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Abstract

In this thesis we aim to probe the role of two of the processes that can dictate the evolution of galax-

ies – feedback from the central active galactic nucleus (AGN) and mergers. To study the importance of

AGN feedback and, in particular, its most direct manifestation as galactic-scale cold-gas winds we as-

sembled two carefully matched large samples of nearby galaxies with and without the presence of optical

unobscured Seyfert 2 active galactic nucleus activity. To infer and quantify the presence of such galac-

tic kpc-scale outflows we then studied and compared the properties of the interstellar Nai λλ5890,5895

(NaD) absorption-line doublet, present in some of these systems. We detected excess interstellar NaD

absorption in a similar fraction of galaxies in both of our samples. We identified only 53 (or 0.5% of the

population) of our Seyfert 2 AGN galaxies potentially harbor outflows. Moreover, in a large fraction of

these 53 Seyfert 2s, available ancillary radio and infrareddata indicated that star-formation may actually

be the principal driver of the outflows. Our results suggest that galactic-scale winds at low redshift are

no more frequent in Seyfert 2s than they are in their control-sample counterparts and that optical AGNs

are not direct significant contributors to the quenching of star formation in the nearby Universe. On the

other hand, to investigate the impact that mergers can have on galaxy evolution we have focused on two

galaxies that show signatures of embedded counter-rotating components. Such features are believed to

be the fossil records of a past gas acquisition events or a merger. We have successfully separated the

contributions of the two distinct kinematic components to the spectra in one of them NGC 448. Drawing

on this separation we have shown that the two decoupled stellar components in NGC 448 have similar

ages, but different chemical compositions. Our findings indicate that thekinematically distinct compo-

nent in NGC 448 is truly decoupled, has external origin, and was formed through either the acquisition

of gas and a subsequent star-formation episode or from the direct accretion of stars from a companion.

Conversely, the presence of a kinematically distinct component in NGC 4365 is not associated to a true

kinematic decoupling and is instead most likely due to a projection effect stemming from the triaxial

nature of this galaxy. We have also used two samples from a large integral-field spectroscopic survey

to verify some of our previous finding and study the demographics of galaxies with embedded counter-

rotating components. We have performed some preliminary analysis of this data. The results of this

investigation confirm the validity of our method for the detection of cold-gas flows in our Seyfert 2 and

control samples. Finally, we have verified some previously known trends in the demographics and prop-

erties of galaxies that display stellar counter-rotation as inferred by integral-field observations. On the

other hand, our analysis is in contrast with previous studies that have observed that the presence of a

counter-rotating stellar component is associated rather frequently with the presence of counter-rotating

gas traced by nebular emission.
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Chapter 1

Introduction

1.1 A Short Observational Perspective

1.1.1 The Notion of a Galaxy

For a long time we did not know the real nature of the so-called“spiral nebulae” and the size

of the Universe. Two competing hypotheses had been put forward sparking the “great” debate

between Harlow Shapley and Heber D. Curtis (Shapley and Curtis, 1921). On the one hand,

the Universe was suggested to be composed of many galaxies like our Milky Way, observed

from afar as such “spiral nebulae”. On the other hand, Shapley and others argued these nebulae

were just nearby gas clouds and that the Universe had only onegalaxy, namely our own. The

first steps to resolving this dispute were made byHubble(1925) who succeeded to measure the

distance to two such “spiral nebulae” (M31 and M33). Nowadays, it has been established that

galaxies are massive systems one of which is our Galaxy (the Milky Way) that consist of dark

matter, stars, and interstellar gas and dust (e.g.Sparke and Gallagher, 2007).

One of the first steps undertaken towards better understanding of the nature of galaxies was

their classification on the basis of morphological features(e.g.Hubble, 1922, 1926, 1936). This

classification scheme shown in Fig.1.1 was dubbed as the “tuning fork” because of its distinct

shape. On the basis of their appearance the population of galaxies was split into three main

classes. Elliptical galaxies (early-type) appear to be quite featureless and smooth with two

dimensional light distributions that can be approximated by ellipses. Their brightness peaks in

a central region called the “bulge” and then decreases. Theydevise the stem of the “tuning

1



Chapter 1.Introduction 2

Figure 1.1: The original Hubble “tuning fork” taken fromHubble(1926) with example galaxies
retrieved from the Sloan Digital Sky Survey.

fork” designated by the letter “E” followed by an integer from zero to seven describing in an

increasing order their apparent ellipticity. The two prongs of the “fork” are populated by spiral

(also referred to as late-type) galaxies. They also have central bulges, accompanied by a discs

and spiral arms. Depending on the prominence of the bulge (decreasing) and openness of the

spiral arms (increasing) spirals are sub-classified into further classes designated with the small

letters from “a” to “c”. Moreover, the galaxies sitting on the lower prong do additionally show

the presence of a “bar”-like structure in their central region indicated by adding the capital letter

“B”. The third main class that occupies the intersection of the prongs with the stem consists of

early-type galaxies that have morphological properties reminiscent of both elliptical and spiral

galaxies called “lenticulars” and nominated as “S0”. This somewhat simple classification was

later refined (e.g.de Vaucouleurs, 1959) to include “irregular” galaxies and even more sub-

classes.

The following continuous improvement in both the quality ofinstrumentation and observations

has allowed the meticulous quantitative examination of increasingly large, and therefore more

representative samples of galaxies covering all Hubble types (e.g.Roberts and Haynes, 1994,

for a review). In particular, some early works were focused on extracting the huge amount of

information encoded in the light profiles of local galaxies (e.g.Petrosian, 1976; Simien and de

Vaucouleurs, 1986). It was thereafter shown that the surface brightness of most galaxies can

be well represented with a combination of the functional form proposed bySérsic(1968). It is
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commonly defined as:

I (r) = Ieexp−bn( r
re

)
1
n−1
, (1.1)

wherere is a scale (effective) radius encapsulating half of the flux,Ie is the galaxy intensity

(flux) at the effective radius, andn is parameter defining the “shape” (i.e. level of concentration)

of the profile. The quantitybn is further defined as a function of the shape parameter (n) to

enforce that half of the flux is contained within the scale radius. It can be numerically computed

by evaluating the quantile at which the Gamma probability distribution function of a shape

parameter of 2n integrates to 0.5 (Robotham et al., 2017) or is often approximated as 1.9992n−

0.3271 for 0.5 < n< 10 (Capaccioli, 1989). The two other commonly adoptedde Vaucouleurs

(1948) and exponential profiles can then be shown to be special cases of this Sérsic profile with

Sérsic indices of four and one andbn values of∼ 7.669 and∼ 1.6721, respectively.

1.1.2 Some Observed Galaxy Population Trends

The advent of even larger sky-wide surveys (e.g.York et al., 2000a; Cole et al., 2001; Scoville

et al., 2007, SDSS, 2dFGRS, COSMOS, respectively) spanning a great range of wavelengths

and depths combined with unified efforts to gather multi-wavelength data (e.g.Davis et al.,

2007, AEGIS) facilitated by the launch of a range of space (e.g.Wright et al., 2010; Milliard

et al., 2017, WISE, GALEX, respectively) and radio telescopes such as the Atacama Large Mil-

limeter/submillimeter Array (ALMA) has greatly improved our understanding of the structure,

properties, and populations of galaxies.

As a result it was shown that the population of galaxies in thelocal Universe shows a distinct

dichotomy in regards to their colors (e.g.Strateva et al., 2001; Baldry et al., 2004b,a) that also

persists at higher redshifts (z. 1) (e.g.Bell et al., 2004) and was noticed as early as the work

of de Vaucouleurs(1961). The left panel of Fig.1.2shows the difference in the absolute u- and

r-band magnitudes (u-r) with respect to the absolute r-bandmagnitude (Mr) for the Oh et al.

(2011) sample of nearby galaxies drawn from the Sloan Digital Sky Survey (York et al., 2000b).

Two distinct regions can be discerned there. The most dominant fraction of galaxies sits in the

redder (upper) part of the diagram. This so-called “red sequence” consists primarily of early-

type galaxies with a smaller fraction of “red” late-type galaxies (Masters et al., 2010a). Contrary

to the redder colors of the systems in the red sequence, a sub-population of the galaxies in the

local Universe display bluer colors and are of late-type morphology. They occupy the lower

section of the color-magnitude diagram (a region labeled asthe “blue cloud”) with only a small
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Figure 1.2: The u-r color vsMr magnitude diagram and the star-formation rate (SFR) vs galaxy
mass diagram for the Oh et al. (2011) galaxy sample. Left panel: The u-r color against ablosute
r-band magniture (Mr ) as obtained from the Sloan Digital Sky Survey. Right panel:The total
galaxy star-formation rate (SFR) with respect to total galaxy mass. The values have been taken
from the value-added catalogues (Kauffmann et al. 2003; Brinchmann et al. 2004;Salim et al.

2007). Contours are placed to reflect the number density of the galaxies in each panel.

presence of early-type blue galaxies (e.g.Schawinski et al., 2009). A smaller number of galaxies

lay in-between having somewhat transitional colors and morphology (e.g.Salim, 2014; Coenda

et al., 2018) in a region called the “green valley” (e.g.Schawinski et al., 2014).

Similar bimodality also extends to the derived star-formation rates (SFRs) of the population

of local (e.g.Brinchmann et al., 2004a; Noeske et al., 2007) and earlier epoch galaxies (e.g.

Daddi et al., 2004; Elbaz et al., 2007). The right panel of Fig.1.2 shows the dependence of

the logarithm of the SFRs (as taken fromBrinchmann et al. 2004a) on the logarithm of the

recovered galaxy mass (fromKauffmann et al. 2003; Salim et al. 2007) for theOh et al. 2011

SDSS galaxy sample. A large fraction of the actively star-forming galaxies form a tight sequence

called the star-forming “main sequence” in analogy to stellar evolution (e.g.Renzini and Peng,

2015). Principally, the gas in these galaxies is converted to stars in lockstep (e.g.Schmidt,

1959; Kennicutt, 1998b, Kennicutt-Schmidt law). At different spatial scales, the SFR surface

density has been demonstrated to correlate with the total amount of gas (atomic and molecular)

surface density. The efficiency with which the star-formation process occurs also appears to

differ depending on the surface density of the total gas and leasttwo distinct regimes have been

inferred. Over the lowest gas density regime (. 10M⊙ pc−2) the star-forming capable interstellar

medium (ISM) is predominantly in the atomic phase and the star-forming efficiency is notably

low. Nevertheless, in the conditions of increasing gas densities (& 10 M⊙ pc−2) the presence
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of molecular gas among the star-forming potent gas phase of the ISM also has been shown to

increase in conjunction to the efficiency with which this gas is turned into stars. The existence

of a third very highly efficient star-formation mode has also been put forward. This so-called

starburst or high-density regime (& 100−300M⊙ pc−2) is possibly characterised by even higher

star-formation efficiency (e.g.Kennicutt and Evans, 2012, for a review). Furthermore, apart

from the main star-forming sequence a sub-population of galaxies have very high SFRs. Within

those systems the radiation generated by young stars in an intense central obscured starburst is

re-emitted by large amounts of dusty ISM peaking in the infrared (IR) part of the spectrum. This

leads to an elevation of the host galaxy infrared luminosity(with some cases when a significant

fraction of the host‘s bolometric luminosity is in the infrared) giving rise to, for example, the

class of (ultra) luminous infrared galaxies ((U)LIRGs, e.g. Sanders, 1997; Lonsdale et al., 2006,

for reviews). On the other hand, a large fraction of systems in the local Universe display very low

SFRs, if any. Most of these galaxies are “quiescent” (“passive”) or “retired” and sit below the

star-forming main sequence possess old- to intermediate- age stellar populations (e.g.Robaina

et al., 2012; Stasínska et al., 2015) and have significantly lower gas content in comparison to

galaxies of similar mass lying on the star-forming sequence(e.g.Saintonge et al., 2011, 2016).

In that respect, a big fraction of the star-formation budgetin the Universe had already been

exhausted in earlier epochs. Drawing on the proliferation of deep large spectral and multi-

wavelength surveys, it is now believed that the global instantaneous star-formation rate density

of the galaxy population (also referred to as cosmic star-formation) peaked at redshift of∼

2. Since then, the global rate at which galaxies form stars has declined to reach the levels

observed in the local Universe. At redshifts higher than two, the global instantaneous star-

formation rate density is less certain, but has been demonstrated to also decrease (e.g.Madau and

Dickinson, 2014, for a review). Moreover, the specific star-formation rates(sS FR≡ S FR/M⋆)

of the galaxies laying on the main star-forming sequence forredshifts of at least up to two have

been demonstrated to correlate with their galaxy masses (e.g. Zheng et al., 2007; Karim et al.,

2011). Such an observed mild trend of decrease in the host systemssS FRwith respect to their

masses implies that the more massive galaxy systems (that are very likely now quiescent) would

have concluded most of their star formation earlier in comparison to their low mass counterparts

(e.g.Juneau et al., 2005) building a concept also known as “downsizing” (Cowie et al., 1996).

An even fuller and detailed understanding of the structure and properties of galaxies was gained

with the advent of advanced instrumentation and techniquessuch as integral field spectroscopy

(IFS). The wealth of information gathered by the first big IFSsurveys such as SAURON (Bacon
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Capellari et al. (2007)

Figure 1.3: Example (ǫ,λRe) diagrams. Left panel: The (ǫ,λRe) diagram for the galaxies of
the ATLAS3D (Cappellari et al., 2011; Emsellem et al., 2011) and SAMI pilot (Fogarty et al.,
2015) surveys split on the basis of the charachteristics of theirvelocity fields. The thick solid
green line and the thinner black lines designate the theoretical predictions for systems that
show different amount of apparent ordered (circular)/non-ordered (complex) orbital rotation
(anisotropy) and are viewed edge on (Binney, 2005). The magenta line correspond to the
retrieved limiting case of the observed intrinsic galaxy axial ratios for edge-on systems that
have at least a small amount of orderly rotating orbits (Cappellari et al., 2007). The dashed
lines give the expected positions of such systems when they are viewed from a different vantage
point. Nonregular rotators are most commonly found below this magenta line whereas most
regular rotators sit above. The green dotted line deliminates an approximate regular/nonregular
rotator separation line. The solid black line encompasess the best emperical estimation for
the region where slow/nonregular rotators lay. Different symbols designate the velocity field
classification. Right panel: The same (ǫ , λRe) diagram for some of the galaxies of the ATLAS3D

(Cappellari et al., 2011; Emsellem et al., 2011), SAMI (Fogarty et al., 2015), and CALIFA
(Sánchez et al., 2012) surveys split by their morphology. Figures adopted fromCappellari

(2016).

et al., 2001; de Zeeuw et al., 2002) and ATLAS3D (Cappellari et al., 2011) has revolutionized the

field of galaxy formation and evolution, for example, showing the complex nature the ionized

gas (e.g.Sarzi et al., 2006) or rich structure in the stellar population properties (e.g. Kuntschner

et al., 2010) of local galaxies.

