

and kinematics

In contrast to the results of this work and other studies that use a range of techniques
to measure outflow extents, some previous ground-based IFU studies of active galaxies of
various types have claimed evidence for galaxy-wide outflows in the warm ionised phase
(Liu et al., 2013, 2014; Harrison et al., 2014; McElroy et al., 2015), with radial extents
of 7 > 10 kpc being reported in some cases. I highlight that, in the velocity width (e.g.
Who, Wso) maps presented in those studies, the extended (r > 1 arcsecond; r > 5 kpc)
regions of high velocity width (> 500 km s™') often appear to be circular, with little
variation in the measured velocity width (as noted by Husemann et al. 2016 for the
results of Liu et al. 2013, 2014). These regions — which have previously been considered
to represent genuine galaxy-wide outflow emission — bear striking resemblance to the Wygq
map produced in this work for the case in which beam smearing is not accounted for (left
panel of Figure 5.6). Considering that this region is not present when beam smearing
is accounted for (by including the nuclear outflow model in the [OIII] line fits: right
panel of Figure 5.6), I argue that in many (if not all) cases, the galaxy-wide high-velocity
kinematics claimed in those studies were, in reality, due to atmospheric seeing effects. In
this context, it is important to note that, in the case presented here, the seeing smears
compact outflow emission over an angular radius (r ~ 2.5 arcseconds) that is six times
that of the HWHM of the seeing disk (HWHM, = 0.40 £ 0.10 arcseconds: Section 5.2.3).
Therefore, I argue that an outflow cannot be claimed to be genuinely spatially-resolved
based solely on its measured radius being greater than the HWHM of the seeing disk,
as was done in past studies. Moreover, I highlight that the impact of seeing on derived
outflow radii will be greater at larger redshifts since the spatial scale (kpc/arcsecond)
increases with redshift.

Hainline et al. (2014) and Husemann et al. (2016) investigated the impact of atmo-
spheric seeing on the measured spatial extents of extended narrow line regions (ENLRs)
of QSOs in the redshift range 0.4 < z < 0.7 based on long-slit and IFU observations, re-
spectively. Those studies showed that failure to account for beam smearing can lead to
overpredictions of ENLR sizes by up to a factor of two. In addition, in reanalysing the
dataset presented by Liu et al. (2014) to account for beam smearing, Husemann et al.
(2016) showed that the high [OIII] velocity widths (Wgo > 1000 km s™') claimed in the
ENLRs (r > 1 kpc) were actually due to the beam smearing of compact NLR, outflows.
In agreement with this, this chapter directly shows (for outflows in an object at lower
redshift) that when beam smearing is accounted for, extended (r > 1 kpc) high-velocity
emission is not detected, and that only moderate velocity widths (Wgy < 500 km s™!) and
low velocity shifts (v, < 210 km s™!) are measured on these scales (Figures 5.6 and 5.7).

Furthermore, this work reinforces this crucial point by quantifying the radial extent of

184



Chapter 5. No galaxy-wide outflows
in F13451+1232 5.4. Discussion

this effect to be r ~ 2.5 arcseconds, and showing that, had beam smearing not been con-
sidered, outflow radii may have been overestimated by r ~ 5.5 kpc — more than an order
of magnitude larger than the true outflow extent (r ~ 100 pc).

It is interesting that, when accounting for beam smearing using a similar technique
to that used in this work, Speranza et al. (2024) measured warm-ionised outflow radial
extents up to r ~ 12.6 kpc using ground-based IFU observations of a sample of nearby
QSO2s that have similar bolometric luminosities to F13451+1232. It is possible that the
outflows detected in that study are genuinely spatially-extended on galaxy scales, however,
it is also possible that the measured extents were overestimated by the PSF-subtraction
method used. In the analysis presented here, the components of the nuclear model are
broad (FWHM > 500 km s~*: Table 5.1), while the nuclear model used by Speranza et al.
(2024) included narrow components (150 < FWHM < 460 km s™!), which were likely pro-
duced by non-outflowing nuclear gas. When included in the fits to the spatially-extended
emission line profiles, these narrow components may have reduced the total flux that the
nuclear model accounted for in a given spaxel, therefore underestimating the contribu-
tion of beam-smeared emission. Therefore, in this scenario, the outflow extents measured
would be overestimates. This explanation for the disagreement between the results of
this chapter and those of Speranza et al. (2024) is supported by the outflow emission in
that study not extending beyond an angular radius of r = 2.5 arcseconds (see Figure 3 of
Speranza et al. 2024), consistent with what is seen in the case where beam smearing is
not corrected for in this work (left panels of Figures 5.6 and 5.7).

Finally, using spectroastrometry (a technique in which the centroid position of an
emission line is determined in each velocity channel: Bailey 1998; Santoro et al. 2020)
with SINFONTI infrared IFU observations, Carniani et al. (2015) determined high [OIII]
line widths (> 500 km s™') up to maximum radial distances of r < 2 kpc in quasars at
high redshift (z ~ 2.4). Similar warm-ionised outflow radii were measured with spectroas-
trometry of long-slit spectra (r < 2 kpc) for a sample of radio AGN (Santoro et al. 2018,
2020; 0.06 <z < 0.64), and a sample of local quasars and Sey 2 galaxies (Villar-Martin
et al. 2016; 0.3 <z < 0.6). Since spectroastrometry can provide estimates of outflow radii
that are insensitive to beam-smearing effects, this lends further support to the argument
that, when beam-smearing effects are accounted for, the measured spatial extents of the
warm ionised phase are limited to the inner regions of host galaxies. However, I note that

spectroastrometry is biased towards the high-surface-brightness nuclear components.

5.4.4 The impact of beam-smearing on mass outflow rates and

kinetic powers

When atmospheric seeing is accounted for in the analysis of the MUSE-DEEP data of
F13451+1232, it is found that the resulting spatially-extended kinematics are modest
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(v < 200 km s71; Wgo < 500 km s~1: Figure 5.6; Table 5.2) — consistent with merger-
like gravitational motions that would be expected for a ULIRG (see Perna et al. 2021).
Even if this emission was considered to represent outflowing gas, the mass outflow rates
(a few solar masses per year at maximum) are much lower than those of the compact
outflows in the nucleus of F13451+41232 (Mout,WI = 11.3 Mg yr ! Rose et al. 2018;
Mout,HI ~ 6 Mg yr~!: Morganti et al. 2013a; Chapter 4; Mout,co(l_o) ~ 230 Mg yr~t:
Chapter 4), and the kinetic powers (Ekin < 1 x 1073 per cent of Ly,) are far below both
the requirements of models of galaxy evolution (0.5 < Eun < 15 per cent of Lyo: e.g. Di
Matteo et al. 2005; Hopkins & Elvis 2010; Schaye et al. 2015; Dubois et al. 2016) and the

total estimated kinetic power of the compact outflow (~2 per cent of Ly.;: Chapter 4).

By considering two cases — one in which beam smearing is accounted for (Table 5.2)
and one in which it is not (Table 5.3) — this work shows that the beam smearing of nuclear
outflow emission can artificially increase the derived flow rates of the extended emission
by up to an order of magnitude, and kinetic powers by one-to-two orders of magnitude.
This is in close agreement with the findings of Husemann et al. (2016), who found that
accounting for beam smearing of the compact emission decreased the derived energetics
by these factors. Therefore, this chapter directly demonstrates that accounting for the
effect of beam smearing on IFU studies of AGN-driven outflows is crucial: not only can
atmospheric seeing artificially spread emission across the FOV (which may be interpreted
as powerful, galaxy-wide outflows), but in the case of genuinely-extended emission, can
artificially increase the derived energetics significantly.

Further investigation of this effect would be applying the beam-smearing-correction
technique used in this work to the re-analysis of the ground-based IFU observations that
were used by previous studies that claim the presence of galaxy-wide outflows. Moreover,
a complementary approach would be measuring outflow properties for the same AGN
samples using techniques that are insensitive to (or completely unaffected by) the beam-
smearing effects of atmospheric seeing, such as ground-based spectroastrometry or high-

resolution space-based [FU observations.