From dynamical considerations galaxies can take different intrinsic shapes and configurations

of orbits that their stars occupy (e.gBinney and Tremaine, 2008). In particular, the most general

case is that of having an intrinsic shape that is described bythree axes of different lengths (triax-

ial). However, somewhat fortunately it has been demonstrated that most galaxies are less com-

plicated symmetric (axisymmetric) systems (e.g.Weijmans et al., 2014). The two-dimensional

information that IFS gather have allowed the quantitative separation (Emsellem et al., 2007;

Cappellari et al., 2007) of (mainly early-type) galaxies into two distinct categories: slow/non-

regular and fast/regular rotators. Such a robust distinction was drawn on thebasis of the global

apparent (observed) ellipticity of the isophotes (ǫ) with respect to a dimensionless parameter
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(λR= 〈R |V|〉/〈R
√

V2+σ2〉) devised to best quantify the observed projected stellar angular mo-

mentum per unit mass. The left panel of Fig.1.3 shows an example (ǫ , λRe) diagram adopted

from Cappellari(2016) used to draw such a separation. A number of factors dictate the position

of a given galaxy in this diagram. Through modellingCappellari et al.(2007) had demonstrated

that for the fast rotator galaxies within their sample the intrinsic ellipticity of a given galaxy,

related to the ratios of the axes that describe its intrinsicshape, is proportional to the amount of

ordered (circular)/ non-ordered stellar rotation provided that this is quantified in a way that does

not account for the direction of intrinsic rotation. This had allowed the construction of a thresh-

old (magenta line in Fig.1.3) for an edge-on model of a particular intrinsic limiting configuration

that is a fast rotator. On the other hand, all slow rotators are expected to be inconsistent with

such a model and therefore have been shown to occupy a different part of the diagram (below

the magenta line). The inclination of the galaxy with respect to the observer would also change

both the projected observedǫ andλRe pairs. This is demonstrated with the dashed black lines.

Also drawing on modellingBinney(2005) had demonstrated that the overall amount of appar-

ent ordered (circular)/non-ordered (complex) orbital rotation (anisotropy) is strongly correlated

with the observed ellipticity and intrinsic shape defining when viewed edge-on the solid green

line and thin black lines in Fig.1.3.

The population of slow rotators have lowλR (. 0.1) and their velocity fields show limited or no

rotation. Generally, they are believed to be brighter, moremassive elliptical (weakly) triaxial

systems that tend to reside in more dense galaxy environments. The major axes associated to

their surface brightness and two-dimensional velocity field do not necessarily coincide. These

galaxies were shown to also possess a number of embedded structures such as kinematically de-

coupled cores or two distinct peaks in their velocity dispersion maps (e.g.Emsellem et al., 2007,

2011; Krajnović et al., 2011; Li et al., 2018). In comparison, fast rotators are usually galaxies

that exhibit rather regular two-dimensional stellar velocity fields. Most late-type galaxies have

also been demonstrated to be formally classified as fast rotators (right panel of Fig.1.3) as shown

by the kinematics from the CALIFA survey (Sánchez et al., 2012; Falcón-Barroso et al., 2017).

Furthermore, the environmental distribution of early-type fast rotators is considered to be simi-

lar to that of spirals. The photometric and kinematic major axes in these systems have also been

shown to be, to a high degree, coinciding (e.g.Cappellari, 2016, for a review)
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1.2 A Brief Overview of Galaxy Formation and Evolution

It is nowadays widely accepted that the Universe began its existence in a very dense high tem-

perature state calledThe Hot Big Bang(e.g.Gamow, 1946). Such an origin for the Universe is

supported by a number of independent observations. The firstsubstantial affirmation for the Big

Bang is the observed relation between the speed of recessionof a galaxy with respect to its dis-

tance from us (Lemaitre, 1925; Hubble, 1929, the Hubble-Lemaître law). Accounting for such a

hot initial phase of the Universe also successfully explains the observed relative proportions of

the lightest chemical elements and their isotopes like deuterium, helium and lithium (e.g.Alpher

et al., 1948; Weinberg, 1993, for a popular overview). Another verification of the hot beginning

of the Universe is the so-calledCosmic Microwave Background(CMB) first detected byPenzias

and Wilson(1965) and interpreted as the relic imprint of the epoch of recombination byDicke

et al.(1965).

The most successful paradigm capable of explaining this plethora of observations is the so-

called Lambda Cold Dark Matter (ΛCDM; concordance) cosmological model (e.g.Narlikar

and Padmanabhan, 2001; López-Corredoira, 2017, for critical reviews). Under this framework

the Universe is homogeneous and isotropic on large scales, possess no curvature, and its main

contents in terms of the critical density are split in: dark matter (∼ 0.2715), baryonic matter

(∼ 0.0495), and dark energy (∼ 0.679) as measured by the Plank Collaboration primarily on

the basis of the CMB power spectrum (Planck Collaboration et al., 2018). The existence of

(cold) dark matter has been first proposed to account for the observed higher than expected

velocities of the stars within the solar neighbourhood (Oort, 1932) and individual galaxies within

clusters of (Zwicky, 1933; Andernach and Zwicky, 2017, for a translation). These observations

have been later extended to show that such dark matter must also be present in galaxies both

through theoretical arguments aided by numerical simulations (e.g.Ostriker and Peebles, 1973)

and by measuring galaxy rotation curves (e.g.Rubin and Ford, 1970; Rubin et al., 1985). It

has been shown it is not baryonic in origin and exerts gravitational force, but signatures for any

other interaction have not been conclusive and the search for any possible carrier fundamental

particles is still ongoing (e.g.Peter, 2012; Boveia and Doglioni, 2018, for reviews). Similarly,

prompted by observations of Type Ia supernovae, that can be calibrated as candles and used as

distance indicators, dark energy was introduced as the theoretical means by which to explain

the measured accelerated rate of expansion and curvature ofthe Universe (e.g.Schmidt et al.,

1998; Riess et al., 1998; Perlmutter et al., 1999). Its nature is not yet clear and the physical



Chapter 1.Introduction 9

mechanisms that led to its existence are under debate (e.g.Peebles and Ratra, 2003; Huterer and

Shafer, 2018, for a reviews).

Under the concordance cosmological model the observed structure of the Universe at different

scales is believed to have formed hierarchically. Small density perturbations left from the very

early times after the Big Bang grew progressively larger andgot amplified via gravitational

instabilities as the Universe expanded and cooled down. Slightly over dense regions gained even

higher densities and, conversely, under dense ones lost further density. Owing to its collisionless

nature dark matter relaxed first and collapses quicker to form a population of dark matter halos.

Such dark matter clumps subsequently grew further either through the accretion of both dark

and baryonic matter or mergers (e.g.White and Rees, 1978). During the collapse the baryon

gas embedded within dark matter halos experiences strong shock heating. Through radiative

cooling the then hot gas loses thermal energy and either accretes (e.g.White and Frenk, 1991;

Birnboim and Dekel, 2003) or collapses to form a protogalaxy at the bottom of the gravitational

well, dominated by dark matter. As the gas moved towards the central region of the dark matter

halo it gained angular momentum until a balance was achieved. During this process the gas had

sank to the center of the dark matter halo to very likely form arotating disk. Once there, the

gas cooled further and became self-gravitating (as opposedto being predominantly influenced

by the gravity of the dark matter halo). At the places where cooling dominates over heating

from the contraction, some dense cores would inevitably reach the uttermost densities at which

nuclear fusion takes place, giving birth to the first stars (e.g. Mo et al., 2010; Somerville and

Davé, 2015, for a review).

State-of-the-art individual galaxy and large-scale structure simulations (e.g. Fig.1.4, left panel)

based on this paradigm, incorporating ever more complex physics, have been incredibly success-

ful in explaining the discerned trends and characteristicsof both the nearby and higher-redshift

galaxy population collected through contemporary big surveys of ever increasing observational

quality. However, they have only limited prognostic power and more specifically require further

refined treatment and calibration of the various physical processes that regulate the amount of

baryons that end up as the stellar component of galaxies (e.g. Naab and Ostriker, 2017, for a

review). One observed discrepancy between the predictionsof large-scale structure formation

without additional sub-grid feedback processes and observations concerns the inferred galaxy

stellar mass function (Fig.1.4, right panel). The customary functional form to describe the shape

of either the galaxy stellar mass or luminosity function is that ofSchechter(1976). It expresses

the number of galaxies per unit mass or luminosity (Φ). A characteristic “knee” is present at
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Figure 1.4: Left panel: A cosmological volume slice from the EAGLE set of simulations
adopted fromSchaye et al.(2015). The different colors portray the density of the present gas of
diffrent temperature where lower temperatures are shown in blueand higher in red. The zoom-
in panels focus on the filamentary nature of the gas and an individual galaxy “obesrved” using
the SDSS filter set with the added expected dust extinction. Right panel: Collated observed and
predicted stellar mass functions from a number of simulations (Davé et al., 2013; Puchwein
and Springel, 2013; Vogelsberger et al., 2014; Dubois et al., 2014; Hirschmann et al., 2014;
Khandai et al., 2015; Schaye et al., 2015; Davé et al., 2016) and surveys (Li and White, 2009;
Bernardi et al., 2013). The dashed line deignates the galaxy mass function with the cosmic

baryon fraction. Figure taken fromNaab and Ostriker(2017).

the galaxy stellar mass or luminosity where the function changes from being a power law to

exponential. This knee separates the Schechter distribution into a faint or low-mass section and

brighter higher-mass end.

1.2.1 Feedback Processes

At least two distinct in nature (feedback) processes have been demonstrated to have the ability to

shape the galaxy mass and luminosity function and further account for the observed bi-modality

in the star-formation rates and colors of the galaxy population (e.g.Peng et al., 2010). One

of those processes that drives the evolution of galaxies within the model used in their work is

strongly correlated with the stellar mass of a given galaxy (“mass quenching”). An example of

such mass process can be the direct expulsion of gas in the form of galaxy-wide winds either

driven by the presence of an active galactic nucleus (AGN) oran intense burst of star formation

(e.g.Veilleux et al., 2005, for a review). On the other hand, the other process is strongly linked

to the environment a galaxy resides in (“environment quenching”) with a the potential addition

of the influence of mergers (“merger-quenching”).
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1.2.1.1 Feedback from Star Formation

The cumulative energy and momentum of multiple supernovae explosions (SNe) and the winds

and radiation output associated with massive stars during an episode of vigorous star formation

can impact the process of star-formation itself serving as ameans of self-regulation (the so-

called star-formation feedback). Much progress has been made in understanding how such a

feedback process works from numerical point of view at different scales from individual stars

to cosmological volumes (e.g.Dale, 2015, for a review). In particular, the star-forming regions

within galaxies have been shown to be capable of actively expelling a non-negligible fraction of

their hosts‘ ISM in the form of galactic-scale winds or outflows with the aid of multi-wavelength

observations (e.g.Rupke, 2018, for a review).

From a modelling perspective, much effort has been put in trying to discern the exact physical

processes that drive each particular ISM phase entrained inthe large-scale outflow. It is believed

that the dominant energy and momentum sources are the timelyexplosions of core-collapse SNe.

The different phases of the out-flowing gas are advected by and propelled through ram pressure

by the hotter wind component or the cooler phase of the outflowis simply the result of some

thermal instabilities within the expanding hot ISM. (e.g.Zhang, 2018, for a review). On the basis

of whether or not some cooling process (e.g. radiative cooling) is capable of dissipating a non-

negligible amount of energy in a wind generating hot shockedgas medium over times shorter

than its flow time two distinct regimes of outflows have been usually assumed: “energy-driven”

or “momentum-driven”. Owing to the conservation of energy,in the case of an energy-driven

wind, both the mass-outflow rate and terminal velocity of thewind are dictated by the rate at

which energy is injected. On the other hand, in a momentum-driven outflow the conservation

of momentum puts those two quantities to be proportional to the rate at which momentum is

instead deposited. A core-collapse Type II supernova explosion, ending the life of a massive

young star, can release on average∼ 1051 erg of kinetic energy carried out by∼ 2− 10 M⊙

expanding stellar ejecta material (e.g.Hartmann, 1999). The momentum and energy carried

out by the explosion then impart the surrounding ISM and drive a shock to form a supernova

remnant. The resulting remnant undergoes a few distinct evolutionary phases: free expansion,

Sedov-Taylor, pressure-driven snowplow, and momentum-conserving (e.g.Ostriker and McKee,

1988, for a review). The free expansion last as long as the mass of ambient ISM, being swept by

the shock, is smaller than the ejecta mass. Expansion continues through a Sedov-Taylor phase

where the propagation of the shock is dictated primarily by the ambient medium density and the
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initial supernova energy until radiative cooling starts tobe important. When the inner medium

temperature lowers enough and the shock front slows down such that the material behind is

cooled down efficiently because its cooling time is smaller than the flow time, the remnant

transitions to a pressure-driven “snowplow” phase. Over this stage the thermal energy trapped

inside the shock is still substantial and therefore the expansion of the remnant is mostly driven

by the thermal pressure exerted by the its interior and the edge of expansion is characterised

by a thin and dense shell (the “snowplow”). Once most of the thermal energy is radiated away

the expansion of the supernova remnant slowly fades away conserving momentum (momentum-

conserving snowplow).

With what efficiency is then momentum and thermal energy transferred intothe surrounding

ambient ISM depends on the complexities of the interaction vary with different investigations,

but the total injected momentum has been shown not to be too sensitive to either environmental

factors (e.g. inhomogeneities) (e.g.Kim and Ostriker, 2015; Walch and Naab, 2015; Martizzi

et al., 2015, however see). The efficacy with which the cumulative feedback from SNe then

feedback on larger scales to possibly produce a “superbubble” is also debated and can depend

on a the geometry in which the SNe explode and the timelapse between explosions and some

of the underlying galactic host (e.g.Creasey et al., 2013; Gentry et al., 2017; Fielding et al.,

2018). Furthermore, the winds associated with the progenitors of core-collapse supernovae

and later asymptotic giant branch stars can also deposit energy and form hot gas bubbles that

can facilitate the formation of larger-scale galactic winds (e.g.Hopkins et al., 2012). In some

starburst galaxies the energy injection provided by supernovae and winds from massive stars can

be also comparable (e.g.Leitherer et al., 1999).

Generally, driving of the flow of gas can be achieved through forces arising from either radiation

or thermal pressure (e.g.Zhang, 2018, for a review). In the particular case of actively star-

forming galaxies the transport and coupling of cosmic rays,generated and accelerated in the

explosions of SNe, through any magnetized interstellar medium can also give rise to a viable

driving force (e.g.Wiener et al., 2017; Farber et al., 2018).

First backbone models of the evolution of large-scale windswere developed assuming energy-

conservation (negligible radiation cooling), spherical symmetry and the injection of thermal

energy and mass by an episode of centralized star formation and the corresponding release of

thermal energy from SNe. These rates of energy and mass inputare canonically expressed

through the net energy rate provided by SNe and the star-formation rate through two coupling
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constants deemed the thermalization efficiency and mass-loading rate. The net energy rate pro-

vided by the SNe explosions, in turn, is usually also expressed though the star-formation rate

assuming an underlying number of SNe explosions per unit mass of stars formed and the en-

ergy generated by an individual SN. Moreover, the number of SNe explosions can be set to be

a function of the initial mass function (e.g.Chevalier and Clegg, 1985). Such models result in

asymptotic wind velocity at large radii that are only a function of the thermalization efficiency

and mass-loading rate. This type of outflow is said to be “adiabatic” as the expansion of the

wind fluid happens without heat transfer. In the general caseof adiabatic energy-driven out-

flows the rate at which energy is injected in the ambient gas and transformed into bulk motion is

proportional to the mass loss rate that also depend on the square of the terminal wind velocity as

the energy is somewhat efficiently converted to kinetic one. This naturally leads to mass outflow

rates that are proportional to the star-formation rate and inversely proportional to the square of

the wind terminal velocity (e.g.Murray et al., 2005).

In galaxies with sufficiently high star-formation densities the UV radiation stemming from

(young) massive stars can also perhaps directly exert non-negligible pressure on any present

gas and dust clouds (e.g.Fall et al., 2010; Murray et al., 2011). Generally, the momentum car-

ried by the photons of a source with a given luminosity is thatluminosity divided by the speed of

light. Nevertheless, the pressure exerted by radiation is not only dependent on this momentum,

but also how much of it is coupled to the gas or dust material inconsideration with a few dis-

tinct regimes of wind dynamics on the basis of this coupling strength (e.g.Murray et al., 2005;

Andrews and Thompson, 2011).

Models incorporating both SN and radiation feedback complimented with realistic cooling have

shown that both mechanisms need to act in order to reproduce some of the basic observational

properties of large-scale galactic winds. In galaxies richin gas and undergoing starburst (e.g.

ULIRGs) the wind driving by the force stemming from radiation pressure on the gas would

be significant. Conversely, the outflows observed in galaxies with lower star-formation rates

and lower ISM densities the thermal energy injection from supernovae and stellar winds would

more like dominate as a flow-driving mechanism (e.g.Andrews and Thompson, 2011; Hopkins

et al., 2012). In the central starburst region of a wind, whether radiation- or thermal-pressure

driven, is likely energy-conserving and expands adiabatically until its volume is large enough

such that cooling processes start to dissipate non-negligible amount of energy. Further outwards,

the wind switches to a regime in which momentum is conserved instead and swept up material

can routinely possess velocities of up to∼ 1−2×103 km s−1 (e.g.Thompson et al., 2015a,b).
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Observationally, such winds have been shown to be multiphase in nature (e.gLeroy et al., 2015;

Martín-Fernández et al., 2016) and have been found to be ubiquitous among both local (e.g.

Cicone et al., 2016) and intermediate (e.g.Rubin et al., 2014) or higher redshift galaxies (e.g.

Weiner et al., 2009; Sell et al., 2014; Jones et al., 2018).

The different ISM phases entrained in the outflow are routinely traced with a number of different

probes. Signatures of out-flowing material have been found in many different ranges of the elec-

tromagnetic spectrum. These include various absorption lines in the rest-frame ultraviolet (e.g.

Zhu et al., 2015, Fe II and Mg II) and absorption and emission complexes in theoptical (e.g.

Concas et al. 2017, 2019, interstellar Nai λλ5890,5895 absorption-line doublet and [OIII ]) as

well as infrared to millimeter wavelengths (e.g.Spilker et al., 2018; Fluetsch et al., 2019, OH

and CO). Wind velocities measured using these different proxies depend on the observer line

of sight and morphology of the outflow and can vary from∼ 100 km s−1 (e.g.Cazzoli et al.,

2016) to∼ 1000 km s−1 for the lower-mass most powerful starburst galaxies (e.g.Martin, 1999).

Different amount of material depending on the ISM phase is being pushed by and with these out-

flows. The mass outflow rates reported in some galaxies surpass the rate of star-formation and

are therefore expected to stifle the star-formation processthat empowers them. Large amounts

of dust produced in and around the outflow-instigating SNe and massive stars are usually also

entrained in these galactic winds, however carried outwards at much lower velocities (e.g.Heck-

man and Thompson, 2017, for a review). In the more broad cosmological context, galaxy-scale

winds driven by star-formation are believed to be to a large part responsible for the enrichment

of the interstellar and intergalactic medium with metals. They are also a vital ingredient in ex-

plaining the observed metallicity scaling relations within the galaxy population (e.g.Tumlinson

et al., 2017; Maiolino and Mannucci, 2019, for reviews).

1.2.1.2 Feedback from Active Galactic Nuclei

Supermassive black holes (SMBHs) are ubiquitously found inthe centres of most if not all

galaxies (e.g.Magorrian et al., 1998; Marleau et al., 2013). They often show their presence by

the release of copious amounts of gravitational potential energy as a consequence of the active

infall of material from a surrounding accretion disk. When undergoing such an active phase

the SMBHs manifest as an “Active Galactic Nuclei”. A standard “Unified” model for AGN

(Fig. 1.5) was put forward to explain the multiple different phenomenological features attributed

to the accretion onto the central SMBH (Antonucci, 1993). In it, the line of sight an observer has
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Figure 1.5: Schematic representation of the “Unified” AGN Model. Inaddition to the usual
AGN structural elements we also show some of the hypotesisedingredients that can give rise
to larger-scale AGN-driven galactic winds not in scale. Thescale for the main AGN model

components is adopted fromBlandford et al.(1990).

towards the very central energy generating engine and the rate at which material accrete onto

the SMBH dictate which characteristic observational signatures an AGN host galaxy exhibits.

Radiation emitted by the accretion disc illuminates high velocity clouds of gas present at parsec

scales in the immediate surroundings of the SMBH, photoionizing them and, therefore, giving

rise to a multitude of characteristic spectral emission lines. Gravitationally influenced by the

SMBH these clouds possess very high velocities explaining,for example, the broad Balmer

lines observed in the spectra of Type I AGN galaxies. The region surrounding the galactic center

linked to the origin of such broad nebular emission is dubbedthebroad-line region(BLR). This

system is lodged in a more optically and possibly somewhat geometrically thick dusty torus

spanning a few parsecs in size. It acts to block the direct view towards the central SMBH and its

associated accretion disk along certain lines of sight. However, some escaping radiation can still

reach the more dynamically relaxed gas present further thanthe BLR and excite it producing the

notable narrower emission line complexes detected in the spectra of Type II AGN galaxies. The

region giving rise to such emission lines is called thenarrow line region(NLR) (e.g.Blandford,

1990; Netzer, 2013). This picture is further complicated by the commonly established existence

of small pc-scale fast winds and outflows traced through X-ray and UV spectroscopy stemming

from the vicinity of the accretion disk in some of the more powerful AGNs. These outflows

were first detected trough a blue-shifted absorption lines in the X-ray and labelled as ultrafast

outflows (UFOs) and have velocities that can reach 0.3 of the speed of light (e.g.Tombesi et al.,

2011). Such black hole winds can be understood to be arising as a consequence of the radiation

pressure excreted by the continuum emission of the accreation disk of a SMBH accreating at

rates for which the black hole radiates with power compatible to the Eddington luminosity, the
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Eddington luminosity is defined as the maximum luminosity atwhich the force of radiation can

act to oppose the gravitational force). They, therefore, can carry great amounts of momentum

and energy that can be passed to the host galaxies ISM (e.g.King and Pounds, 2003). At the zone

of interaction the ISM such UFOs can get abruptly slowed downand should form a hot shocks.

Two distinct regimes of further outflow growth can be distinguished on the basis of whether or

not cooling processes occur efficiently (i.e. momentum- or energy- conservation, respectively).

On the one hand, in the energy-conserving regime a UFO impacts the ambient ISM to produce

large propagating hot shocks that efficiently maintain thermal energy. The result could be a

large bubble that expands adiabatically and sweeps up the host galaxy ISM in a “snowplow” to

produce fast large-scale outflows in a scenario deemed “blast-wave”. This scenario is somewhat

similar to directly coupling a fraction of the SMBH Eddington luminosity to launch an energy-

conserving wind (Silk and Rees, 1998). On the other hand, as these flows evolve they would

more likely naturally reach a scale at which radiative losses would become important and they

would transition into a momentum conserving stage. Coolingcould occur moderately fast and

leads to substantial compression ot the shocked gas resulting in a relatively geometrically narrow

post-shocked region. Owing to the conservation of momentumand that any thermalised energy

input being radiated away, the post-shocked gas would be able to impart only a smaller amount

of its energy to the host ISM though ram pressure and the now larger-scale wind would maintain

a terminal velocity that would be a function of the original UFO momentum injection rate (e.g.

Zubovas and King, 2012; King and Pounds, 2015a, for a review).

As previously discussed the majority of the photons in an AGNare emitted at higher frequencies

deeming it unviable that such radiation could directly efficiently couple to the ubiquitously ex-

isting population of electrons in the central galaxy regions. However, the dust grains embedded

in the gas and coupled to it via electromagnetic forces couldinstead have large enough radiation

cross sections, particularly in the IR, and, therefore, experience non-negligible radiation pres-

sure (Fabian, 2012). The magnitude of this pressure has been shown to be strongly dependent

on the luminosity of the driving source and the optical depths of the medium for ultraviolet and

infrared radiation and under favourable conditions such a force has been shown to be capable of

driving large-scale outflows powered by the AGN (e.g.Ishibashi and Fabian, 2015).

From a numerical point of view, at least two palpable “modes”of feedback from the AGN

have been adopted in contemporary cosmological simulations. One is the so-called “quasar” or

“radiative” mode when the rate of accreation onto the SMBH ishigh (close to the Eddington

limit). It is expected that the (cold) gas contents of the host galaxy should be most impacted
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when experiencing such a phase (e.g.Silk and Rees, 1998). The other is dubbed as mechanical

(or also “radio”, “maintenance”, or radio jet) mode. Such feedback is switched on whenever

accretion happens at much lower rate. It is associated with the presence of a hot galactic halo

and large-scale jets that form as a consequence can carve very large scale bubbles filled with very

hot gas into the surrounding inter-galactic medium (IGM) (e.g. Sijacki et al., 2007; Blandford

et al., 2019).

In somewhat massive systems, the energy released when theirsupermassive black holes accrete

matter can exceed the gravitational binding energy of theirhost galaxies by several orders of

magnitude. Thus, from a theoretical point of view, energetic feedback from AGN is thought ca-

pable of disrupting the progress of star formation in such systems, through the heating and ejec-

tion of the galaxy’s gas reservoir (e.g.Fabian, 2012). As such, energetic feedback from active

galactic nuclei is often invoked as a key mechanism for suppressing star formation in massive

galaxies, where stellar winds and supernovae explosions are not sufficiently energetic to effi-

ciently expel gas from their deep gravitational potential wells (e.g.Silk and Rees, 1998). Such

(negative) AGN feedback is frequently incorporated in models of galaxy formation, to prevent

the overprediction of over-massive systems in the models and bring their predicted properties,

like colours, in line with observations (e.g.Croton et al., 2006; Scannapieco et al., 2012; Kavi-

raj et al., 2017). From an empirical perspective, the AGN hypothesis is qualitatively supported

by the observed correlations between SMBH masses and various global physical properties of

their host galaxies (e.g velocity dispersion), which suggest that the host galaxy and its SMBH

may grow in lockstep with each other (seeKing and Pounds, 2015b, for a review). In par-

ticular, energy-driven AGN winds where the energy injection rate scales with the black hole

mass naturally lead to relation that is very close to the observed one (e.g.Murray et al., 2005).

Nevertheless, the detailed processes behind this possiblecoevolution (Kormendy and Ho, 2013)

remain unclear, and gaining insight into the impact that SMBHs can have on the evolution of

their hosts in large statistical samples of galaxies is essential (Schawinski, 2012).

The clearest examples of host-AGN interaction are arguablyfound in nearby brightest cluster

galaxies. The AGN in these systems have been shown to depositvast amounts of energy into

the surrounding intracluster medium via heating and (mega-parsec scale) jets both observation-

ally and by means of modelling (e.g.Binney, 2004; Scannapieco et al., 2005; English et al.,

2016; Gitti et al., 2012, for a review), which maintain the hot-gas reservoirs in these systems,

prevent cooling flows and thus suppress star formation (e.g.Binney and Tabor, 1995; Li et al.,
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2015). In lower-density environments (where the majority of galaxies live), the empirical pic-

ture is much less clear. Direct observational evidence for AGN feedback on galactic scales in

such environments remains sparse. More specifically, whileoutflows have been observationally

detected in a number of instances around AGN in various gas phases, most of these detections

have been made in ultra-luminous infrared galaxies or some of the closest quasar-host galaxies

(e.g.Nyland et al., 2013; Rupke et al., 2005b; Harrison et al., 2014), with only a few examples

where the AGN have been shown to couple with kpc-scale outflows that are capable of impacting

star-formation on galactic scales (Cicone et al., 2014; Harrison, 2017, for a review). Thus, it is

still unclear to what extent the general AGN population could drive kpc-scale galactic outflows

capable of possibly limiting or quenching star-formation in the local Universe.

Indeed, recent observational work has cast doubt on the ability of AGN to directly regulate star

formation in the nearby Universe. For example,Schawinski et al.(2014) found that black hole

accretion occurs preferentially in quenched galaxies thatexperience a rapid decay of their star-

formation rates. Amongst the population of galaxies the time delay between the peak of star

formation and the onset of AGN activity has been reported to be of at least several dynamical

timescales (e.g.Kaviraj et al., 2015b; Shabala et al., 2017, for radio and e.g.Schawinski et al.,

2007; Kaviraj, 2009; Wild et al., 2010for optical). Consequently, at least radio AGN, couple

mainly to residual gas, at a point where star formation has already declined and the original gas

reservoir is already significantly depleted (e.g.Sarzi et al., 2016). Similarly, AGN in general may

not play a significant direct role in regulating their associated star formation episodes and not

couple directly to the cold-gas reservoir (Kaviraj et al., 2011). A fuller understanding of the role

of AGN in regulating star formation, therefore, demands a direct study of whether outflows of

neutral material (which could be ultimately responsible for quenching star formation) are more

likely launched in AGN hosts. Most importantly, a quantitative statement about the putative

role of AGN in influencing the evolution of their host galaxy requires a study that employs a

complete sample of such AGN in the local Universe.

1.2.1.3 The Role of Galaxy Environment, Mergers, and Gas Accretion

Most generally, galaxies assemble their stellar mass through either star-formation that exhaust

any existing cold-gas reservoir, mergers, or by some accretion of gas accompanied by a subse-

quent episode of star formation.
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Such gas can be acquired either directly from cosmological filaments or reaccreted from material

already expelled in a galactic-scale wind (e.g.Kacprzak, 2017, for an overview). From a mod-

elling perspective, gas accretion is expected to dominate the mass assembly budget of galaxies

(e.g.L’Huillier et al., 2012). Observationally, the imprint of gas accretion from cosmological

filaments have been successfully inferred using the kinematics of individual planetary nebulae

and globular clusters in some galaxies (e.g.Coccato et al., 2013). Moreover, the misalignment

of the ionized-gas component with respect to the stellar body of some galaxies is indicative of

past gas accretion events and is not rare (e.g.Sarzi et al., 2006; Davis et al., 2011).

For galaxies residing in higher density environments, ram pressure stripping (e.gGunn and Gott,

1972; Brown et al., 2017; Bellhouse et al., 2017) and strangulation (e.g.Peng et al., 2015; Maier

et al., 2016) can act to remove cold gas and have been associated with the termination of the

process of star formation. Such removal of gas has been directly demonstrated in a class of

“jellyfish” galaxies (e.g.Smith et al., 2010; Ebeling et al., 2014) that show long tails of gas

that is being stripped due to its interaction with the (hot) intracluster medium. A great deal

of recent progress in understanding the details of how thesetwo processes impact galaxies in-

falling towards the centres of either galaxy clusters or groups has been made by the GASP survey

(Poggianti et al., 2017). The removal of the cold- or molecular- gas “fuel” for star formation has

been seen to usually happen outside-in leading to truncation or asymmetry in the distribution of

the observed ionized-gas ISM (e.g.Bellhouse et al., 2017; Gullieuszik et al., 2017; Moretti et al.,

2018) primarily through ram pressure stripping. However, both ram pressure and strangulation

in conjunction to galaxy harassment have been shown to also act simultaneously in a number of

cases (e.g.Fritz et al., 2017). Moreover, it has also been shown that gas in-flows (e.g.Vulcani

et al., 2018b) can occur in such high density environments possibly also triggering the AGN

and its capability of driving outflows (e.g.Radovich et al., 2019) and star-formation outside of

the main galactic body in a process labeled as a “cosmic web enhancement” (e.g.Vulcani et al.,

2018a, 2019).