5.5 Chapter conclusions

By accounting for the beam smearing of compact-outflow emission in the analysis of deep
MUSE observations of the ULIRG F13451+41232, the following has been found.

e There is no evidence for spatially-extended, galaxy-wide (r > 5 kpc) warm-ionised

outflows in the ULIRG F1345141232, despite it representing the situation consid-

ered by models of galaxy evolution that require galaxy-wide outflows. Considering

that outflows have previously been detected and characterised on compact scales
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(r < 100 pc) in this object, I take this as confirmation that the outflows are limited

to the central regions of the galaxy.

e Even under the assumption that the spatially-extended, kinematically-modest gas is
outflowing, the mass outflow rates and kinetic powers are far below both those of the
nuclear outflows and the requirements of theoretical models. This indicates that,
even if this gas is truly outflowing, it is likely to have little effect on the evolution
of the system.

e Failure to account for atmospheric seeing in ground-based IFU studies of AGN-
driven outflows can lead to beam-smeared compact emission being interpreted as
galaxy-wide outflows. Crucially, the contribution from such a beam-smeared compo-
nent is significant far beyond the FWHM of the seeing disk (up to radial distances of
at least 2.5 arcseconds), and therefore considering emission detected on radial scales
that are larger than the FWHM (or HWHM) of the seeing disk as spatially-resolved
is not a robust interpretation.

e When the beam-smearing effect of atmospheric seeing is accounted for, the derived
kinematics of any real outflows are significantly less, mass outflow rates decrease
by up to an order of magnitude, and outflow kinetic powers decrease by up to two
orders of magnitude.

Overall, the analysis and results of this chapter directly challenge a key prediction

of theoretical models of galaxy evolution, and demonstrate that accounting for beam-

smearing in ground-based IFU studies of AGN-driven outflows is essential.
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“For broken, now the stayed

are last to toe the line.
To beyond the burning valleys where the eye,

to defy, will only see the sky.”

— Stygian Bough (Bell Witch & Aerial Ruin), The Unbodied Air
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6.1 Thesis conclusions

Outflows of gas accelerated by active galactic nuclei are routinely invoked by theoretical
models of galaxy evolution to explain empirical scaling relations between supermassive
black hole and host galaxy properties (e.g. Silk & Rees 1998; King 2003; Di Matteo
et al. 2005), as well as the observed properties of the local galaxy population (e.g. Schaye
et al. 2015; Davé et al. 2019; Zinger et al. 2020). In these models, prominent AGN-driven
outflows heat and expel gas, suppressing the star formation rates of the host galaxies.
Therefore, over the past 25 years, many observational studies have focused on compar-
ing measured outflow properties to those required and predicted by the models (Figure 1.5;
see Harrison et al. 2018). However, there are many uncertainties involved in deriving
outflow properties from observations, and the validity of the comparisons to theoretical
models is not clear. Principally, the true masses, mass outflow rates, kinetic powers, spa-
tial extents, and acceleration mechanisms of AGN-driven outflows are highly uncertain —
this has limited robust interpretations regarding the role of outflows in galaxy evolution.
In this thesis, I have presented a series of detailed, multi-wavelength observational
studies of four nearby active galaxies that address these sources of uncertainty. By
developing, verifying, and using precise outflow-diagnostic techniques, I have precisely
quantified key outflow properties and investigated their true natures and impacts on host
galaxies. The results of these studies — and their implications for the role of AGN in
galaxy evolution — are summarised and discussed here in the context of the major out-

standing questions presented in Chapter 1.

6.1.1 Which outflow phase(s) is dominant in terms of energetics,

and how are the different phases physically linked?

AGN-driven outflows are routinely observed in different gas phases (Table 1.1, Sec-
tion 1.2.1; see Cicone et al. 2018 for a review), including the coronal (e.g. Riffel et al.
2013b; Speranza et al. 2022; Villar Martin et al. 2023; Fonseca-Faria et al. 2023), warm
ionised (e.g. Villar-Martin et al. 1999; Holt et al. 2003; Rodriguez Zaurin et al. 2013;
Harrison et al. 2014; Rose et al. 2018; Tadhunter et al. 2019; Revalski et al. 2021), neu-
tral atomic (e.g. Morganti et al. 1998; Oosterloo et al. 2000; Rupke et al. 2005b; Schulz
et al. 2018; Su et al. 2023), warm molecular (e.g. Tadhunter et al. 2014; May & Steiner
2017), and cold molecular (e.g Alatalo et al. 2011; Cicone et al. 2014; Morganti et al.
2015; Oosterloo et al. 2017; Ramos Almeida et al. 2022; Audibert et al. 2023). Several
outflow phases have been observed to be simultaneously present in a small number of
objects (e.g. Morganti et al. 2005; Holt et al. 2011; Tadhunter et al. 2014; Riffel et al.
2015; Feruglio et al. 2015; Morganti et al. 2016; Finlez et al. 2018; Fluetsch et al. 2019),

and in some cases, these phases have been observed to be co-spatial and co-kinematic
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(Morganti et al., 2007, 2013a, 2015; Tadhunter et al., 2014; Oosterloo et al., 2017; Rose
et al., 2018), indicating that they form part of the same outflow. However, due to the
lack of objects for which there are robust outflow mass and kinetic power measurements

of such multi-phase outflows, the relative importance of the different phases is unclear.

Using detailed, wide-wavelength-coverage, high-spatial-resolution optical/NIR obser-
vations of IC 5063 — a nearby Sey 2 galaxy that presents prominent, multi-phase, jet-
driven outflows — I have precisely measured the mass outflow rates and kinetic powers of
its warm ionised outflow phase for the first time (Chapter 2). Extensive previous multi-
wavelength observations of the outflows in this object (Morganti et al., 2005; Oosterloo
et al., 2017; Venturi et al., 2021) allowed the energetics of the warm-ionised gas to be
placed into an important multi-phase context: by recalculating the masses, mass outflow
rates, and kinetic powers of the other observed phases with a consistent methodology,
I showed that the neutral atomic outflow phase is dominant in terms of mass (which is
three times that of the warm ionised and cold molecular phases combined) and kinetic

power (which is two orders of magnitude higher than those of the other phases).

Similarly, the ULIRG/QS0O2/GPS source F13451+1232 has been the focus of previous
studies covering all gas phases. While compact (r < 100 pc) outflows had been previously
detected and characterised in the primary nucleus of F13451+1232 in multiple gas phases
(Morganti et al., 2013a; Rose et al., 2018; Tadhunter et al., 2018; Villar Martin et al.,
2023), there had not been a robust detection of molecular outflows on any spatial scale (see
discussion in Villar Martin et al. 2023). To address this and provide a complete multi-
phase understanding of this important object, in Chapter 4, I presented and analysed
high-spatial resolution (0.113 x 0.091 arcsecond or 247 x 119 pc beam-size) ALMA CO(1-
0) observations of the primary nucleus of F13451+1232, tracing the cold-molecular gas.
High-velocity (400 < v < 680 km s71), compact (r < 120 pc) emission close to the loca-
tion of the primary nucleus is seen in the ALMA observations, which is interpreted as the
cold-molecular component of the nuclear outflow. The mass outflow rate (Mout ~ 230 Mg)
is more than an order of magnitude larger than those of the other phases, and the kinetic
power (Ein ~ 1.4 per cent of the AGN bolometric luminosity; Lpy = 4.8 x 10%° erg s
Rose et al. 2018) is several times that of the other phases combined. Crucially, including
the cold-molecular outflow in calculating the total multi-phase outflow kinetic power in-
creases it to be in the range required by models of galaxy evolution, potentially indicating

that it may play a role in the evolution of the merging galaxy system.

In all, the results of Chapters 2 and 4 directly show that the colder, non-ionised phases
of AGN-driven outflows comprise the majority of the outflowing mass and kinetic power
in the objects studied. This is a critical result: many observational studies of AGN-driven
outflows only consider a single phase, and therefore may have significantly underestimated
total outflow masses and kinetic powers, potentially by orders of magnitude. Moreover,

these chapters show that the warm ionised phase — the most commonly observed out-
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flow phase (e.g. Kraemer & Crenshaw 2000a; Villar-Martin et al. 1999; Das et al. 2006;
Harrison et al. 2014; Tadhunter et al. 2019) — can only account for a small fraction of

the overall outflowing gas.