Supplementary to this picture of higher density environments, galaxies could experience growth

and change in morphology due to mergers (e.g.Conselice, 2014, for a review). The dichotomy

between fast and slow rotators in the local universe has beensuggested to stem to a high extent

from the different merger and star-formation episodes suffered by their progenitors (e.g.Penoyre

et al., 2017; Cappellari, 2016, for a review). In the framework of hierarchicalΛCDM models

mergers between gas-rich fast-rotator disk galaxies were put forwards as a means by which

slow-rotator ellipticals can naturally form and in addition explain the observed faint “tails” and
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“bridges” that have been reported to surround early-type systems (e.g.Toomre and Toomre,

1972; Toomre, 1977; Naab and Burkert, 2003). More recently, a two-phase formation scheme

for the assembly of (early-type) galaxies (Oser et al., 2010, 2012) had been proposed in which

an initial “in-situ” collapse of cooled gas in dark matter halos builds up some of the initial

stellar contents of massive systems in a process resemblingearlier proposed formation scenarios

(“monolithic” and/or “dissipative” collapse) (e.g.Eggen et al., 1962; Searle et al., 1973; Larson,

1975; Carlberg, 1984; Kormendy, 1989). Then, the growth of more massive systems is largely

driven by a phase of mergers. Recent simulation (e.g.De Lucia et al., 2012; Kaviraj et al.,

2015a; Martin et al., 2017) and observational (e.g.Williams et al., 2014; Lofthouse et al., 2017)

work have shown that minor-to-intermediate mergers and even more strongly major mergers

may not be the dominant mechanism of galaxy stellar growth. Major mergers have also been

demonstrated to be capable of shutting down the star-formation process in local galaxies, albeit

not playing a major part in bringing the population of blue star-forming galaxies into redder

quiescent systems (e.g.Weigel et al., 2017).

1.2.2 Stellar Counter Rotation as a Proxy for Galaxy Assembly

The kinematic and stellar population properties of local galaxies carry the imprint of their for-

mation and evolution histories. Within the local Universe,most galaxies display rather regular

kinematic appearance (Krajnović et al., 2008; Cappellari, 2016). However, a fraction of the

local galaxies show some peculiarities in their stellar (e.g. Krajnović et al., 2011) or gas (e.g.

Sarzi et al., 2006) kinematics or both. Often these peculiarities imply underlying rotation around

more than one axis (or anti-parallel spin), characterisinga class of galaxies labelled as “multi-

spin galaxies” (Rubin, 1994). The observed multiple-spin axes could arise from a numberof

morphologically different structures. These range from polar ring or disc structures (e.g. NGC

4650A, Iodice et al., 2015) and large-scale counter-rotating discs (e.g. NGC 4550,Coccato

et al., 2013), to kinematically distinct or counter-rotating cores (e.g. NGC 5813,Krajnović

et al., 2015). The latter population of galaxies with a kinematically distinct core (KDC) displays

an abrupt change in the direction of the velocity field accompanied by a large change in the

kinematic position angle. In some of these special cases thevelocity of the KDC switches sign

(i.e. the two kinematic components show opposite rotation to one another) to differentiate a sub-

class of KDC whose members are specifically defined as having counter-rotating cores (CRC).

Another signature of a counter-rotating component is the presence of two symmetric velocity

dispersion peaks along the main rotation axis in a subclass of multi-spin galaxies labelled as
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“2σ” (Krajnović et al., 2011). “Intrinsic” counter rotation is observed when the rotation occurs

around the same rotation axis, but involves different kinematic components rotating in oppo-

site directions. Conversely, if the (decoupled) components have different misaligned rotation

axes and their angular momentum vectors simply project anti-parallel onto the sky plane, the

counter-rotation is deemed to be “apparent” (Corsini, 2014).

Observationally, a number of disc galaxies (i.e. some lenticulars and spirals) have been demon-

strated to possess a truly decoupled kinematic structure that counter-rotates with respect to the

main stellar body and often has a disc-like morphology (e.g.Coccato et al., 2011, 2013, 2015;

Katkov et al., 2013; Morelli et al., 2017). Either using long-slit or integral-field unit (IFU) spec-

troscopic observations, in conjunction with a spectroscopic decomposition technique (Coccato

et al., 2011), has revealed that the distinct cores of such galaxies are more extended embed-

ded components, comprise of younger stellar populations, and are always accompanied by a

substantial gas reservoir traced by ionized gas emission (Johnston et al., 2013; Pizzella et al.,

2014a; Mitzkus et al., 2017a). Owing to their peculiar nature, galaxies with counter-rotating

components have been investigated with the aid of numericalsimulations. Several different

formation scenarios have been proposed and modelled to explain their existence. The most

favoured formation channel for such kinematically distinct components in lenticulars and spi-

rals is the external acquisition of gas as a consequence of a gas-rich major or minor merger and a

subsequent period of in situ star formation (Pizzella et al., 2004). Detailed numerical modelling

has indeed shown that both gaseous and stellar counter rotation can result from a minor-merger

scenario, provided that initially the two progenitors haveopposite spins and that the gas content

of one of the progenitors is substantially higher than that of the other such that the gas accreted

on retrograde orbits is not dissipated and swept up by any pre-existing gas (e.g.Bassett et al.,

2017). Another channel for the formation of disc-like counter-rotating distinct kinematic com-

ponents is proposed inAlgorry et al.(2014). The consequential gas accretion from two distinct

large-scale cosmological filaments under a very specific spatial configuration in their zoom-in

cosmological simulation naturally forms a population of counter-rotating stars implanted within

the host galaxy.Evans and Collett(1994) also suggested that counter-rotating stellar discs can

form through the internal separatrix crossing mechanism. The change from elliptical to circular

disc (e.g. through the disbandment of a bar structure in a triaxial halo) shifts some stars, initially

moving on box orbits across the separatrix to tube orbits, shaping two co-rotating and counter-

rotating stellar populations. Another mechanism that was put forward to explain the formation

of two counter-rotating discs is the (near) coplanar major merger of two opposite spin spirals
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(e.g. Puerari and Pfenniger, 2001; Crocker et al., 2009). In such a merger the resultant pro-

grade rotating stellar disc becomes “heated” more than the retrograde one to naturally explain

the kinematic structure of galaxies similar to NGC 4550 (Crocker et al., 2009). The situation is

even more complicated with regards to ellipticals. Kinematically distinct cores have long been

known to occur frequently in the centres of elliptical galaxies (e.g.Bender, 1988). Generally,

distinct kinematic features can be the tell-tale signs for either intrinsically more centrally con-

centrated embedded small components, or just “tip-of-the-iceberg” indication of more extended

kinematic structures. Nevertheless,McDermid et al.(2006) reported a dichotomy in the KDCs

found within massive ellipticals. The elliptical slow rotators mainly host more extended KDCs

(on kiloparsec scales) with stellar populations with ages comparable to that of the stars within

the main galaxy body. Conversely, the more centrally concentrated KDCs (of a few hundred

parsecs) usually have noticeably younger stellar populations and are predominantly found in

fast-rotating galaxies. The KDCs in massive ellipticals could also be a mere projection effect.

The (weak) triaxial nature of some of these galaxies (Cappellari et al., 2007) allows them to

support multiple types of different orbit families (e.g.de Zeeuw and Franx, 1991) and therefore

viewed from a different vantage point these can appear to possess a KDC, nicelyillustrated in

Statler(1991).

A lot of effort from a simulation standpoint has also been focused towards understanding the

nature of the kinematically distinct components within more massive ellipticals. Ever since

their first detection these KDCs have been suggested to be thesignature of a past merger (e.g.

Kormendy, 1984; Balcells and Quinn, 1990). Indeed,Hoffman et al.(2010) proposed that a

merger event involving progenitors harbouring a non-negligible gas reservoir (∼ 20%) can fre-

quently result in elliptical galaxies that exhibit a KDC whose properties resemble that of a

faster- (counter-) rotating embedded disc.Bois et al.(2011) performed another comprehen-

sive set of high-resolution merger simulations with various initial progenitor mass ratios. Their

results showed that the remnants of a merger between two spiral galaxies with opposite spin

would resemble slow rotators. Furthermore, the remnants would often harbour a central KDC,

although these simulations did not manage to reproduce all the observed morphological and

kinematic properties of the massive elliptical galaxies part of the ATLAS3D survey (Cappellari

et al., 2011). Moreover, KDCs need not be just a consequence of a merger ofopposite spin

galaxies. The reactive force stemming from the substantialmass loss in the merger process can

act to naturally place gas or stars, or both, on retrograde orbits and conspire to form a KDC

embedded in the remnant elliptical galaxy (Tsatsi et al., 2015). Most recently,Schulze et al.
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(2017) followed the formation and evolution of a small-scale (andalmost certainly therefore

younger) KDC in a high-resolution equal-mass-merger simulation with specific emphasis on the

KDC stability. Perhaps surprisingly, they discovered thatsuch structures could be semi-stable

for about 3 Gyr and highly dynamic, undergoing global gyroscopic precession, before being

gradually dissolved and dispersed within a few gigayears.

1.3 Aims

This thesis aims to probe the importance of AGN feedback and mergers in the context of galaxy

evolution. It comprises of three works outlined in three parts:

In Chap.4 of this thesis we study the interstellar Nai λλ5890,5895 absorption-line doublet in a

large sample of∼ 9900 nearby Seyfert 2 galaxies. We aim to quantify the significance of optical,

unobscured AGN activity in driving kpc-scale outflows that can quench star formation. To that

extent, we have devised a carefully matched sample of∼ 44,000 control objects that match our

Seyfert 2 galaxies in a number of galaxy properties, including morphology and color.

Chapter5 focuses on two specific cases of early-type slow-rotator galaxies with kinematically

distinct components NGC 448 and NGC 4365. Guided by integral-field spectroscopic obser-

vations we would show that these objects are very different in their structure and formation.

We have measured the brightness profiles, kinematics, and stellar population properties of the

peculiar kinematic structures in these galaxies and shed light on their true nature and formation

mechanism.

Chapter6 provides a follow-up investigation on our ability to trace cold gas using the interstellar

Nai λλ5890,5895 absorption-line doublet and also focuses on some of theproperties of galax-

ies with kinematically distinct components in two samples drawn from a large integral-field

spectroscopic survey.



Chapter 2

Methodology

2.1 Galactic Spectra

The optical spectra of most galaxies is predominately due tothe combination of an underlying

stellar continuum with a multitude of absorption and, in some cases, emission lines, tracing the

presence of ionized gas, possibly further and altogether modulated by the dust reddening along

the observer line of sight. Additionally, we sometimes observe the ionised-gas emission and

non-thermal continuum associated to the presence of an accreting central supermassive black

hole. Finally, interstellar material could also lead to additional absorption features. Each of

these constituents provides complimentary information for the physical properties of the host

galaxy and, therefore, successfully decoupling their contribution to the spectra is vital for our

study of galaxies.

Figure2.1shows a selection of galactic spectra drawn from the Sloan Digital Sky Survey, which

offers a panoramic view of the nearby galaxy popoulation withina redshift of z< 0.2. Most of

the galaxies in the nearby Universe show either extremely weak or no emission lines in their

optical spectra (e.g.Brinchmann et al., 2004b; Oh et al., 2011). Therefore, they were labelled as

eitherpassiveor quiescent. Their spectra (bottom in black of Fig.2.1) is primarily characterized

by the some well-known strong absorption lines (e.g. Ca II H and K, Mg b, and NaD), origi-

nating mostly within the stellar atmospheres of their constituent stars with highest contribution

credited to older stars (mainly, cooler K and F main sequencestars) (e.g.Hamilton, 1985; Rose,

1985). The cumulative effect of some strong ionized metal absorption lines displayedby the

24
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Figure 2.1: Example Sloan Digital Sky Survey galaxy spectra. From top to bottom: Typical
spectrum of a galaxy with very young stellar population (dominated by O- and B-type stars) in
dark blue. Representative spectra (in green) of a young stellar population (A-type stars). Note
the strong Balmer emission lines present in the spectra of both of these star-formaing galaxies.
Shown in red is an archetypal spectra of a broad-line Seyfert1 galaxy. Emphasis should be put
on the presence of nonthermal continuum in the blue part of the spectra and the pronounced very
high full-width-at-half-maximum (FWHM> 800 km s−1) of the Hα line. Exemplary Seyfert
2 spectra (light blue). Atention should be paid to the notably strong [O III] nebular lines.
Illustrative low-ionization nuclear region or diffuse ionized gas (LIER) spectra (in magenta)
with older stellar population. Quintessential spectra (inblack) of an old-age quiescent galaxy.
Vertical lines deliminate the positions of some pronouncedabsorption and emission spectral

lines.
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old stars accumulated through the star-formation history of such systems dominates the spec-

tral region around 4000 Å to form a break in the spectral continuum (e.g.Balogh et al., 1999,

D4000). The larger fraction of light these galaxies emit is in the redder part of the spectrum.

The remaining population of galaxies show the presence of significant interstellar medium in

the form of ionized gas.

A small fraction of galaxies possess strong ionized-gas emission where the forbidden [OIII ] λ5007

and [N II ] λ6583 lines are much stronger than the Balmer Hβ and Hα respectively (Fig.2.1

shown in light blue and red) which is a clear sign that the ISM in these systems is ionized

from the presence of an AGN. So-called type I AGNs also display a second set of broad-

line Balmer series emission-line components with distinctly high full-width-at-half-maximum

(FWHM > 800 km s−1). Within these systems the broad-line emission is also accompanied by

a featureless blue continuum, observed both in the optical and UV and therefore giving rise to

the peculiar steep gradient from the blue to the red part of the spectrum, that arises from the

emission of the accretion disk (i.e. optically thick accreting matter) around the supermassive

blackhole powering the central active galaxy engine (e.g.Hubeny et al., 2001). In Fig. 2.1 we

show examples of Seyfert type 2 and 1 AGNs which are generallythe brightest, albeit rarest

manifestation of AGN activity.

On the other hand, most systems with nebular emission have stronger Hα and Hβ emission

with respect to [NII ] λ6583 and [OIII ] λ5007 (in green and dark blue in Fig.2.1) and also

display strong Balmer absorption lines and generally blue overall colors. Such features are

indicative of the presence of ongoing star formation and nebular emission originating in H II

regions surrounding the youngest and most massive stars (< 20 Myr Kennicutt, 1998a). If star

formation is not sustained the spectra of such galaxies is expected to undergo passive evolution

with massive stars and their associated H II regions quicklydisappearing (e.g.Smith et al.,

2002b; Sánchez et al., 2012).

A further subclass of emission-line galaxies show weaker nebular emission with abundant for-

bidden lines (in purple in Fig.2.1). Large fraction of these galaxies have nebular emission falling

in the so-called category of low ionization nuclear regions(Heckman, 1980, LINER), and occur

generally in objects dominated by old- and intermediate-age stellar population as signalled for

instance by the absence of strong Balmer absorption lines (e.g.Cid Fernandes et al., 2004). The

origin of the LINER emission could be due to a number of sources (low-luminosity AGN, hot

evolved stars, shocks) and is not fully understood (e.g.Ho, 2008, for a review).
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Finally, not shown in Fig.2.1 there exists another category of galaxy spectra (called transition

or composite) where the nebular emission is due to a combination of either AGN activity and

H II regions. Because of to the limited spatial resolution ofour observations sometimes we can

happen to observe both the central active regions of a galaxies and circum-nuclear star-forming

regions.

2.2 Fitting Galaxy Spectra

For the purpose of this thesis we are interested in determining both the stellar population con-

tent (Chap.5) and the presence of interstellar-gas absorption in our target galaxies (Chap.4)

on the one hand looking, in particular, for evidence of distinct stellar population with different

kinematics and stellar properties (e.g. age and metallicity), and on the other hand, for the pres-

ence of in-flowing and out-flowing gas. Furthermore, we wouldneed to place these results in

the context of the type of nebular activity present in our target galaxies (e.g. finding evidence

for outflows driven by AGN activity). To achieve these goals we will avail ourselves of ded-

icated tools allowing to fit the observed spectra and robustly separate their nebular and stellar

components while also extracting the stellar and gas kinematics (pPXF,GandALF, or kinematic

decomposition sections). For the purpose of fitting the stellar continuum we will need to use

physically motivated models and specifically various sets of single-age stellar population mod-

els. On the other hand, nebular emission will be simply characterised by a series of Gaussian

functions and, through the use of a diagnostic diagram (see,Sect.2.2.4), the relative strength of

the various emission lines will lead to classification of theobserved nebular activity and to link

it to the most likely source of ionization (e.g. AGN vs. star formation). Subtracting the nebular

emission from the galaxy spectra will then allow to correctly interpret the strength of various

stellar absorption lines and therefore infer the mean stellar population properties (see, Sect.5.6

). Finally, our fit to the stellar and nebular components could reveal the presence of additional

interstellar absorption lines (e.g. due to neutral Sodium discussed in Sect.2.2.7).

2.2.1 Simple Stellar Populations

The ability to conduct accurate inference on the propertiesof unresolved extra-galactic stellar

population through integrated spectra is conditional on the accuracy of any adopted stellar or

simple synthetic stellar population models. Most often, these models are constructed assuming
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Figure 2.2: The basic ingridients in assembling a simple stellar population model. Left panel:
Isocrones at a few different ages taken fromGirardi et al.(2000). Middle panel: Example
spectra from theSánchez-Blázquez et al.(2006, MILES) empirical stellar library. Right panel:
The most commonly used formulations of the initial mass function of Salpeter(1955), Kroupa

(2001), andChabrier(2003)

an underlying initial mass function (IMF), a set of stellar evolution tracks (isochrones), and a

library of stellar spectra (e.g.Walcher et al., 2011; Conroy, 2013, for a reviews). Such techniques

have been labeled asisochrone synthesismodelling.

First, a choice is made on the birth mass distribution of a stellar population. The IMF has been

originally introduced bySalpeter(1955) as means by which one can describe the relative number

of stars with respect to their mass. In its simplest most canonical form it is a power law with

a given index (logarithmic slope,Γ ∼ 1.35 for the case of aSalpeter(1955) IMF). However,

prompted by some observations within our Galaxy some other forms have also been put forward

(e.g.Kroupa, 2001; Chabrier, 2003). In particular, these later works report a deficiency in the

number of stars with masses lesser than 1M⊙ in the Solar neighbourhood in comparison to

Salpeter IMF (right panel of Fig.2.2). Even though, the universality and exact shape of the

IMF have been recently questioned (e.g.Lyubenova et al., 2016; Sarzi et al., 2018b; Martín-

Navarro et al., 2019) no strong clear observational evidence for a large systematic variation

exists (Bastian et al., 2010, for a review).

Having selected a set of appropriate masses with which the population is generated the subse-

quent evolution of these stars is then taken into account. The life-cycle of stars is primarily dic-

tated by their initial masses and to a lesser degree their underlying chemical composition. Stars

of different masses can undergo through a variety of evolutionary phases (e.g. main sequence,

thermally pulsating asymptotic giant branch, red giant branch, or helium burning). Contempo-

rary stellar evolution theory allows for the adequate computation of evolutionary models (e.g.

Hidalgo et al., 2018) that include all stellar evolutionary stages and major advances have been

made in generating tables of theoretical stellar evolutionary tracks and isocrones (e.g. left panel



Chapter 2.Methodology 29

of Fig. 2.2) encompassing a wide range of masses and chemical compositions (e.g.Yi et al.,

2001; Bressan et al., 2012; Choi et al., 2016).

Lastly, the stellar evolution output (e.g.Te f f, surface gravity, metallicity) needs to be converted

to an observable spectral energy distribution (SED). This conversion is performed by drawing

spectra from a stellar spectral library. Most generally, such libraries are based either on theoret-

ical models of stellar atmospheres or have been compiled using a set of observed standard stars

(empirical libraries). Theoretical spectral libraries (e.g.Westera et al., 2002; Munari et al., 2005,

BaSeL and SYNTHE libraries, respectively) have the advantage of covering much larger ranges

of stellar parameters and possess broad wavelength coverage. On the other hand, empirical li-

braries (e.g.Sánchez-Blázquez et al., 2006; Prugniel and Soubiran, 2001, MILES and ELODIE,

respectively) are more limited in their coverage, but are not dependent on the intricate physics

needed to perform the theoretical calculations.

With such complexity in the construction of simple single stellar population (SSP) models at

hand perhaps it is surprising to find that most of the popular stellar population models achieve

excellent spectral fit in the optical part of the spectra among most representative galaxies types.

Furthermore, in most cases the subtleties in regards to the choice of stellar evolution tracks seem

to not have a very pronounced effect on the ability of SSP models to represent real galaxy spectra

(e.g.Chen et al. 2010a; Ge et al. 2019; however, also seeHan and Han 2019).

In particular, in this thesis we would adopt three sets of stellar model “templates” in our analysis.

In our Chapter4 we have made extensive use of theTremonti et al.(2004) models. To derive the

properties of the stellar population in Chapter5 we have taken advantage of theThomas et al.

(2011) models and to extract the kinematics and spectra we have used the the Medium resolution

INT Library of Empirical Spectra (MILES) models.

2.2.1.1 The Tremonti et al. Stellar Population Synthesis Models

Tremonti et al.(2004) devised a set of stellar population templates covering thewavelength

range between 3200 Å and 9300 Å with a resolution (FWHM of∼ 3 Å) specifically tailored to

fitting spectra from the Sloan Digital Sky survey. The group adopted theBruzual and Charlot

(2003) simple stellar population models and refined them to capture more complicated multi-

starburst star-formation history for ten different stellar populations of ages 0.005, 0.025, 0.1,

0.2, 0.6, 0.9, 1.4, 2.5, 5, and 10 Gyr) at three metallicities(1/5 , 1, and 2.5Z⊙).
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2.2.1.2 The Medium resolution INT Library of Empirical Spectra Stellar Population

Synthesis Models

The Medium resolution INT Library of Empirical Spectra (MILES) modelsVazdekis et al.

(2010); Falcón-Barroso et al.(2011); Vazdekis et al.(2012, 2015); Röck et al.(2016); Vazdekis

et al. (2016) are a set of SSP models based on an assembly of empirical stellar libraries. At

their most broad wavelength coverage the models span the wavelength rangeλλ1680− 50000

Å and cover metallicities in between−1.79≤ [M/H] ≤ +0.26 with ages starting at 30 Myr. In

the ultraviolet range some of these models utilise the Next Generation Spectral Library (Gregg

et al., 2006). The optical part of the spectra is based on the core MILES observations with some

extension by the Indo-U.S. stellar library (Valdes et al., 2004). Towards redder wavelengths and

in particular in the CaT region these models draw on the CaT library spectra (Cenarro et al.,

2001) with the further infrared extent making use of the InfraredTelescope Facility (IRTF) stel-

lar library (Cushing et al., 2005; Rayner et al., 2009). Another advantage of these models stem

from the inclusion of varying alpha-element-to-iron abundance ratio ([α/Fe]) and the multiple

different IMF they have been constructed with.

2.2.1.3 The Thomas et al. stellar population synthesis models

The simple stellar population models ofThomas et al.(2011) are based on a re-calibration of

the MILES stellar library. The basis for their synthesis is the Maraston(2005) code. They

cover an extended range ofα− elemental abundance ([α/Fe]=-0.3, 0.0, 0.3, and 0.5 dex) and a

multitude of further single elemental abundance for C, N, Na, Mg, Si, Ca, and Ti. A big novelty

of these models is that they also provide the error estimateson all widely excepted line-strength

indices for each set of models and stellar parameters. For these models the Lick absorption-line

strengths were estimated through an empirical calibrationprocedure involving the change of

index strengths with respect to the corresponding providedstellar parameters (i.e.Te f f, logg,

and [Fe/H]). The construction of such relations involves fitting a model (e.g. polynomial) and

is therefore they are labelled “fitting functions”. Such functions allow for some interpolation

into regions of the parameter space of stellar properties that might not be so well represented

in the empirical stellar library. As an intrinsic advantage, a fitting function is assigned to each

absorption-line index and, therefore, can be more easily utilised as an input for stellar synthesis

codes. Moreover, by performing a set of Monte Carlo simulations where both the line-strength

indices and stellar parameters are perturbed (according tothe errors on the stellar parameters



Chapter 2.Methodology 31

as of the empirical library) the fitting functions can be re-evaluated and folded back into the

stellar population synthesis code to put a constraint on thestatistical errors on the population

Lick absorption-line strengths. Then, by assuming the resultant population line-strength indices,

ages, metallicities, and [α/Fe] ratios should be normally distributed and the associated spreads

(standard deviations) in the obtained values are assumed tobe informative of any accompanying

formal statistical errors.

2.2.2 The Penalized Pixel-Fitting Method

Historically,Slipher(1914) first noticed that the line profiles of the pronounced absorption lines

in Virgo Nebula (NGC 4594) imply the presence of some rotation. Later, drawing on technolog-

ical developments more advanced techniques were proposed to quantify and measure the extent

of such rotation (e.g.Simkin, 1974). Many different methods have been developed to extract the

line-of-sight velocity distribution (LOSVD) of the stellar content of galaxies from an observed

spectra (e.g.Tonry and Davis, 1979, 1981; Rix and White, 1992a) with some of these methods

also developing the ability to simultaneously extract the stellar population content of the target

galaxies.

Throughout this work we have used theCappellari and Emsellem(2004); Cappellari(2017) Pe-

nalized Pixel-Fitting (pPXF) to match the galaxy stellar continuum and estimate the LOSVD,

where the latter is described in terms of a velocity, velocity dispersion, and the higher “mo-

ment” h3 andh4 coefficients (i.e. the Gauss-Hermite parametrizationvan der Marel and Franx

(1993)). This method draws on the comparison in pixel space of a linearly combined set of

selected “templates” that are subsequently convolved withthe model LOSVD to best match

the observed galaxy spectrum. The linear combination of the“templates” is built through the

Bounded-Variables Least Squares (BVLS) algorithm (Lawson and Hanson, 1974) and the rest

of the non-linear parameters are inferred by the widely utilized MPFIT library (Markwardt,

2009a). To combat any potential imperfections in either the sky subtraction or spectral calibra-

tion pPXF allows for the addition of multiplicative Legendre polynomials of a selected order.

Even though existing state-of-the-art spectral stellar libraries and population synthesis models

provide a satisfactory basis to facilitate undergoing investigations into the properties of galaxies

they are not devoid of all flaws (e.g.Ge et al., 2019; Conroy, 2013, see for a review). To that ex-

tent, pPXF also allows for the insertion of additive Legendre polynomials of a given order. These

act to change the strength of individual absorption lines within the constructed model spectrum
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Figure 2.3: An exampleGandALFfit to Sloan Digital Sky Survey spectra. Top panel: The
SDSS spectrum in black with the best-fitting model includingemission lines in red and to
the stellar contunuum in dash-dotted green. Residuals are shown as black points. All fitted
emission lines are displayed in blue. The horizontal dashedline designates the one sigma level
of the residual. Bottom panels: Zoom-in sections of the spectra around regions of interest

around the stronger emission lines.

and, therefore, limit the potential mismatch (“template mismatch”) between the selected set of

“templates” and the observed spectra.

Even though pPXF allows for multiple component LOSVD assigned to different stellar popula-

tion mix for the purpose of separating counter-rotating stellar populations in Chapter5 a more

dedicated routine was adopted (see section5.5.2).

2.2.3 The Gas and Absorption Line Fitting Algorithm

To adequately account for any emission lines present in the spectra we have used the Gas AND

emission Line Fitting (GandALF) Sarzi et al.(2006) method. Figure2.3 shows an example

GandALFfit to a spectra. The procedure adopts the LOSVD extracted by pPXF, but also con-

structs a further set of Gaussian emission-line “templates” in addition to the stellar “templates”.

Single Gaussian is used in the case of single emission lines (e.g. [HeI] λ5875.60). For more

complicated emission-line species (i.e. doublets or the entire Balmer series) a set of Gaussians

is constructed to reflect the intrinsic relative strength ofthe lines constrained by atomic physics.
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Next, similar to pPXF the stellar “templates” are broadenedby a prior extracted LOSVD and lin-

early combined utilizing BVLS to simultaneously find the best combination of emission-line and

stellar, convolved with the given LOSVD, “templates” whileiteratively (non-linearly usingMP-

FIT) seeking to infer the gaseous kinematics (i.e. the velocities and velocity dispersions of the

Gaussian line profiles) that best match the observed spectra. With such a robust methodology,

provided satisfactory spectral calibration, quality of the fit, and knowledge of the foreground

Galactic extinction,GandALFcan also successfully recover the extent by which both the stel-

lar continuum and gaseous emission are modulated by the hostgalaxy dust content (Oh et al.,

2011). GandALFincludes a model for two simple dust screen components, reflecting the host

galaxy reddening. TheCalzetti et al.(2000) dust model is adopted for both components with

one of them affecting the entirety of the spectrum, while the other only thenebular emission.

Corresponding best-fittingE(B−V) values are non-linearly solved for simultaneously with the

emission-line kinematics. Such a process, in comparison tosimply masking the emission lines,

improves the overall quality of the fit. Having a model for each emission line allows us to safely

place our spectra on the BPT diagnostic diagram and last, butnot least, is informative of any

interstellar dust contents.

2.2.4 The Emission-line Diagnostic Diagram

Some galaxies display a myriad of emission lines. These nebular lines originate from the transi-

tions of excited ions and atoms within the interstellar medium. They encode valuable informa-

tion for the physical conditions (e.g. temperature, pressure, ion abundances) of their gas source.

The most relevant sources of gas excitation in the context ofgalactic ISM includes the ioniza-

tion ultra-violet radiation released by young massive stars born in a recent star-forming episode,

active galactic nuclei, and shocks (Osterbrock and Ferland, 2006, for a detailed treathment).