In addition to determining multi-phase outflow energetics for two objects (see also
Chapter 3 for a discussion on the outflow phases in the Sey 2 galaxy NGC 1068), in
Chapter 2 I investigated how the different outflow phases are physically related. As noted
earlier, previous studies had identified co-kinematic and co-spatial outflowing gas in dif-
ferent phases for a small number of objects, however, it was not clear why multiple phases
are seen in a given outflow. This is particularly important to determine, as molecular gas
is seen to be outflowing in some cases (e.g. Tadhunter et al. 2014): it would perhaps be
expected that any outflow-driving mechanism would destroy the molecules, and so it is
unclear how molecules can be accelerated to the high velocities observed. The high spatial
resolution and wide wavelength coverage (from the UV to NIR) of the VLT /Xshooter ob-
servations allowed me to investigate the spatial flux distributions of various emission lines
that are produced by different phases of outflowing gas at the NW radio lobe of 1C 5063
(where the highest-velocity outflows are observed). Combining this with emission-line-
ratio diagnostic diagrams ([OIII](5007/4363) vs HelIA4686/H3: Villar-Martin et al. 1999;
[Fell]A12570/Paf vs HoA21218/Bry: Larkin et al. 1998; Rodriguez-Ardila et al. 2005; Rif-
fel et al. 2013a; Colina et al. 2015; Riffel et al. 2021) that provide information regarding the
ionisation/excitation mechanisms (shock- or photoionisation) of the outflowing and non-
outflowing warm-ionised and warm-molecular gas, I proposed that the observed outflow
phases in IC 5063 represent a post-shock cooling sequence (Section 2.4.2, Figure 2.17).
In this scenario, quiescent gas in the galaxy passes through shocks produced by jet-ISM
interactions, is heated to the highly ionised hot phase (7' > 10° K), and subsequently
cools through the warm ionised, neutral atomic, and warm molecular phases, eventually
accumulating in cold-molecular gas. This provides an explanation for why different gas
phases are seen to be co-kinematic and co-spatial in IC 5063 (and other active galaxies),
and how molecular gas can be accelerated to high velocities: the molecules are destroyed,

and then reform post-acceleration.

Taken together, this thesis demonstrates that the cooler, non-ionised gas phases can
dominate the energetics of AGN-driven outflows — therefore, the multi-phase nature
of AGN-driven outflows must be carefully considered in order to ensure that outflow
energetics are not significantly underestimated. Furthermore, this work presents evidence
in support of post-acceleration cooling being a (or the) physical link between the different

outflow phases.
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6.1.2 What are the true electron densities of the warm ionised
outflow phase, and what is the impact on outflow masses

and kinetic powers?

The greatest source of uncertainty regarding the kinetic powers of the most commonly
observed outflow phase — the warm ionised — is the electron density of the outflowing gas.
Principally, this is because the most commonly used methods, which involve measuring
the traditional [SII)(6717/6731) or [OI1](3726/3729) emission-line ratios, are only sensitive
up to moderate values of density, leading to many studies estimating or assuming densities
of n, < 10 cm™ (e.g. Liu et al. 2013; Harrison et al. 2014; Fiore et al. 2017; Mingozzi
et al. 2019). However, true electron densities may be much higher (potentially by orders
of magnitude), as indicated by recent studies that make use of different techniques that
are sensitive to a wider range of electron densities (up to n. ~ 107 cm™3: Holt et al.
2011; Baron & Netzer 2019b; Revalski et al. 2021). Considering that observationally-
derived warm-ionised outflow masses (Equation 1.3), mass outflow rates (Equation 1.4),
and kinetic powers (Equation 1.5) are inversely proportional to the measured or assumed
electron density, this indicates that much of the past work that used the traditional
[SII](6717/6731) and [OII](3726/3729) ratios (or assumed low values of electron density)
could have overestimated outflow energetics by orders of magnitude. This may have had a
significant impact on the interpretations made regarding the role of warm-ionised outflows

in galaxy evolution.

In Chapters 2 and 3, I made use of a technique involving the transauroral [SIT](4068 +
4076)/(671746731) and [OII](3726+3729)/(7319+7331) emission-line ratios (Holt et al.,
2011; Rose et al., 2018; Santoro et al., 2020; Spence et al., 2018; Davies et al., 2020;
Speranza et al., 2022, 2024) — which are sensitive to a wider range of electron density
(2.0 < logo(ne [em™3]) < 5.5) than the commonly-used ratios — to derive precise electron
densities. Using high-spatial-resolution, wide-wavelength-coverage observations, I derived
spatially-resolved electron densities with the transauroral-line technique and found them
to be above the sensitivity limit of the commonly-used methods (n, = 1032734 ¢cm™3
for IC 5063: Chapter 2; n, = 10**7 cm=2 for NGC 1068, and n, = 10>"~*% cm =3 for
NGC 4151: Chapter 3), in some cases by two orders of magnitude. For IC 5063 (Chap-
ter 2), I was able to measure the electron density of the same outflowing gas with both
the transauroral-line technique and the traditional [SII](6717/6731) ratio, allowing me
to directly show that the [SII](6717/6731) ratio underestimated the electron density by
half-an-order of magnitude. These studies mark the first (and to date, only) time that the
transauroral-line technique has been used to derive electron densities for spatially-resolved
outflows, ensuring that the densities measured were for the same outflowing gas as those
determined with the traditional [SII}(6717/6731) and [OII](3726/3729) ratios.
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In the case of the prototypical Seyfert galaxies NGC 1068 and NGC 4151, the densities
measured with the transauroral-line ratios were in agreement with those previously derived
for these objects by detailed photoionisation modelling (Revalski et al. 2021; see also
Revalski et al. 2022). Taken together, the results of these studies show that electron
densities can be higher than the sensitivity limit of the traditional emission-line ratios,
and that methods that are sensitive to a wider range of density values are required for
robust measurements. The transauroral-line method is ideal for this, as it does not depend
on a large number of emission lines nor require computationally-expensive modelling (such

as in the Revalski et al. 2021 approach).

Subsequently, the densities derived with the transauroral-line ratios for I1C 5063,
NGC 1068, and NGC 4151 were used to derive energetics for the spatially-resolved warm-
ionised outflows in these objects. The resulting mass outflow rates (Mout = 0.03-0.18 M,
for IC 5063; Moy = 0.6-3.7 Mg, for NGC 1068; My = 3.4-6.9 Mg, for NGC 1068) and
kinetic powers (Ekin < 3.0 x 1073 per cent of Ly for IC 5063; Fiin < 0.5 per cent of Ly
for NGC 1068; Eyin < 1.0 per cent of Ly, for NGC 4151) were modest in all cases. This
demonstrates the importance of precise electron-density diagnostics: underestimating
electron densities can lead to mass outflow rates and kinetic powers being overesti-
mated by orders of magnitude. The many previous observational studies that likely
underestimated electron densities concluded that the high kinetic powers they measured
(> 5 per cent of Ly ) implied that the outflows will have a significant impact on their
host galaxies. Therefore, in showing that true outflow kinetic powers may be significantly
lower, this work challenges the common interpretation that warm-ionised outflows play

an important role in galaxy evolution.

Prior studies that made use of the transauroral-line technique had been spatially
unresolved. This led to concerns that the lines involved are emitted by dense clumps of
gas within outflowing cloud complexes, and therefore do not trace the same outflowing gas
clouds as other key diagnostic lines such as [OI11]4959, 5007 and Hf, casting uncertainty
on the validity of the transauroral lines as a measure of outflow density (Sun et al., 2017;
Rose et al., 2018; Spence et al., 2018). Given that the VLT /Xshooter observations of
IC 5063 presented in Chapter 2 are spatially resolved, I was able to demonstrate that the
transauroral [SII] and [OII] lines are emitted in the same locations — and with the same
kinematics as — other key diagnostic lines (namely [OI11]4959, 5007 and Hf3), providing
strong evidence that they are emitted by the same cloud systems and thus alleviating
concerns regarding their use in observational outflow studies. Moreover, in Chapter 3, 1
argued that, since the transauroral [SII] and [OII] lines have critical densities that are
closer to those of the [OIII]AA4959,5007 doublet (commonly used to determine outflow
kinematics), they are a better representation of the outflowing gas than the traditional

[SIIJAN6717,6731 and [OIIJAA3726,3729 lines.
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Finally, while the impact of varying photoionisation properties on transauroral-line-
derived densities had been established to be less than an order of magnitude (Santoro
et al., 2020), the effect of shock-ionisation on derived densities was not clear. This was
particularly important for the case of NGC 4151, as evidence of shock-ionisation in the
NLR of this object was found in Chapter 3. To address this, I quantified the impact of
shock-ionisation of varying parameters on the derived electron densities (including the
case in which photoionisation is erroneously assumed), and found this to be a factor of a
few in total — much less than the potential orders-of-magnitude error incurred by using
techniques that are not sensitive to a wide range of densities.

Overall, the analyses and results of Chapters 2 and 3 demonstrate the importance of
robust density diagnostics in observational studies of the warm ionised phase of AGN-
driven outflows, and provide strong support for the use of the transauroral lines for this

purpose.

6.1.3 What are the spatial extents of AGN-driven outflows?

Theoretical models of galaxy evolution that invoke AGN-driven outflows as a feedback
mechanism predict them to extend to galaxy-wide scales (r > 5 kpe: Silk & Rees 1998; Di
Matteo et al. 2005; Curtis & Sijacki 2016; Zubovas & Maskeliunas 2023). However, long-
slit observations of active galaxies — combined with a technique called spectroastrometry
(in which the spatial centroid position of an emission line is measured as a function of
velocity along the slit; Carniani et al. 2015; Villar-Martin et al. 2016; Santoro et al. 2020)
— and direct HST imaging/spectroscopy (Fischer et al., 2018; Tadhunter et al., 2018)
have determined outflow radii to be less than a few kiloparsecs. This indicates that the
impact of outflows is limited to the central regions of galaxies, in contradiction to the
predictions of models.

Consistent with these results, by using high-spatial-resolution (0.113 x 0.091 arcsecond
or 247 x 119 pc beam-size) ALMA CO(1-0) observations of the primary nucleus of the
ULIRG F13451+1232 — an object that is representative of the situation considered
in models of galaxy evolution — I detected a cold-molecular outflow with a radius of
r < 120 pc (in agreement with the radii of the other outflow phases in this object: Mor-
ganti et al. 2013a; Tadhunter et al. 2018). This demonstrates that multi-phase AGN-
driven outflows — even when accelerated by luminous radio sources and bolometrically-
luminous quasars — can be compact, and therefore that high-spatial-resolution observa-
tions are required to robustly characterise them.

However, in contrast to this, studies making use of ground-based IFU observations
of the warm ionised outflow phase have claimed evidence for outflows having galaxy-
wide spatial extents (Fu & Stockton, 2009; Westmoquette et al., 2012; Liu et al., 2014;
McElroy et al., 2015; Wylezalek et al., 2017). Crucially, these studies did not account
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for the effects of atmospheric seeing, which may have beam-smeared compact-outflow
emission across the IFU field of view, artificially producing the appearance of galaxy-wide
outflows. To directly address this, in Chapter 5 I presented a ground-based IFU study of
F134514+1232: by carefully accounting for the beam-smeared emission of the well-known
compact outflows discussed earlier, no evidence for warm-ionised outflows on galaxy scales

was found, in direct contradiction to the predictions of models.

Moreover, the IFU study of F1345141232 presented in Chapter 5 also demonstrates
the importance of accounting for atmospheric seeing in ground-based IFU observa-
tions: the contribution from the beam-smeared compact-outflow emission to the line
profiles of the extended emission was significant to (at minimum) a radial distance
(r ~ 2.5 arcseconds) that was six times that of the HWHM of the seeing disk. If not
accounted for, this may have been misinterpreted as genuine galaxy-wide outflows,
significantly altering the interpretation of the impact of the AGN on the host galaxy.
Furthermore, I demonstrated that failure to account for beam smearing can lead to mass
outflow rates being overestimated by an order of magnitude, and kinetic powers being

overestimated by two orders of magnitude.

Combined with the analyses presented in Chapters 2 and 3 (the observations and
techniques of which traced gas in the central kiloparsecs of active galaxies), the compact-
ness of the cold-molecular outflow presented in Chapter 4 and the lack of warm-ionised
galaxy-wide outflows determined in Chapter 5 provide evidence that AGN-driven outflows
are limited to the central regions of their host galaxies. This contradicts a prediction of
galaxy-evolution models, and could be interpreted as AGN-driven outflows not having a

significant impact on galaxy-wide scales.

6.1.4 How do AGN accelerate outflows?

Although AGN-driven outflows are now routinely observed in active galaxies of various
types, it is not clear how they are accelerated (see Wylezalek & Morganti 2018 for a
review). Theoretical models can explain observed outflow kinematics in two general ways:
via radiation pressure (either broad, radiatively-driven winds that shock the colder ISM:
e.g. Hopkins & Elvis 2010; Meena et al. 2021, or ‘in situ’: e.g. Crenshaw et al. 2015;
Revalski et al. 2018) or via shocks induced by jet-ISM interactions (e.g. Sutherland &
Bicknell 2007; Wagner & Bicknell 2011; Mukherjee et al. 2016, 2018). However, in many
cases, observed outflow and NLR properties can be explained by both of these mechanisms
(e.g. Ulvestad et al. 1981; Axon et al. 1998; Das et al. 2005, 2006; Mukherjee et al. 2016,
2018; Meena et al. 2021), and both may be present in a given galaxy, with their relative
contributions to outflow acceleration being unclear. Determining how to observationally
distinguish between these mechanisms, and clarifying their relative importance, is crucial:

theoretical models can now predict specific outflow properties for a particular acceleration
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mechanism (e.g. Richings et al. 2021; Meenakshi et al. 2022a,b), allowing observational
studies to directly verify their physical mechanisms and assumptions. Moreover, detailed
understandings of outflow acceleration are required to inform the sub-grid physics of large-
scale cosmological simulations (such as EAGLE: Schaye et al. 2015, HORIZON-AGN:
Dubois et al. 2016, and SIMBA: Davé et al. 2019).

Typically, observational studies make use of gas ionisation or excitation conditions
to infer information about outflow acceleration (e.g. Mingozzi et al. 2019; Venturi et al.
2021; Revalski et al. 2021): it is assumed that different ionisation/excitation mechanisms
correspond to different acceleration mechanisms. However, the regions of photo- and
shock-ionisation overlap considerably in the most commonly used diagnostic diagrams
(Dopita & Sutherland, 1995, 1996; Allen et al., 2008; Ji et al., 2020), and it is not clear
if a direct relation between outflow ionisation/excitation and acceleration exists.

Chapter 2 presents a detailed study of the Sey 2 galaxy IC 5063, for which the strong
spatial and kinematic relation between the radio jet and outflows implies acceleration by
jet-ISM interactions. Using the [OIII](5007/4363) vs He 11A4686/Hf diagnostic diagram
(Villar-Martin et al., 1999) — for which photo- and shock- ionisation are better separated
than in commonly-used diagrams — the warm-ionised outflowing and non-outflowing gas
in IC 5063 was found to be AGN-photoionised. While this may have been interpreted
as the outflows being radiatively-driven, employing the NIR [FelI]A12567/Pa/ and Ha(1-
0)S(1) 2.212 pum/Bry diagram (Larkin et al., 1998; Rodriguez-Ardila et al., 2005; Riffel
et al., 2013a; Colina et al., 2015; Riffel et al., 2021) revealed that the outflowing warm-
molecular gas had some contribution from shock-excitation. This is consistent with a
scenario in which the gas in 1C 5063 is shocked by jet-ISM interactions, cools, and then
is re-ionised by radiation from the AGN. Importantly, this demonstrates that photoioni-
sation cannot be used as a proxy for radiative acceleration.

In Chapter 3, the [OIII}(5007/4363) vs He ITA4686/H3 and [NeV]3426/[Nelll]3869
vs Hell/Hp diagrams were used to show that the r < 200 pc NLR gas in NGC 1068 is
predominantly photoionised with matter-bounded geometry (Binette et al., 1996), while
the NLR in NGC 4151 presents evidence for shock ionisation and/or radiation-bounded
photoionisation. Notably, in both cases, the outflows are limited to the spatial extents
of the radio structures, similar to what is observed in IC 5063 — this indicates that,
for all three objects, the outflows are accelerated by radio jets. Despite this, the ioni-
sation conditions vary significantly, demonstrating that the relationship between outflow
ionisation/excitation and acceleration is complex.

Similarly, the compact molecular outflow detected in the primary nucleus of the
ULIRG/QSO F13451+41232 — which has much higher radio and optical luminosities
than the Seyfert galaxies discussed earlier — is spatially offset along the direction of the

small-scale radio jet, indicating that it is jet-driven (Chapter 4). In addition, spatially-
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extended (r ~ 440 pc), lower-velocity molecular gas is seen beyond the extent of the radio
structure, which may constitute a radiatively-driven component.