Stars are born from interstellar matter in cloud complexes that undergo gravitational collapse in

a process that involves the interplay of complex macro- and micro- physics. A non-negligible

fraction of these stars posses high masses (& 17M⊙), have very high surface temperatures (>

25× 104K) and, therefore, produce copious amounts of ultraviolet photons (for a review see

McKee and Ostriker, 2007). These photons transfer energy to the surrounding ISM and con-

spire to create a region, where different atomic processes lead to the generation of ionized-gas

emission, deemed as a nebula. Within such regions ubiquitous in Hydrogen (H) the photons
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Figure 2.4: The most commonly adopted [N II]λ6583/Hα versus [O III]λ5007/Hβ optical
(BPT) diagnostic diagram for the Sloan Digital Sky Survey galaxies with detected nebular emis-
sion (i.e. with A/N > 3 in all four lines) analysed as part of theOh et al.(2011) value-added cat-
alog. The dashed green, solid blue, and dash-dotted orange lines show the boundaries between
objects with star-forming (SF), composite(transit, TO), Seyfert, and LINER/LIER emission
from Kewley et al. (2001), Kauffmann et al. (2003), and Schawinski et al. (2007), respec-
tively. Notice a cloud of of points rightwards of the star-forming abundance sequence. These
objects were properly treathed inOh et al.(2015) where they were refit including a broad-line

component to the Balmer emission lines.

of energies exceeding the H ionization potential (13.6 eV) get absorbed with all residual en-

ergy passed to the freshly unbound photoelectron. Through electron-electron or electron-ion

collisions the nebula strives to redistribute the newly acquired energy and retain a Maxwellian

velocity distribution with a particular equilibrium temperature. These collisions are in the root of

some of the nebula‘s most prominent emission lines. Historically, most of these lines of gaseous

nebulae were labeled as “forbidden” (i.e. they occur even despite the parity selection rule). They

are emitted by collisionally excited ions (e.g.O+, O++, andN+) that may not be highly abun-

dant, but have low energy levels that are quite close to the ground one (i.e. low-lying energy
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levels). Similarly, photoionization and electron recapture compete to balance. The number of

high energy photons, capable of phoionization, is proportional to the temperature and dependent

on the shape (hardness) of the spectral energy distributiongiven by the excitation source. The

process of recapturing an electron can result in an excited state. These excited states then sub-

sequently decay to lower and lower energy levels eventuallyreaching ground state in a process

called recombination. Each electron jump from a higher level to a lower one involves the emis-

sion of a photon with a specific energy leading to the production of the well-known H I Balmer

and Paschen emission line series. In the case of optically thin medium (low density limit, Case

B recombination) the intensities of these lines can be directly computed from atomic physics

assuming an electron density and temperatures (Osterbrock and Ferland, 2006). Massive (or

hot) stars or regions of star formation are not the only possible genesis of ionization in regards

to extra-galactic objects. Another means by which the gas reservoir could gain energy and get

excited is the presence of an active galactic nucleus. Ongoing accretion onto the SMBH should

result in the emission of copious amounts of very high energyphotons extending from the UV

to X-rays surpassing the energy budget available in star-forming regions and other gaseous neb-

ulae. Even though the exact spectral shape of the ionizing source or the geometry of the system

of emitters in that particular case is still under debate observations (e.g.Kraemer and Crenshaw,

2000; Kraemer et al., 2009) and theoretical modelling (e.g.Kallman and Bautista, 2001) have

demonstrated that in the vicinity of an AGN, collisionally excited forbidden emission lines need

be boosted as the high energy output would keep very high electron temperature with abundance

of ionization photons (e.g.Koratkar, 1999; Groves, 2007, for reviews). Moreover, either slow

(Allen et al., 2008) or fast shocks (Dopita et al., 2018) could also serve as excitation for the

ISM resulting in the emission of a multitude of nebular lines. The Baldwin–Phillips–Terlevich

(BPT) (Baldwin et al., 1981) diagrams are one of the most widely adopted excitation diagnostic

diagrams. One particular variation is based on the ratios ofthe strong ([OIII ] λ5007, Hβ, Hα,

and [N II ] λ6583) emission lines. These were chosen such that their wavelengths are in the op-

tical spectral domain for the nearby Universe and the lines that define the ratios [OIII ] λ5007

and Hβ against [NII ] λ6583 and Hα are close enough in wavelength such that no correction

due to reddening need be applied. Generally, these ionization lines of different species trace

particular zones of an underlying nebula, owing to their different ionization potentials. In par-

ticular, for a nebula of given elemental abundance arising from either an assembly of hot stars

or a star-forming region the number of photons capable of ionizing Oxygen depends on ratio

of the local ionizing photon flux and the local hydrogen density (i.e. ionization parameter) and

the effective temperature of the ionizing source as to a first-orderapproximation the spectral
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energy distribution of most stars is that of a blackbody. Therefore, the fraction of single ionized

Oxygen ions is expected to decrease with decreasing ionization factor and source temperature.

Consequently, the size of the zone where double ionized Oxygen ions (O++) could exist would

also shrink yielding lower total [OIII ] λ5007 emission.

On the other hand, for a source with identical effective temperature, a decrease in the ionization

factor would lead to the formation of a progressively largerzone where singly ionized species

such asN+ would be ubiquitously found, until it completely overlaps with the already present

ionizedH+ zone. Furthermore, naturally, an increase in the effective temperature of the ioniza-

tion source would raise the fraction of available higher-energy photons and would act to enlarge

the size of the partially ionized zone (Veilleux and Osterbrock, 1987). It has also been argued

extensively that the effective temperature of the ionizing source of a nebulae originating from

regions of star-formation does not vary significantly, but instead there exists an observed anti-

correlation between the ionization parameter and stellar metallicity of an underlying ionization

stellar population. The stellar atmospheres of stars of lower metallicities would show less pro-

nounced line absorption in conjunction to having higher ionization parameter. Therefore, an

increase in ultraviolet photons would lead to the formationof a largerO++ zone and a smaller

N+ one. Such a change in the ionizing structure of the nebula would occur at high ionization

factor values and, therefore, lower than solar stellar atmospheric metallicities pushing the ratio

of [O III ] λ5007/Hβ to increase and, on the contrary, [NII ] λ6583/Hα to decrease. At low ion-

ization factors these line ratios change the opposite way (Evans and Dopita, 1985; Dopita and

Evans, 1986).

In contrast to nebulae from hot young stars within star-forming galaxies, nebulae originating

from an ionizing source with more ubiquitous X-ray photons (e.g. “harder” sources like AGN)

posses a very high ionization area in proximity to the sourceand a much larger zone of partial

ionization, as highly energetic photons can penetrate somewhat deep into any nearby medium.

Within this partially ionized area the ionization status ofdifferent atoms and ions can vary. Such

regions would generally also hold a fraction of single ionized N (i.e.N+), but is not the dominant

Nitrogen state, and a portion of hot free electrons. Overall, with decreasing ionization factor a

high-ionization line such as [OIII ] λ5007 would decrease in strength, whereas a lower-ionization

line (e.g. [NII ] λ6583) increases in strength.

The intensities of the [NII ] λ6583 lines within partially ionized regions, however, are expected

to be larger with respect to Hα in the case of AGNs in comparison to star-forming galaxies as
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collisional excitation in the presence of such hot free electrons boosts [NII ] λ6583 emission in

nebulae, where such extended partly ionized zones are present. Furthermore, enhancement in

the strength of the [NII ] λ6583 line strength has also been traced to abnormally high Nitrogen

elemental abundances within the central regions of galaxies with an AGN (e.g.Hamann and

Ferland, 1999, for a review). On the other hand, double ionizedO++ ions are produced in the

presence of high energy UV photons and are expected to be substantially present predominantly

in the very inner regions of the nebulae close to the ionization source. There, the relatively

larger numbers of photons of the “hard” ionization source that can double ionize Oxygen would

also generally conspire to bring the [OIII ] λ5007/Hβ ratio in the case of AGN comparable to the

one of highly excited star-forming regions (i.e. either with higher ionization factors or higher

effective source temperature or both) (Veilleux and Osterbrock, 1987).

Therefore, within the BPT diagram the [OIII ] λ5007/Hβ ratio is a good indicator for the mean

level of ionization and the temperature within the emittingmedium, whereas [NII ] λ6583/Hα is

also quite sensitive to its metallicity. As previously noted, the fact that most local galaxies with

an AGN with only some very small exceptions appear to show solar-to-supersolar ISM central

metallicities (e.g.Groves et al., 2006) further enhances the separation between star-forming and

other (like AGN) ionization mechanisms (Kewley et al., 2019, for a review). An example of

such a BPT diagram for all of theOh et al.(2011) value-added catalogue of SDSS galaxies is

shown in Fig.2.4. Using empirical and theoretical considerations the diagram can be shown to

contain at least four separate regions.

On the basis of a large sample of SDSS spectraKauffmann et al.(2003) derived an empirical

relation (blue line in Fig.2.4) that isolate galaxies where the ionization of the ISM gas reser-

voir originates purely from star-formation. Within this demarcation the galaxies form a tight

sequence (dubbed thestar-forming abundance sequence, SF). Its position and extent (Kewley

et al., 2013) on the BPT diagram is primarily dictated by the expected gradients and spread in

metallicity of the ISM contents of the host galaxies (e.g.Belfiore et al., 2017; D’Eugenio et al.,

2018). The region bounded by theKauffmann et al.(2003) and the theoretically derivedmaxi-

mum starburst lineof Kewley et al.(2001)(green dashed line in Fig.2.4) is commonly referred

to as thecomposite(CO) ortransition region (TO). It sits on the root of the other “wing” of this

BPT diagram dubbed themixing sequence. The section demarcated by theKewley et al.(2001)

andSchawinski et al.(2007) (orange dashed-dotted line in Fig.2.4) lines hosts galaxies with

LINER or its non-AGN equivalent (LIER). Most commonly such emission is ascribed to either

a low ionization nuclear region associated to low-luminosity AGN (e.g.Hernández-García et al.,
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2016; Ho, 2008, for a review), the substantial residence of hot evolved stars (e.g.Sarzi et al.,

2010; Singh et al., 2013; Belfiore et al., 2016, LIER), or shocks (Rich et al., 2014, 2015; Alatalo

et al., 2016). All systems laying above theSchawinski et al.(2007) andKewley et al.(2001) dis-

tinction lines are most likely Seyfert galaxies (SY). We would also like to note the disconnected

cloud of points sitting to the left of the star-forming sequence. These systems show anomalous

emission line ratios due to an over-imposed broad-line region (Oh et al., 2015) a signature for

an underlying AGN.

2.2.5 Stellar Population Properties via Line-strength Fitting

Obtaining the stellar population properties on the basis ofintegrated galaxy spectra has been

a long-lasting endeavour in extra-galactic astrophysics.Many different methods have been de-

veloped to recover a given host galaxy stellar population star-formation history (e.g. equivalent

simple stellar population age) and chemical properties (e.g. metallicity and alpha-elemental

abundance). Many different methods have been developed for this purpose ranging from those

that aim to estimate a mass or luminosity-weighted stellar age, metallicity or other chemical

properties (e.g. the abundance of alpha elements) to those that attempt to reconstruct star-

formation or chemical evolution history. These techniquescould draw, either from the fit to

the entire spectrum (e.g.Ocvirk et al., 2006; Cappellari, 2017; Wilkinson et al., 2017), by in-

terpreting the strength of a selected set of absorption lines (e.g.Worthey et al., 1994), or fitting

only broadband data (e.g.Leja et al., 2017).

The spectral decomposition (see Sect.2.2.6) we have adopted in modelling the individual contri-

bution of each kinematic component of our galaxies with counter-rotation allows also to obtain

for each component a model consisting of the best linear combination of SSP templates. In this

case, the most robust way to estimate the properties of the two counter-rotating stellar popula-

tions is to draw from the observed line strengths of these best-fitting templates in order to obtain

luminosity weighted average age, metallicity ([Z/H]) and alpha-element abundance ([α/Fe]).

More specifically we have applied the methodology ofMorelli et al. (2008) further improved

in Coccato et al.(2011) where the observed line strengths are matched to the ones obtained by

extrapolation of a fine grid of SSP models. This permits us to infer the age, metallicity, and

alpha-element abundance. The method itself is based onMehlert et al.(2003) where the best-

fitting combination of stellar population parameters is searched for iteratively on a grid. This
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grid is further refined by linearly interpolating between the prior points of the stellar popula-

tion parameters and the corresponding model line strengthsuntil the model line strength values

match the observed ones within the measurement errors.

2.2.6 The Spectral Decomposition Technique

The spectral decomposition technique (Coccato et al., 2011) allows for the robust separation of

any spectrum consisting of two pronouncedly distinct (e.g.counter-rotating) kinematic compo-

nents. This method disentangles the contribution of each component to the spectra by taking

advantage of the characteristic spectral imprint (e.g., asymmetric or double trough line pro-

files) such a spectrum displays. This decomposition technique is based on pPXF, but instead

of using the Gauss-Hermite parametrization for the LOSVD ituses two separate Gaussian line-

of-sight velocity distribution functions for both stellarcomponents. Naturally, it also separately

constructs two unique sets of linearly (using BVLS) combined stellar “templates” that get con-

volved with their corresponding Gaussian LOSVDs. Their parameters (velocity and velocity

dispersion) and the light fraction contributed by each of the components are also non-linearly

optimized for using the standardMPFIT library. Because of the complexity of this fitting ap-

proach, it is common practice to normalize both the galaxy spectra and templates to unity to

obtain the fractional contribution to the flux within a givenwavelength range of both compo-

nents in terms of a single parameter instead of assigning twoseparate light fraction contribution

parameters. Identical to pPXF, multiplicative Legendre polynomials of a pre-selected order ac-

count for any potential imperfections in the calibration ofthe spectra and its modulation by the

presence of dust. Although such a fitting procedure is robustenough, it is still necessary to test

the impact of varying the initial guesses for both kinematiccomponents (i.e. their velocities,

velocity dispersions and light fraction contributions) toensure the procedure has converged to a

global minimum as opposed to a local one.

2.2.7 Interstellar Sodium and Absorption-line Profile Fitting

Optical absorption-line spectroscopy can be used as an effective means by which to probe the

various phases of the interstellar medium (ISM). In particular, the Nai λλ5890,5895 Sodium

absorption doublet in the optical (NaD) has been shown to trace its warm neutral component

(e.g.Heckman et al., 2000) in external galaxies. It stems from Na in neutral state and because
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Figure 2.5: The changes in the shape of the Sato et al. (2006) model for the NaD absorption
line spectral profile used in our analysis with respect to thegiven input parameters.

Sodium has a relatively low ionization potential (5.13908 eV) the presence of the NaD absorp-

tion feature indicates that cold to warm gas resides in the line-of-sight between an illuminating

source and the observer. Historically, within our GalaxyHeger(1919) first observed an extra

set of NaD lines towards two stars and proposed that they could originate in the ISM. Drawing

from atomic physics, this feature arises from the an electron transitioning from either theP2
1/2

or P2
3/2 states to theS2

1/2 state. Furthermore, the ratios of the optical depths for both transitions,

measured by the centroids of the lines, has been theoretically shown to be 1: 2 for the the blue-er

and red-er line in the doublet respectively (Arav et al., 1999; Morton, 2003).

Most generally, absorption excess in comparison to the best-fitting stellar continuum model in

the NaD absorption feature of external galaxies would capture a multitude of overlapping clouds

absorbing light from the extended stellar background lightsource. The line profile of such an

excess NaD absorption feature would be a function of variousdifferent factors (e.g. the geom-

etry of the cloud complex, its line-of-sight velocity distribution, or the thermodynamic state of

the gas). To simplify the very complex nature of the problem of fitting such excess absorption

we work under the assumption that these individual clouds are thermalised (i.e. both their con-

stituents and as an assembly obey the Maxwellian velocity distribution), that the fraction they

effectively cumulatively cover the extended background lightsource (i.e. the covering fraction)

is itself independent of the clouds’ velocities, and that the individual NaD absorption lines gen-

erated by each of the clouds are not saturated. In such a case the excess NaD absorption profile

(Fig. 2.5) after normalization by the best-fitting model stellar continuum is given bySato et al.

(2009):
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Figure 2.6: SDSS colour images (top row) and example fits for the NaD region (bottom row) for
five of our galaxies. Lower panel: The best-fitting model is represented in red. The contribution
of the best-fitting stellar continuum and nebular emission is shown in green dashed-dotted and
continuous, corespondingly. The black dots represent the resudual of the fit and the horizontal
dashed lines its associted standard deviation. The vertical dotted lines mark the rest-frame
position of the NaD lines and the best-fitting excess NaD profile is displayed in blue. Adopted

from Sarzi et al.(2016).