Overall, this thesis shows that the link between outflow ionisation/excitation and
acceleration is complex and that determining outflow acceleration mechanisms requires
detailed multi-wavelength information. By taking this approach for the objects considered
in this thesis — each having different radio and bolometric luminosities — I argue that

the dominant acceleration mechanism is jet-ISM interactions in all cases.

6.2 Future work

Further significant progress in understanding the natures of AGN-driven outflows and
their role in galaxy evolution will require distinct, yet complementary approaches. This
includes spatially-resolved, detailed, multi-wavelength studies of individual active galaxies
(such as those presented in this thesis), large-scale statistical studies of AGN populations,

and improved comparisons between observation and theory.

6.2.1 Detailed studies of active galaxies

Undertaking further detailed, multi-wavelength studies that make use of precise out-
flow diagnostics will permit robust outflow properties and acceleration mechanisms to
be determined in active galaxies of all types, informing the nature of feedback in galax-
ies of different host and AGN properties. A particularly useful sample would be one
consisting of nearby, non-quasar-like (Lo < 10% erg s7!), intermediate-radio-luminosity
(23 < log10(L1.4 gu. [W Hz7Y]) < 25) active galaxies: the radio luminosities would be in
the range for which prominent outflows would be expected (Whittle et al., 1988; Mul-
laney et al., 2013), while the non-quasar-like optical luminosities would mean that any
observable signatures of jet-accelerated outflows would be less likely to be obscured by
photo-ionisation/excitation. Therefore, such a sample would permit further robust de-
terminations of ionisation/excitation and acceleration mechanisms, in addition to deter-
mining precise outflow properties — this would allow the true impact of outflows to be
determined for a larger sample of AGN than is studied here, thus establishing how rep-
resentative the outflow properties of the objects studied in Chapters 2 and 3 are of the
general population of such AGN.

Detailed studies that use high-spatial-resolution, wide-wavelength-coverage observa-
tions can also further develop and expand upon the diagnostic methods used in this
thesis, such as improved discrimination between acceleration by jets and radiation pres-
sure: as demonstrated in Chapters 2, 3, and 4, this requires detailed, multi-wavelength
observations. Further advances in comprehensively determining the relative importance of

different driving mechanisms will require investigating the origins of NLR shocks (i.e. jets
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or radiatively-driven winds) — detailed investigations into gas (e.g. excitation/ionisation
states, pre- and post-shock densities) and radio-emission (e.g. multi-frequency fluxes,
spectral indices) properties will likely play a role in this. Moreover, these approaches can
be used in further investigations of the physical link(s) between different outflow phases,
such as the post-shock cooling sequence proposed in Chapter 2; clarifying this situation
in particular will require observing nearby objects that host prominent jet-ISM interac-
tions with high-spatial-resolution IR spectroscopy (for example with instruments such as

VLT /ERIS and JWST/NIRSpec).

One of the key points made in this thesis is that multi-wavelength observations of
active galaxies are needed to determine the total mass outflow rates and kinetic powers
of multi-phase outflows. However, to date, there are only a few objects for which this
has been done robustly (including IC 5063, NGC 1068, and F13451+1232: Chapters 2,
3, and 4, respectively). In addition to ongoing projects that are investigating the impact
of multi-phase outflows in nearby quasars — such as QSOFEED (Ramos Almeida et al.,
2022) and QFeedS (Jarvis et al., 2019) — observing existing samples of other AGN types
that already have well-characterised outflows in one or more phases will enable multi-
phase measurements to be rapidly expanded to a higher number of objects. For example,
for the QUADROS sample of ULIRGs (Rose et al., 2018; Spence et al., 2018; Tadhunter
et al., 2018, 2019), the energetics of warm-ionised outflows have been precisely quantified
using densities derived with the transauroral-line technique. Therefore, observations at
different wavelengths (but on the same spatial scales) would provide further insights into
the dominant outflow phases and reveal total outflow properties.

Moreover, the crucial result determined throughout this thesis (and supported by the
analyses of Chapters 4 and 5 in particular) — that AGN-driven outflows appear to be lim-
ited to the central regions (r < 5 kpc) of host galaxies — requires verification, principally
to ensure that the situation in F1345141232 is representative of the general AGN popu-
lation. Further IFU (e.g. VLT/MUSE) observations of ULIRGs such as F13451+1232 —
which bear resemblance to the situation considered in models of galaxy evolution — will
be ideal for this. For example, using the beam-smearing-corrected techniques and anal-
yses presented in Chapter 5 with IFU observations of other ULIRGs in the QUADROS
sample will allow true warm-ionised outflow extents to be determined for several objects
that would be expected to host galaxy-wide outflows. Complementary to this, the ob-
servations used in previous ground-based IFU studies of QSOs that claimed evidence for
galaxy-wide outflows (but did not account for beam smearing) can be revisited using the
techniques developed in Chapter 5, thus providing a direct test of outflow spatial extents
in objects of different types and further quantifying the impact of atmospheric seeing on

observationally-derived outflow properties.
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6.2.2 Statistical studies of precise outflow properties

Complementary to the approach taken in this thesis, future statistical studies of AGN-
driven outflows will be required to determine how representative the results of detailed
studies are, establish scaling relations between the properties of AGN / host galaxies and
outflows, and determine the role of outflows in AGN-feedback at the population level.
Previous large-scale statistical studies have been limited to determining outflow kinemat-
ics (e.g. with the [OIII] emission-line velocity width: Mullaney et al. 2013), but significant
advances in our understanding will require outflow kinetic powers to be calculated for a
large number of objects. Such an approach was attempted by Fiore et al. (2017) (see Fig-
ure 1.9), however, the parameters used to derive the mass outflow rates and kinetic powers
presented in that study were aggregated from various prior studies, each with different
object-selection functions (hence different observational biases), and none of which ac-
counted for the key uncertainties that this thesis demonstrates are important. Therefore,
applying the techniques developed, verified and used in this thesis to spectroscopic survey
data will permit — for the first time — statistical studies of precise outflow energetics

with uniform methodology.

The improved sensitivity and wavelength coverages of the next generation of multi-
object spectrographs such as the Dark Energy Spectroscopic Instrument (DESI; Levi
et al. 2019) and the William Herschel Telescope (WHT) Enhanced Area Velocity Explorer
(WEAVE: Jin et al. 2023) will be ideal for this: they will enable statistical studies that
make use of faint diagnostic lines (such as the transauroral [OII] and [SII] doublets) for
the local AGN population, in addition to careful analysis of brighter spectral features
(such as [OIIT]AAN4959, 5007 and [SITJAN6T17,6731; see discussions in Sections 2.3.1 and
5.3.3) for objects at higher redshift. Furthermore, the intermediate spectral resolutions of
these instruments (60 < AV < 160 km s™!) will allow for outflowing and non-outflowing
gas to be kinematically separated, permitting precise measurements of outflow properties
in addition to gas ionisation mechanisms (which will provide indications of acceleration
mechanisms for a large number of objects).

In particular, the WEAVE-LOFAR survey (Smith et al., 2016; Jin et al., 2023) will
be ideal for this type of work: in addition to the key features outlined above, the survey
will be radio-selected based on LOFAR (LOw Frequency ARray: van Haarlem et al. 2013)
low-frequency (10-240 MHz) observations, meaning that previous results determined with
optically-selected surveys (such as SDSS: York et al. 2000) can be verified for a different
selection function based on low-frequency radio observations. In addition to observing a
large number of HERGs (high excitation radio galaxies: Laing et al. 1994; Tadhunter et al.
1998; Best & Heckman 2012) — objects similar in their observable properties to the galax-
ies considered in this thesis — the majority of the expected AGN observed by WEAVE-
LOFAR will be low excitation radio galaxies (LERGs). Despite being the dominant radio

galaxy population in the local Universe (Hardcastle et al., 2007), relatively few studies
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of AGN-driven outflows in LERGs have been performed (Ruffa et al., 2022). Moreover,
complementary low-frequency radio observations for all WEAVE-LOFAR sources will be
available (at 6 arcsecond resolution from the LoTSS survey: Shimwell et al. 2017), thus the

variation of outflow properties in optical and radio AGN-subclasses can be investigated.