I (λ) = 1 − C f

{

1 − exp
[

− 2τ0e−(λ−λblue)2/(λblueb/c)2
− τ0e−(λ−λred)2/(λredb/c)2

]}

(2.1)

whereC f is the covering factor of the absorbing cloud complex,τ0 is the optical depth at the

centre of the red NaD line,λblue, λred are the red- or blue- shifted wavelengths of the two NaD

lines, andbD =
√

2σNaD is the Doppler parameter. The red- or blue- shifted central-line values

andbD yield the quantity of interest here, namely the velocityVNaD and the widthσNaD of the

NaD lines. Figure2.5shows the line profile resulting from the change of both optical depth and

covering fraction for a fixedVNaD and widthσNaD.

Within this framework neutral interstellar material (as traced by the excess NaD profile) that is

been entrained within an outflow, observed against the stellar background of the host galaxy as

part of a multiphase galactic wind (e.g.Rupke and Veilleux, 2013; Cazzoli et al., 2016) would

display negative velocity with respect to the host galaxy systemic one (e.g.Rupke et al., 2005a;

Chen et al., 2010b). Conversely, red-shifted excess NaD profile would be indicative of in-

flowing material (e.g.Rubin, 2017). As outlined before we assume a single velocity distribution

for the absorbing gas clouds along the line of sight. However, this may not necessarily correctly

reflect galaxies where both a significant “systemic” population of absorbers, settled in the galaxy

plane, and a population of outflowing clouds coexist. In particular, this can be most problematic

when looking at objects from an intermediate inclination angle (Chen et al., 2010b). While such

an approach would tend to underestimate the outflow velocityin galaxies that are viewed from
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Figure 2.7: The signal-to-statistical-noise (S/sN) in the stellar continuum (S/Ncont) against
equivalent width of the Sodium NaD lines (EWNaD) gray-coded by the amplitude-to-noise of
the Sodium lines (A/NNaD) for our SDSS samples (see Chap.4). Top left panel: with imposed
A/NNaD threshold limit ofA/NNaD >3 and E(B-V)>0.05 for the control sample. Top right
panel: with imposedA/NNaD threshold limit ofA/NNaD>4 and E(B-V)>0.05 as of our reported
analysis for the control sample (see Chap.4.2.2). Bottom left panel: with imposedA/NNaD

threshold limit of -A/NNaD >3 and E(B-V)>0.05 for the Seyfert 2 sample (see Chap.4.2.1).
Bottom right panel: with imposedA/NNaD threshold limit ofA/NNaD4 and E(B-V)>0.05 as of

our reported analysis for the Seyfert sample.

intermediate inclination angles, using a single NaD velocity profile will suffice to capture the

kinematic behavior of the cold gas across a large sample of galaxies and should be robust enough

to estimate and compare the fractions of objects that could display gas outflows in this work.

To define a detection threshold for an NaD absorption excess,we have run our NaD fitting

procedure through a large number of simulated spectra, obtained by adding random noise and an

artificial NaD absorption profile to the best-fitting stellarpopulation model. By exploring how

well the input NaD parameters and, in particular,VNaD andσNaD, are recovered as a function of

the observed amplitude-to-noise (A/N), A/NNaD ratio between the peak amplitude of the NaD
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profile and the input noise level, we have concluded that at leastA/NNaD> 4 values are required

to secure unbiasedVNaD andσNaD measurements. Still in keeping with the emission-line results

of Sarzi et al.(2006), we note that ourA/NNaD > 4 threshold translates into a lower detection

limit for the equivalent width (EW) of the NaD lines at any given signal-to-residual-noise ratio

in the stellar continuum of the SDSS spectra used in Chapter4 (S/rN, where residuals are taken

from our GandALFfits). For our sample, the mean signal-to-residual noise (S/rN) is ∼ 26, so

that the median EW of the detected NaD interstellar lines is∼ 1.8 Å with a scatter of∼ 0.8 Å

(Fig. 2.7). For an illustration of the typical quality of our fits to theNaD line profile we refer

the reader to Fig.2.6, which shows SDSS spectra of a quality that is also typical ofthe sample

objects of this study.
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Data

3.1 The Sloan Digital Sky Survey

3.1.1 Overview

The Sloan Digital Sky Survey (York et al., 2000b) is a consortia of large surveys carried out

with a dedicated 2.5 m telescope at the Apache Point Observatory (APO) in New Mexico (Gunn

et al., 2006). It provides both imaging and spectroscopy. Its data products are made available in

multiple phases and delivered in a self-consistent sequence of data releases. The most current

data release (Aguado et al., 2019, DR15) has cataloged and identified more than 200,000,000

unique galaxy sources.

3.1.2 Imaging

Since its beginning the survey has covered more than 14,000 square degrees1 in five bands

(ugriz)(Fukugita et al., 1996; Smith et al., 2002a). As part of the survey images are taken with the

Sloan Digital Sky Survey Photometric Camera (Gunn et al., 1998) and reduced and calibrated

using an automated dedicated pipeline (Lupton et al., 2001; Pier et al., 2003; Padmanabhan

et al., 2008) that also detect objects and extract their photometric properties. The measurements

undergo quality assessments (e.g.Ivezić et al., 2004) and are released as science-ready data

products. Most relevant for our work is the image cutout service (Nieto-Santisteban et al., 2004)

that we have utilized to recover the color-composite imagespresented afterwards.

1https://www.sdss.org/dr15/scope/

44
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3.1.3 Fiber Spectroscopy

The Sloan Digital Sky Survey telescope is equipped with two multi-object fiber-fed spectro-

graphs. Each fiber is attached to a specially prepared plug plate where the holes correspond to

the expected sky position of a pre-selected object. As part of the Legacy spectral survey they

obtained more than 1.5 million spectra of pre-selected on the basis of imaging galaxies as part

of: magnitude-limited sample of galaxies (Strauss et al., 2002, Main Legacy SDSS sample),

near-volume-limited sample of galaxies (Eisenstein et al., 2001, Luminous Red Galaxies), and

a magnitude-limited sample of quasars (Richards et al., 2002, Quasar). After Data Release 9

the galaxy component of the spectroscopy survey was also expanded to higher redshifts with

a sample of galaxies observed through the (e)BOSS survey (Dawson et al., 2013, 2016). The

spectra of the Legacy survey was fed to the spectrograph through 640 fibers. Each fiber had a

diameter of 3′′ that subsequently gets split into two channels by a beamsplitter (λ < 6000 Å and

λ > 6000 Å, red and blue, respectively) and gets converted by a grism to a spectra that conse-

quently is reconstructed to span from 3800 Å to 9200 Å sampledwith a fixed step of 69 km s−1

and with instrumental resolution ranging from 1850 to 2200 from the red to the blue end. For

the following (e)BOSS survey the spectrographs were improved with a new set of grisms and

cameras and fed through 1000 fibers with smaller diameter of 2′′. There the recovered spectra

wavelength range was also larger (3650-10,400 Å) with resolution of 1560-2270 in the blue

channel and 1850-2650 in the red channel (Smee et al., 2013). The spectra for Data Release

7 was re-reduced, re-calibrated, and re-measured with re-run with thespectro2dandspectro1d

pipelines (Stoughton et al., 2002). The spectra for the (e)BOSS survey were re-reduced and re-

calibrated again adoptingspectro2d, but all the classification and emission- and absorption-line

measurements were done using the methods outlined inBolton et al.(2012).

3.1.4 Imaging Catalogues: Galaxy Zoo

Galaxy Zoo (Lintott et al., 2008) was a large “citizen science” project that tasked the general

public to morphologically classify SDSS objects flagged as galaxies. The final science data

product of the project is a catalog containing nearly 900,000 galaxies split into early-type, late-

type, or unknown (Lintott et al., 2011). The objects to classify were pre-selected by the photo-

metric pipeline (Lupton et al., 2001) and processed into red-green-blue images (Lupton et al.,

2004) with the SDSS g, r, and i filters as a basis that provides wide dynamic range and facilitate

the identification of faint galaxy features. The volunteerswere prompted to morphologically
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asses the galaxies into elliptical, clockwise/Z-wise spiral, anticlockwise/S-wise spiral, other spi-

ral galaxy (e.g. edge-on), merger, or star/artefact/don‘t know. Their votes were then weighted

and corrected for some known classification biases (e.g.Bamford et al., 2009) and assembled in

a final catalog of SDSS object IDs, sky coordinates, number ofvotes placed, debiased type like-

lihoods for each classification, and three tags (spiral, elliptical, and uncertain) that were placed

to reflect an agreement of the vote fraction greater than 0.8.Throughout this work we have

adopted these tags as a proxy for the morphological type of our SDSS sample galaxies.

3.1.5 Spectroscopic Catalogues: OSSY

TheOh et al.(2011) value-added SDSS catalogue (hereafter OSSY) analyzed in detail the spec-

tra of 664,187 galaxies spanning 0.0< z< 0.2 from the Data Release 7 of the Sloan Digital Sky

Survey (Strauss et al., 2002; Abazajian et al., 2009) to provide key quantities such as the value

of the stellar velocity dispersion and the strength of nebular emission lines. As a first step the

stellar kinematics were extracted using pPXF, adopting thetemplates ofTremonti et al.(2004)

in conjunction with the MILES stellar templates masking theregions potentially occupied by

ionized-gas emission. Subsequently, the group ran (GandALF) to extract the nebular emission

and clean the spectra from ionized-gas emission lines and derive the line strengths of a multi-

tude of stellar absorption lines. The group performed stringent quality control for each step of

the analysis to eliminate bad data, safeguard against misfitting, and secure the robustness of the

adopted analysis approach.

3.1.6 MaNGA: Mapping Nearby Galaxies at APO

The most current data release (Aguado et al., 2019, DR15) of SDSS has made available 4824

integral-field cubes as part of the Mapping Nearby Galaxies at APO (Bundy et al., 2015, here-

after MaNGA). MaNGA is an optical fiber-bundle integral-field unit (IFU) spectroscopic survey

that aims to deliver nearly 10000 galaxy observation with a set of 17 independent IFUs, each

fed through a tightly-packed array of optical fibers. These individual IFUs are hexagonal and

vary in size with the largest one accepting 127 fibers (32′′in diameter) and the smallest one hav-

ing as an input only 19 fibers (12′′ in diameter). For each plate there are two 12′′, four 17′′,

four 22′′, two 27′′, and five 32′′ diameter hexagonal optical bundles that provide the feed tothe

spectrographs (Yan et al., 2016). The sample of galaxies, selected for observation, and theIFU

setup were chosen so that a spatial coverage between 1.5 to 2.5 effective radii with a typical
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sampling of 1-2 kpc is expected (Drory et al., 2015). The data reduction from the raw output of

the spectrographs to the final data product cubes is carried out with the MaNGA Data reduction

pipeline (Law et al., 2016). Each data product cube covers∼ 3600–10300 Å. The effective spa-

tial resolution in the reconstructed MaNGA cubes varies around a full-width-at-half-maximum

of 2.54′′ with a spectral resolution that is a function of both wavelength and spatial position with

a median value of 72 km s−1.

3.2 MUSE: The Multi-Unit Spectroscopic Explorer

The Multi-Unit Spectroscopic Explorer (MUSE) is an integral field spectrograph currently mounted

on the Unit Telescope 4 (Yepun, UT4) part of the Very Large Telescope (VLT). The Multi Unit

Spectroscopic Explorer (MUSE) is a second-generation wide-field optical integral field spectro-

graph operating in the visible wavelength range with superbspatial resolution. It is an assembly

of 24 identical modules composing of an advanced slicer, spectrograph, and a high pixel density

(4k) detector. These modules are individually fed by a sequence of optical systems responsible

for derotating and splitting the field of view (FOV) into 24 sub-fields. MUSE operates in two

modes: narrow and wide field. The narrow one spans 7.5x7.5 arcsec2 with spatial sampling of

0.025 arcsec. The wide-field mode is with a larger field of view(1x1′), but with worse spaxel

size of 0.2′′ by 0.2′′. The large number of spaxels adjudges MUSE as a very efficient “light

bucket”, therefore, empowering a variety of scientific inquiries that could benefit from such an

instrument (Bacon et al., 2006, 2010).
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The Insignificance of Seyfert 2 Activity

in Driving Cold-gas Galactic Winds

4.1 Overview and Motivation

Large-scale galactic outflows have been proposed as a viablemechanism to “quench” the pro-

cess of star formation in a short timescale and explain the transition of galaxies from the blue

cloud to the red sequence and the bimodality in the SFR of the population of local galaxies (e.g.

Schawinski et al., 2014, for a review). Furthermore, winds energized by an AGN or a circumnu-

clear starburst have been used as a mechanism to establish and maintain the strong correlation

between the mass of the central SMBH and the bulge of the host galaxies (e.g.Gebhardt et al.,

2000; King and Pounds, 2003; Murray et al., 2005). Generally, it is now understood the gaseous

contents of a galaxy could undergo a sort of a duty cycle of as the triggering of different star-

formation bursts or AGN can lead to the gas being pushed away in outflow and subsequent

cooling and gravity could bring back the previously expelled material back in an episode of an

inflow (e.g.Kim and Ostriker, 2018). Furthermore, expulsion of gas out into the curcumgalactic

medium could not, nevertheless, be enough to stifle its star-formation. Star formation can be

rejuvenated as gas can be acquired from multiple different sources including the intergalactic

medium, satellite gas and feedback material (e.g.Putman, 2017, for a review).

One efficient way to identify galaxies that are going through an outflow phase is to look for

the presence of interstellar Nai λλ5890,5895 absorption that is blue-shifted with respect to

the systemic velocity of the galaxy. Indeed, the low-ionisation potential of Sodium makes the

48



Chapter 4.The insignificance of Seyfert 2 activity in driving cold-gasgalactic winds 49

detection of blue-shifted NaD lines an unambiguous signature of neutral interstellar material

and also neutral hydrogen. The ISM traced by NaD must be somewhat shielded from non-

ionizing radiation as excess in regards to the galactic stellar continuum NaD absorption is often

associated with high extinction by dust (Veilleux et al., 2005). Blue-shifted NaD absorption

features could stem from ISM that is entrained within an outflow (e.g.Rupke et al., 2005a).

NaD has also been observed as part of a multiphase winds with the aid of integral-field unit

observations (e.g.Rupke and Veilleux, 2013). Furthermore, in conjunction with red-shifted NaD

and modelling techniques the line (i.e. P-Cygni) and surface brightness profiles of those lines

can provide a way to assess the morphologies and sizes of suchgalactic-scale winds (Prochaska

et al., 2011; Scarlata and Panagia, 2015).

Studying the NaD absorption feature has been routinely usedas a probe of outflowing gas in

galaxies with various properties using either long-slit, fiber or integral-field spectroscopy.Heck-

man et al.(2000) focused on a small sample of infrared-bright starburst galaxies. There the NaD

lines were found to be both blue- and red- shifted. The outflowing material traced in absorption

was found to span kpc-scales in these galaxies where the outflow is likely driven by intense

star-formation that can be associated with a merger. Such studies were further extended (Rupke

et al., 2002) to show that outflows are ubiquitous among such galaxies andthat a non-negligible

fraction of the gas could be ejected into the intergalactic medium. In larger sampleRupke et al.