6.2.3 Improved comparisons between observational and theo-

retical work

Since the advent of the field of AGN-driven outflows three decades ago, many observa-
tional studies have sought to verify the role of outflows in galaxy evolution by comparing
observationally-derived outflow properties to the requirements and predictions of theoret-
ical models. However, as discussed in Section 1.2.3, in many cases it is not clear if such
comparisons are valid, casting uncertainty regarding the interpretations made. Therefore,
significant progress in the field of AGN-driven outflows will require consistent dialogue
and collaboration between observers and theorists, which will be crucial to avoiding the
misunderstanding and misinterpretation of results and improving interpretations. Princi-
pally, this dialogue has the potential to produce meaningful observables that can be used
to verify the requirements and predictions of models, and the results of observational
studies can inform the physical mechanisms included in the models themselves.

Such improved comparisons between theory and observation will likely involve detailed
observations of individual objects and tailored simulations of those objects: for example,
such as has been performed for IC 5063 (Morganti et al., 2015; Mukherjee et al., 2018)
and the Teacup galaxy (Audibert et al., 2023). While ezact comparisons of values (such
as coupling efficiencies and spatial extents) should be avoided due to the uncertainties
and limitations inherent in both observationally-derived properties and modelling, these
studies can test if the physics and assumptions of models are broadly valid.

Moreover, simulations of different outflow acceleration mechanisms can now predict a
range of physical conditions and properties for gas in multiple phases (e.g. Richings et al.
2021; Meenakshi et al. 2022a,b) — verifying these observationally with multi-wavelength
observations and precise gas diagnostics provides an unprecedented opportunity to under-
stand how outflows are accelerated, as well as their impact on host galaxies. The improved
understanding of the underlying physical mechanisms can then be used to inform both
further detailed modelling and the sub-grid physics of large-scale cosmological simula-
tions; the predictions of the latter can be directly verified using the results of statistical
studies made with spectroscopic surveys.

In conclusion, the precise diagnostic techniques presented in this thesis, applied to
both detailed observations and large-scale statistical studies, in addition to improved
dialogue between observers and theorists, will be crucial in making further advances in

our understanding of AGN-driven outflows and their role in galaxy evolution.
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Abbreviations used in this work

AGN = Active Galactic Nucleus

ALMA = Atacama Large Millimeter Array

AO = Adaptive Optics

ATCA = Australia Telescope Compact Array

BAL = Broad Absorption Line

BLR = Broad Line Region

BLRG = Broad Line Radio Galaxy

BPT = Baldwin Phillips Terlevich [diagnostic diagrams: Baldwin et al. 1981]
CSS = Compact Steep Spectrum [source]

CCMB89 = Cardelli, Clayton & Mathis 1989 [Cardelli et al. 1989
CKN1068 = Crenshaw & Kraemer: NGC 1068 [Crenshaw & Kraemer 2000b]
CKN4151 = Crenshaw & Kraemer: NGC 4151 [Crenshaw et al. 2000]
DESI = Dark Energy Spectroscopic Instrument

ENLR = Extended Narrow Line Region

EVN = European VLBI Network

EW = Equivalent Width

FIR = Far Infrared

FOV = Field Of View

FR = Fanaroff-Riley [Class I or II]

FWHM = Full Width at Half Maximum

FWZI = Full Width at Zero Intensity

GPS = Gigahertz Peaked Spectrum [source]

HERG = High Excitation Radio Galaxy

HST = Hubble Space Telescope

HWHM = Half Width at Half Maximum

IC = Index Catalogue

ICM = Intracluster Medium

IGM = Intergalactic Medium

ISM = Interstellar Medium

kpc = kiloparsec

LERG = Low Excitation Radio Galaxy

LINER = Low Ionisation Nuclear Emission Region

LIRG = Luminous Infrared Galaxy

LOFAR = Low Frequency Array

LoTSS = LOFAR Two-metre Sky Survey

MCMC = Markov Chain Monte Carlo

(e-)MERLIN = (enhanced-)Multi-Element Radio Linked Interferometer Network
Mpc = Megaparsec
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Mrk = Markarian

MUSE = Multi Unit Spectroscopic Explorer
NGC = New General Catalogue

NIR = Near Infrared

NLR = Narrow Line Region

NLRG = Narrow Line Radio Galaxy

OB = Observing Block

PA = Position Angle

pc = parsec

PI = Principal Ivestigator

PSF = Point Spread Function

PKS = Parkes [catalogue of Radio Sources]

PV = Position Velocity [diagram]

QSO = Quasi Stellar Object

QSS = Quasi Stellar Source

RMS = Root Mean Square

SDSS = Sloan Digital Sky Survey

SED = Spectral Energy Distribution

Sey 1 = Seyfert 1 [galaxy]

Sey 2 = Seyfert 2 [galaxy]

SF = Star Formation

SFR = Star Formation Rate

SF11 = Schlafly & Finkbeiner 2011 [Schlafly & Finkbeiner 2011]
SLRG = Strong Line Radio Galaxy

SMBH = Super Massive Black Hole

STIS = Space Telescope Imaging Spectrograph
S98 = Schlegel et al. 1998 [Schlegel et al. 1998]
ULIRG = Ultra Luminous Infrared Galaxy

UV = Ultraviolet

VLBI = Very Long Baseline Interferometry
VLT = Very Large Telescope

WFM = Wide Field Mode

WFPC2 = Wide Field Planetary Camera 2
WHT = William Herschel Telescope

WEAVE = WHT Enhanced Area Velocity Explorer
WLRG = Weak Line Radio Galaxy

3C = 3rd Cambridge [Catalogue of Radio Sources]
4C = 4th Cambridge [Catalogue of Radio Sources]
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Definitions used in this work

Compact Steep Spectrum (CSS) source = A luminous radio source (L1 4 grr, > 10%° W)
with a steep spectral index (o < —0.5): see O'Dea (1998) and O'Dea & Saikia (2021) for

reviews.

Coronal emission lines = Warm-ionised (10,000 <7 < 30,000 K) emission lines

arising from species with ionisation energies above Ei,, > 100 eV.
Emission-line ratio = A ratio of the fluxes of two (or more) emission lines.

Galaxy-wide / galaxy scales = Spatial scales similar to that of a typical AGN host
galaxy; here, I define this as r > 5 kpc.

Gigahertz Peaked Spectrum (GPS) source = A luminous radio source
(Liscn, > 10 W Hz™!) with a radio spectrum that peaks at gigahertz frequen-
cies: see O'Dea (1998) and O’Dea & Saikia (2021) for reviews.

High radio luminosities (radio-luminous) = logo(L1.4 cn, [W Hz7']) > 25.
Intermediate radio luminosities = 23 < logyo(Ly.4 cu, [W Hz71]) < 25.

Matter-bounded geometry = Nebular geometry in which the outer edge of the ionised
region of a gas cloud is the outer edge of the cloud itself; the cloud is completely ionised,

and lacks a partially-ionised or neutral-atomic zone.

Outflow = Bulk motions of gas that are accelerated by AGN (e.g. via radiation pressure

or shocks).

Outflow energetics = Outflow masses (Equation 1.3), mass outflow rates (Equation

1.4), and kinetic powers (Equation 1.5); see also coupling efficiencies (Equation 1.2).

Quasar = A galaxy that shows AGN-like emission in its nucleus (line ratios consistent
with the AGN regions of the Baldwin et al. 1981 diagnostic diagrams, and line widths of
FWHM > 200 km s~!), with a bolometric luminosity of Ly, > 10% erg s=t.

Quiescent = Non-outflowing; kinematically-quiescent.
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Radiation-bounded geometry = Nebular geometry in which the edge of the ionised
region of a gas cloud is within the cloud itself, so that there exists an ionisation front;

ionised, partially-ionised, and neutral-atomic gas is present within the cloud.

(Radio) jet = A collimated stream of very fast (v ~ 0.1¢) plasma produced by

magnetohydrodynamical processes in the central AGN engine.

Radio structure = The observed structure of radio emission in an active galaxy, often

consisting of a core and/or lobe(s).

Seyfert galaxy = A galaxy that shows AGN-like emission in its nucleus (line ratios
consistent with the AGN regions of the Baldwin et al. 1981 diagnostic diagrams, and line
widths of FWHM > 200 km s7!), with a bolometric luminosity of Ly, < 10%° erg s71.

Ultra Luminous Infrared Galaxy (ULIRG) = A galaxy with an infrared luminosity
above 10" L (Ls_s500 um > 3.8 X 10% erg s~! Sanders & Mirabel 1996).

Wind = Very fast (v > 10,000 km s™!) gas that has been accelerated by radiation pressure
close to the accretion disk of an AGN (see Hopkins & Elvis 2010).
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Appendices

“When shadows grow longer,

and the sun sets for the forthcoming night...”

— Empyrium, When Shadows Grow Longer
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https://empyrium.bandcamp.com/album/where-at-night-the-wood-grouse-plays
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Appendix A

The impact of varying
photoionisation model parameters on
the [OIII](5007/4363) vs

Hell\4686 /H( diagnostic diagram

As noted in Section 2.3.1, the modelled values of the [OIII](5007/4363) and HelIA4686/H/
ratios depend on the electron density and metallicity of the emitting gas, the spectral index
of the AGN continuum, and the ionisation parameter. In order to investigate the impact
of this on ionisation-mechanism diagnostics, I present photoionisation models with varied
values of these parameters here. The principal goal of this analysis is to determine if
there exists a reasonable set of parameters which can explain the measured ratios for
IC 5063 (Chapter 2; Figure 2.11) as being entirely due to AGN photoionisation, which

would remove the need to include a contribution from shocks.

The CLOUDY photoionisation code was used for this purpose. The models were set
up in the same way as described in Sections 2.3.1 and 3.3.1, in which they were used
to produce grids for the transauroral-line ratios. Single-slab, plane-parallel, radiation-
bounded models of dust-free photoionised gas with an electron density of n, = 10% cm ™3

were produced for varying metallicities, spectral indices and ionisation parameters.

In Figure A.la the modelled ratios for a solar-composition gas of density n. =
10% cm™3 with three different spectral indices of the AGN-photoionising continuum (o =
1.0, 1.5, and 2.0; each marked with different symbols) and ionisation parameters ranging
between —3.0 < log;oU < —1.5 are presented. It can be seen that varying the ionisation
parameter for a given spectral index can change the [OIII](5007/4363) ratio by a factor
of two, while the effect on the HelIA4686/H/5 ratio is only a factor of ~1.25 in the most
extreme case. Changing the spectral index has a similar effect on the [OIII] ratio: the

modelled ratio for a = 1.5 is a factor of ~1.5 higher than for & = 1.0. Furthermore, the
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chosen spectral index also has a non-negligible effect on the HelIA4686/Hf ratio, with
the ratio for @« = 1.5 being a factor of ~1.5 higher than for v = 1.0.

The variation in the modelled ratios for a = 1.5 with gas metallicities ranging from
0.5-2.0 Z is shown in Figure A.1b, with higher metallicities having larger marker sizes.
As with spectral index and ionisation parameter, the chosen gas metallicity also has a
significant effect on the modelled [OIII] ratio, however, the effect on HelIA4686/Hf is
negligible. Finally, I investigate the effect that electron density has on the modelled
ratios by fixing the ionisation parameter to logU = —2.75 for a solar-metallicity gas with
three spectral indices (o« = 1.0,1.5, and 2.0), and varying the electron density between
2.0 < logio(n. [em™3]) < 5.0, as is shown in Figure A.lc.

Given the ratios that are measured from the apertures of the outflowing regions in
IC 5063 (Chapter 2, Figure 2.11), it is found that for « = 1.5, only metal-poor gas
(~0.5 Z), a higher electron density than is measured (n, > 10%° cm™2; Section 2.3.1),
and a much higher ionisation parameter can explain the observed ratios as being solely
due to AGN photoionisation. The gas mass contained in the disk of IC 5063 is My;sx £ 1 X
10% M, (from the molecular phase; Morganti et al. 2015), corresponding to an approximate
stellar mass of M, ~ 10° My, (Maddox et al., 2015), which would imply a metallicity of
12 +log(O/H) ~ 8.6 using the relation given by Tremonti et al. (2004). A metallicity of
0.5 Ze corresponds to 12 + log(O/H) ~ 8.3, lower than would be expected for IC 5063
given the mass of its disk.

However, the spectral index of a = 1.5 is an assumption — it is feasible that some
combination of ionisation parameter (which varies between kinematic components), along
with a different spectral index, can produce line ratios similar to those found for the

warm-ionised gas in IC 5063 without the need for an additional shock component.
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Appendix A. Photoionisation modelling of the [OIII|(5007/4363) vs HelIA4686/H/3

diagnostic diagram
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Figure A.1: HelIA686/Hp vs [OIII]A5007 /4363 line ratios from photoionisation modelling
of a solar-composition gas with plane-parallel geometry and varying model parameters.
In the top two panels, the variation in ionisation parameter is shown by the colour bar
(ranging between —3.0 < log;oU < —1.5 in steps of 0.25). Note that the axis limits are
different than those used in Figure 2.11.
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Appendix B

Critical densities and ionisation
energies for key diagnostic emission

lines

Table B.1 presents critical densities and ionisation energies for the lines used in the anal-
yses presented in Chapters 2 3, and 5, calculated using the PYNEB PYTHON module
(Luridiana et al., 2015) for a gas of temperature 7, = 15,000 K.

There have previously been concerns that the transauroral lines — used to derive
electron densities and reddenings in Chapters 2 and 3 — do not trace the same gas
that is emitting other key diagnostic lines such as HS and [OIII]AN4959,5007 (see
Section 1.2.1; Sun et al. 2017; Rose et al. 2018; Spence et al. 2018). I note that,
if the transauroral lines originate from denser clumps of gas within the same cloud
complexes as the clouds emitting other lines (Sun et al., 2017), those clumps would also
be expected to radiate strongly in HfS, since the recombination line emissivity scales
with n?. Furthermore, I highlight that the transauroral lines have critical densities that
are closer to the critical density of the [OIII]AA4959,5007 lines than the traditional [SII]
and [OII] lines (Table B.1), so they are more likely to trace the [OIll]-emitting clouds
than the traditional lines (Rose et al., 2018; Spence et al., 2018). Furthermore, the
transauroral ratios involve emission lines that arise from transitions within the [OII] ion,
which has an ionisation energy that is closer to the ionisation energy of [OIII] than [SII].
This highlights that the transauroral lines are likely better tracers of the [OIll]-emitting
gas than the commonly-used [SII}(6717/6731) ratio.
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Emission line  ngi (em™)  Eiy (eV)

[FeVII|A6087 1.9x107 99.0
[FeVII|A3759 3.5%x108 99.0
[NeV]A3426 1.8x107 97.2
[NellII]A3869 1.3x107 41.0
[OIII]A4959,5007  7.8x10° 35.1

Transauroral [OI1] and [SII] lines

[OII]A7320,7331  6.9x10° 13.6
[OII]A7319,7330  4.7x10° 13.6
[SIT] A4069 3.2x10° 10.4
[SIT]A076 1.6x10 10.4

Traditional [OII] and [SII] lines

[OIT]A3726 4.8%103 13.6
[OIT]A3729 1.4x103 13.6
SII|\6716 1.9%x103 10.4
[
SITIA6731 5.1%x103 10.4
[

Table B.1: Critical densities and ionisation energies at T, = 15,000 K for several key diag-
nostic lines that trace the warm ionised outflow phase: the [NeV]A3426 and [NelII]A3869
lines are used to investigate the presence of matter-bounded gas in Chapter 3; the lines
in the [FeVII](6087/3759) ratio are used to determine densities for high-ionisation gas in
Chapter 3; the [OIIT]A4959,5007 doublet is used for kinematics in Chapters 2, 3, 5, and
the ‘traditional’ [SII](6717/6731) and [SII|(3726/3729) density ratios and the transauroral
lines are used to derive electron densities and reddenings in Chapters 2, 3, 5. The PYNEB
PyYTHON module was used to produce the values in this table.
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Appendix C

Modelling the effect of
shock-ionisation on the
transauroral-line-ratio diagnostic

grid

In order to investigate the effect of shock-ionisation on the transauroral-line technique
of electron density measurement' (Holt et al., 2011), in Figure C.1 T plot the expected
TR([OII]) and TR([SII]) line ratios with the radiation-bounded diagnostic grid for pho-
toionised gas that was previously presented in Section 3.3.1, Figure 3.4 (see also Section
2.3.1, Figure 2.9). The shock models shown on this grid were taken from the library pre-
sented by Allen et al. (2008) (generated with the MAPPINGS III code), and are for

solar-composition gas.

First, the effect of varying the shock velocity between 0 < vgnoax < 1000 km s~!

with a constant magnetic parameter of B/\/n = 2 uG cm®? and pre-shock densities of
n =1, 10, 100, 1000 cm ™2 was investigated. Assuming a compression factor of ~100 if the
gas cools in pressure equilibrium behind the shock (Sutherland & Dopita, 2017; Santoro
et al., 2018), these correspond to post-shock densities of n = 102, 103, 10*, 10°> cm 3.
From Figure C.1, it can be seen that for high shock velocities (Z 500 kms™!) at a
given density, the modelled line ratios are similar to those predicted by photoionisation
modelling. However, for lower shock velocities (a few hundred km s™1), the predicted
densities may differ by 4+0.22 orders of magnitude. Similarly, shock-ionisation may affect
the derived colour excesses by E(B — V) +0.13.

Secondly, I investigate the effect of varying the magnetic parameter between typical
values for the ISM (2 < B/y/n < 4 uG cm®?: Dopita & Sutherland 1995; Allen et al.

IThe effect of shock-ionisation on the transauroral-line density and reddening diagnostic was investi-
gated in a preliminary fashion by Spence (2018).
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2008). This was done for three values of shock velocity (vghoa = 400, 600,800 km s71),
which is shown in Figure C.2. The impact on derived electron densities is greater at
higher densities (£0.25 orders of magnitude) than at lower densities (£0.10 orders of
magnitude), with little effect on the derived reddening value.

Finally, I quantify the effect of simultaneously varying the velocity (between
0 < Ushoek < 1000 km s71) and the magnetic parameter (2 < B/y/n < 4 uG cm®?) on the
TR-derived electron densities and reddenings (Figure C.3). It is found that the effect
on the derived density is +0.38 orders of magnitude, regardless of the density of the
modelled gas, and that the effect on derived reddening values is the same as varying the
velocity (E(B —V) £ 0.13).
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Appendix C. Modelling the effect of shock-ionisation on the transauroral-line-ratio
diagnostic grid
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Figure C.1: Transauroral-line-ratio (TR([SII]) vs TR(|OII]) grid for radiation-bounded
AGN-photoionised gas (black with red E(B-V) labels; as in Figures 2.9 and 3.4) with
the line ratios expected from modelled shocks (blue crosses) of fixed magnetic parameter
(B/y/n =2 uG cm®?) at different post-shock densities (labelled in blue), and for a range
of shock velocities (0 < vgpoac < 1000 km s1). Line ratios from shock modelling at a single
post-shock density (assuming a compression factor of 100) are grouped by blue ellipses,
and points of the same shock velocity (vsnoek = 400,600, 800 km s_l) are joined by dashed
blue lines.
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Figure C.2: Transauroral-line-ratio grid (as in Figure 3.4) with line ratios predicted by
shock modelling for three values of shock velocity (vghoex = 400,600 and 800 km s™!) and
two values of magnetic parameter (2 < B/v/n < 4 uG cm®/?) which are typical of the ISM.
Line ratios generated using the same post-shock density are shown as crosses with the
same colour (labelled), and points of the same density and velocity are joined by a dashed
line.
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Appendix C. Modelling the effect of shock-ionisation on the transauroral-line-ratio
diagnostic grid
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Figure C.3: Transauroral-line-ratio grid (as in Figure 3.4) with line ratios predicted by
shock modelling for two magnetic parameters (B/y/n = 2,4 uG cm®?) and a range of
shock velocities (0 < vgpoac < 1000 km s71) at each value of post-shock density. Predicted
ratios with the same post-shock density are shown with crosses of a single colour for each
density (labelled) and are grouped with ellipses.

237



	Title page
	Acknowledgements
	Declaration
	Thesis summary
	Contents
	Introduction
	Historical context
	Early spectroscopic studies of AGN
	The advent of radio astronomy
	Narrow-line studies of active galaxies
	AGN-driven outflows and galaxy evolution

	AGN-driven outflows
	Uncertainties regarding outflow energetics
	Outflow kinematics and geometry
	Comparisons to models of galaxy evolution
	Outflow acceleration mechanisms
	Taxonomy of AGN

	Outstanding problems addressed by this thesis

	Jet-driven warm gas outflows in the Seyfert 2 galaxy IC 5063
	Chapter declaration
	Chapter introduction
	Observations and data reduction
	Xshooter observations of IC 5063
	Seeing estimates
	Reduction of the Xshooter data
	Aperture selection and extraction
	Stellar continua modelling and subtraction
	Emission-line fitting

	Properties of the outflowing gas
	Analysis of the UVB+VIS apertures
	Analysis of the NIR apertures

	Discussion
	Placing the warm-ionised outflows at the NW lobe in a multi-phase context
	Outflow acceleration and ionisation/excitation mechanisms in IC 5063
	The use of transauroral-line diagnostics in AGN-driven outflows

	Chapter conclusions
	Chapter acknowledgements
	Data availability

	Outflow conditions and acceleration mechanisms for the prototypical Seyfert galaxies NGC 1068 and NGC 4151
	Chapter declaration
	Chapter introduction
	NGC 1068
	NGC 4151
	Previous photoionisation modelling of NGC 1068 and NGC 4151

	Observations and data reduction
	Archival HST/STIS observations
	Reduction of STIS data
	Aperture selection and extraction
	The contribution of stellar continua to the spectra
	Fits to key emission lines

	Analysis of the STIS spectra
	Transauroral-line diagnostics
	Ionisation states and mechanisms of the warm-ionised gas
	Electron densities of the high-ionisation gas in NGC 1068
	Energetics of the outflowing gas

	Discussion
	The outflow ionisation and acceleration mechanisms in the NLRs of NGC 1068 and NGC 4151
	The effect of ionisation mechanisms on density diagnostics
	Comparison of the transauroral-line-derived electron densities to other techniques
	The impact of the outflowing gas on the host galaxies
	A tale of three Seyferts: NGC 1068, NGC 4151 and IC 5063

	Chapter conclusions
	Chapter acknowledgements
	Data availability

	A compact cold-molecular outflow in the ULIRG F13451+1232
	Chapter declaration
	Introduction
	Observations and data reduction
	Analysis and results
	Moment maps
	BBarolo modelling of the gas disk
	Kinematics of the non-rotating gas
	Comparison to the small-scale radio structure
	Channel maps
	Potential effects of continuum subtraction
	Outflow energetics

	Discussion
	Interpreting the non-rotating gas as inflowing
	The spatially-extended, intermediate-velocity gas
	The compact, high-velocity nuclear outflow

	Chapter conclusions
	Chapter acknowledgements
	Data availability

	No evidence for galaxy-wide warm-ionised outflows in the ULIRG F13451+1232
	Chapter declaration
	Chapter introduction
	Observations and data reduction
	Archival VLT/MUSE-DEEP data
	Further reduction of MUSE-DEEP data
	Seeing estimates

	Analysis and results
	A Bayesian emission-line fitting routine
	The effect of atmospheric seeing on outflow extents and kinematics
	Energetics of the extended warm-ionised emission

	Discussion
	Comparison to models of galaxy evolution
	Comparison to previous observational studies
	The impact of beam-smearing on outflow spatial extents and kinematics
	The impact of beam-smearing on mass outflow rates and kinetic powers

	Chapter conclusions
	Chapter acknowledgements
	Data availability

	Conclusions and future work
	Thesis conclusions
	Which outflow phase(s) is dominant in terms of energetics, and how are the different phases physically linked?
	What are the true electron densities of the warm ionised outflow phase, and what is the impact on outflow masses and kinetic powers?
	What are the spatial extents of AGN-driven outflows?
	How do AGN accelerate outflows?

	Future work
	Detailed studies of active galaxies
	Statistical studies of precise outflow properties
	Improved comparisons between observational and theoretical work

	Chapter acknowledgements

	Bibliography
	Abbreviations used in this work
	Definitions used in this work
	Appendices
	Photoionisation modelling of the [OIII](5007/4363) vs HeII4686/H diagnostic diagram
	Critical densities and ionisation energies for key diagnostic emission lines
	Modelling the effect of shock-ionisation on the transauroral-line-ratio diagnostic grid