(2005a,b) detected cool winds in almost all of their infrared-luminous galaxies. Drawing on the

size of their sample the group was able to confirm some of the theoretically expected wind and

host galaxy properties (e.g. increase in velocity with increasing host SFR). Similarly,Martin

(2005, 2006) focused on a sample of IR-bright galaxies that showed widespread winds traced by

NaD absorption to highlight that the cool winds in there galaxies were likely momentum con-

serving and driven by ram pressure possibly exerted by the hotter wind phase and found some

hints that radiation pressure could also play a role in propelling the wind. The NaD absorption

feature has also been used to probe winds amongst the more general galaxy population.Chen

et al.(2010b) used stacked spectra to trace outflows within nearby star-forming galaxies. They

reported that NaD absorption due to ISM was predominantly found in galaxies with large dust

extinction, higher star-formation rates and mass. However, perhaps surprisingly, for the galaxy

stacks with blue-shifted out-flowing NaD no distinct correlation was reported between the line

centroids and the host star-formation rate unlike in the cases of individual objects. Instead, a

strong correlation was reported with respect to the width ofthe blue-shifted NaD lines. Using

data from the SDSS,Concas et al.(2019) further confirmed these observations complementing
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that outflows in face-on galaxies have expected P-Cygni profiles and that excess NaD absorption

is found to have similar characteristics irrespective of the BPT classification. However, no clear

evidence of ionized-gas outflows was present amongst their purely star-forming galaxies and

signatures of multiphase winds were found only in systems with an AGN.Bae and Woo(2018)

performed a similar comparison but on an object-by-object basis. No significant difference with

respect to ionized-gas emission-line classification was reported in the kinematics of the inter-

stellar NaD. Moreover, no link between the kinematics of theionized-gas and neutral outflow

components was found pointing out that within most of those galaxies the primary driving mech-

anism at least for the cold wind component is star-formationand not the AGN.Roberts-Borsani

and Saintonge(2019) again on the basis of a stacking analysis further strengthened previous

conclusions and added that the cool outflows in the general galaxy population have somewhat

low mass outflow rates in comparison to other gas phases and that the mass-loading factor for

the winds has a nearly constant value of 0.1 for normal nearbystar-forming galaxies.

Individual systems that exhibit large-scale winds, tracedby the NaD absorption feature, have

also been studied extensively with the aid of integral-fieldobservations.Davis et al.(2012)

showed that the strong cold-gas outflow component of the AGN-driven wind of NGC 1266 can

extend out to∼ 400 pc. The geometry and extent derived for the outflow from both NaD ab-

sorption and CO observations (Alatalo et al., 2011) have been shown to agree well. The cool

NaD and CO traced wind was found to be embedded into a more extended (∼ 1.5 kpc) ionized-

gas ISM phase with higher velocity. A sample of six ULIRGs with signatures of mergers was

studied byRupke and Veilleux(2013) with the aid of IFU observations. They report that the the

outflows in such systems are multiphase with bipolar morphology and extent up to a few kpc.

The presence of an AGN within these galaxies was shown to leadto higher outflow velocities.

The velocities of the wind ionized gas phase were correlatedwith the ones observed in the neu-

tral one. Complimentary study was conducted byCazzoli et al.(2016) using spatially resolved

observations of nearby IR luminous galaxies verified some previous conclusions. Namely, NaD

outflows are widely found to be conical in morphology and are more often found among galax-

ies at higher inclinations. The velocities of the winds scale with the level of star formation

and that the cold component is likely entrained and accelerated by interaction with the hotter

component. Moreover, the winds in these galaxies carry a significant amount of mass and some

non-negligible portion of it is expected to escape the gravitational potential and provide negative

feedback to the star-forming process. Most recently,Rupke et al.(2017) reported few kpc-scale

winds in all of his sample consisting of 10 galaxies with powerful AGN. Their galaxies were
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shown to exhibit mass a large range of outflow rates and wind velocities and can suppress the

host galaxy star formation.

However, such AGN-driven winds are not as well understood (e.g. Harrison et al., 2018) as

their multiphase large-scale galactic counterparts present amongst the population of star-forming

galaxies have been routinely studied (e.g.Rupke, 2018, for a review). Even despite this huge

effort, the dominant driving mechanism (whether AGN or starburts) behind the formation of the

winds that can quench the star-formation process it is stillnot clear (Wylezalek et al., 2018).

In this chapter we measure the incidence and kinematics of interstellar NaD absorption in one

of the largest samples of nearby Seyfert 2 galaxies drawn from the Sloan Digital Sky Survey

Abazajian et al.(2009), and compare these results with similar measurements obtained in a

carefully selected control sample designed to match our Seyfert 2 galaxies in redshift, lumi-

nosity, size, light concentration, apparent flattening, colour and, when available, morphological

classification into early or late type objects. We use this comparison to quantify whether the

frequency of kpc-scale cold-gas outflows increases in Seyfert 2’s, with a view to understanding

the impact that the central engines of Seyfert 2 galaxies have on their hosts.

4.2 The SDSS DR 7 Seyfert 2 and Control Samples

Both of our Seyfert 2 and Control samples are based on SDSS DR7. For our measurements

of NaD line strength and position, we re-analysed the SDSS spectra that were used for the

construction of the OSSY value-added catalogue. The relative intensity of emission lines, as

measured in OSSY, was also used to select our core Seyfert 2 sample and classify the nebular

emission of our control objects by means of standard BPT diagnostic diagrams (Baldwin et al.,

1981).

For measuring total luminosities and colours we obtain absolute, de-reddened, K-corrected mag-

nitudes from the SDSS DR7 in the u- and r-band, that are based on the best-fitting de Vau-

couleurs or exponential model magnitudes (ModelMag). The K-corrections are taken from the

kcorr value for the u- and r-band listed in the SDSSPhotoztable (O’Mill et al., 2011), whereas

for computing absolute magnitudes we use the luminosity distance returned by thefCosmoDl

functions in the SDSSC f unBAS Elibrary (Taghizadeh-Popp, 2010) and the SDSS redshift listed

in theS pecOb jAlltable. All necessary isophotal measurements for measuringthe radial extent,

flattening and concentration of the SDSS galaxies are taken from the SDSSPhotoOb jAlltable,
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Figure 4.1: The result of our control matching procedure. Panels (a), (c), (e), (g), (i), (k) show
the distribution of our Seyfert 2 and control samples in all parameters used in the matching
process - redshift (z), absolute r-band magnitude (Mr ), isophotal semi- minor and major ratio
([b/a]), Petrosian radius containing 50% of the light (PetroR50), Petrosian radius containing
90% of the light (PetroR90), and the difference in the absolute magnitude in the u- and r- bands
(U −R). The remaining panels (b), (d), (f), (h), (j), (l) present the fractional difference between
the aforementioned parameters for the galaxies in the control sample and the Seyfert 2 galaxy
they match, normalised by the value of the corresponding parameter for the Seyfert 2. We
achieve a good overall matching between the Seyfert 2 and control galaxy distribution, with the
slight exception ofU −R where our matching procedure produces slight differences near the

peak of the colour distribution.

in particular, the r-band values for theisoAandisoBmeasurements of the major- and minor-axis

radii and thepetroR90 andpetroR50 entries for the Petrosian radii enclosing 90% and 50% of

the Petrosian flux.

Finally, in this work, we consider only the OSSY catalogue objects that were visually inspected

by the Galaxy Zoo citizen-science project (Lintott et al., 2011). Since around 94% of the OSSY

catalogue objects were covered by Galaxy Zoo, the requirement of a visually-classified mor-

phology does not significantly reduce the final sample of 625,607 objects from which we select

the Seyfert 2 and control samples that underpin this study.
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Figure 4.2: Some SDSS colour images for Seyfert and control galaxies in our study. The
image in the first column is the Seyfert 2 galaxy in question, while the next five columns
in the corresponding row are the five closest-matched control galaxies. The top two rows
show morphologically matched early- and late-type objects, respectively. All other rows show
the results of our matching procedure when morphological criteria cannot be used due to an

“uncertain” classification in Galaxy Zoo for the Seyfert in question.

4.2.1 Seyfert 2 sample

As a starting point for selecting a sample of Seyfert 2 host galaxies, we look for objects in the

OSSY catalogue which had emission-line amplitude-to-noise ratios greater than 3, for both the

[O iii]λ5007 and [Nii]λ6584 forbidden emission lines and for the Hα and Hβ recombination

lines. Such a detection threshold allows us to safely place them on the so-called BPT (Baldwin

et al., 1981) emission-line diagnostic diagrams and, more specifically, on the one introduced

by Veilleux and Osterbrock(1987) that combines the [Nii]/Hα and [Oiii]/Hβ line ratios. We

adopt the empirical demarcation ofKauffmann et al.(2003) to separate these galaxies into ones

where the gas ionization is driven by star-formation (SF) activity and ones potentially driven

by AGN. Furthermore, by applying theKewley et al.(2001) maximum theoretical star-burst

division line, we differentiate a class of galaxies with a superposition of AGN andstar-formation
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activity (TO for “transition”). Finally, the rest of the emission-line galaxies with plausible AGN

emission were divided on the basis of the empirical criterion developed inSchawinski et al.

(2007). This allows us to isolate Seyfert galaxies (Sy) from galaxies with central low-ionisation

nuclear regions (LI). We make such a distinction because quite rarely in SDSS galaxies such

a central low-ionisation emission can be ascribed to truly nuclear emission powered by AGN

activity, and instead is more often due to extended low-ionisation emission (Sarzi et al., 2010;

Cid Fernandes et al., 2010, 2011; Yan and Blanton, 2012; Singh et al., 2013; Belfiore et al.,

2016).

As a result of this selection process we arrive at an initial sample of 10,983 Seyfert galaxies.

Since many of these Seyfert objects could potentially display broad-line regions (BLR) and a

featureless AGN continuum that would considerably complicate our NaD measurements (Car-

doso et al., 2017), we further restrict ourselves solely tonarrow-line Seyfert 2 galaxies, by

excluding the Type 1 Seyferts identified byOh et al.(2015). This leaves us with a final sample

of 9859 Seyfert galaxies.

4.2.2 Control Sample

In order to ascertain the importance of AGN in driving outflows, we will compare our NaD

analysis of the Seyfert 2 sample, to an identical analysis ona carefully selected sample of control

galaxies. Following a procedure similar toWestoby et al.(2007), we proceed by finding, for each

Seyfert 2 object in our sample, five control galaxies that areclosest to the Seyfert in question in

the following quantities:

1. Redshift,z, from the SDSS DR7 pipeline.

2. Absolute r-band magnitude,Mr , K-corrected and de-reddened for the Galactic extinction,

as described above. This is done to match galaxies as closelyas possible in their total

stellar luminosity.

3. Apparent flattening,b/a, using the r-band isophotal minor- to major-axis ratio. Forspiral

galaxies, this quantity provides a useful measure of inclination.

4. The radius containing 90% of the Petrosian flux,PetroR90, which, when combined with

our z matching, enables us to match galaxies in their intrinsic size. This also ensures that
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the SDSS spectroscopic measurements encompass roughly thesame fraction of galaxy

light in our Seyfert 2 and control galaxies.

5. The radius containing 50% of the Petrosian flux,PetroR50, which, when combined with

ourPetroR90 matching, allows us to match galaxies in their degree of light concentration.

In the absence of a robust visual classification, this, to some extent, provides a proxy for

the galaxy morphology (Shimasaku et al., 2001; Strateva et al., 2001).

6. u− r colour, based on theirMu and Mr absolute magnitudes. Combined with ourMr

matching, this allows us to pick objects with comparable positions in theMr vs. u− r

colour-magnitude diagram, therefore selecting galaxies with similar star-formation rates

and star formation histories.

To find the best control objects for each of our Seyfert 2 galaxies we decided against minimising

the sum of the absolute differences in each matching parameter (e.g.∆z) as done for instance in

Westoby et al.(2007) and opted instead to consider such differences in relative terms (i.e.∆z/z)

and weighting them as follows:

∆C =
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∣
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∣

∣

∣
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+

∣

∣
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(4.1)

This allows us to find matching control objects more precisely at the higher- and lower- end

of the Seyfert 2 distribution for each of the previous parameters, and to assign a relative-error

meaning to our adopted weights. The weights themselves are chosen following an iterative

process. Very broad initial constraints (i.e. asking all parameters to be not so precisely matched)

were initially imposed and further tightened, guided by thespecific number of available control

galaxies for every Seyfert, in our parameters of interest, until our matching procedure achieved

the relative best match across all six adopted parameters.

For each of our Seyfert 2 objects, we compute∆C for all OSSY galaxies, and then pick the

five objects with the lowest∆C as control counterparts for the Seyfert in question. Duringthis

process, if a Seyfert 2 object had a robust “super-clean” Galaxy Zoo classification and was

classified either as a spiral or an elliptical, we proceeded to find the best five control galaxies as
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done above, but while considering only OSSY objects that were also robustly classified to be of

the same morphological type. This selection process results in 44,123 unique control galaxies,

because not using the whole set of possible controls and discarding the ones already adopted

could introduce systematic errors in the matching process,resulting in a biased control sample.

Fig. 4.1shows how our matching process returns control galaxies, with parameter distributions

that closely match the corresponding distributions for ourSeyfert 2 sample (panels a, c, e, g, i,

and k). Fig.4.1also shows how the values for these parameters for the five best control galaxies

are generally within 5 to 10% of the ones of their parent Seyfert 2 objects (panels b, d, f, h, j, and

l), broadly consistent with the weighting applied in Eq. (1). The only exception in this respect

concerns our colour matching, since theu− r distributions for our Seyfert 2 and control sample

differ slightly near their peaks and red tails.

Fig.4.2further illustrates the quality of our control sample selection, by presenting SDSS colour

composite images for 5 randomly selected Seyfert 2 galaxies(left column) and their respective

five best controls (columns to the right). In Fig.4.2 the top two rows are Seyfert 2 galaxies that

are classified by Galaxy Zoo as an elliptical and spiral respectively. Conversely, the last three

rows show how our matching process returns control galaxiesthat look similar to our Seyfert 2

objects even when the morphology of the latter was classifiedas “uncertain” by Galaxy Zoo.

To conclude the description of our control sample, we emphasize that while it includes objects

that are similar to our Seyfert sample galaxies in all respect except for the central nebular activity,

this does not mean that different manifestations of AGN activity do not occur in our control

sample objects. Whether AGN are present and could launch outflows in our control sample will

not affect our analysis, however, since our prime goal is to ascertain whether cold-gas outflows

are launched more efficiently in objects with unobscured, optical AGN activity (e.g. Seyfert-host

galaxies) than in similar object with other kinds of centralactivity (including passive systems).

4.3 Results

We begin by discussing the incidence and kinematics of NaD interstellar absorption in our

control sample, while also defining the NaD blue-shift threshold that identifies outflowing sys-

tems (§4.3.1). We then compare these results with what is observed in our Seyfert 2 sample

(§ 4.3.2). However, before conclusions can be drawn from such a comparison, it is important

to first consider the incidence of interstellar NaD absorption in both the control and Seyfert 2
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Emission class all with NaD NaD outflows
Seyfert 2 9859 561 (5.7+0.3

−0.2%) 53 (9.5+1.5
−1.3%)

control-total 44123 2174 (4.9+0.1
−0.1%) 352 (16.2+0.9

−0.9%)
control-SF 6710 587 (8.7+0.4

−0.4%) 92 (15.7+1.8
−1.6%)

control-TO 5895 567 (9.6+0.4
−0.4%) 147 (25.9+2.3

−2.1%)
control-LINER 859 105 (12.2+1.3

−1.2%) 27 (25.7+5.0
−4.5%)

control-NE 30659 915 (2.9+0.1
−0.1%) 87 (9.5+1.1

−1.0%)

Table 4.1: Breakdown of our Seyfert 2 and control samples, according to whether or not
interstellar NaD absorption was detected (third column, for objects withA/NNaD > 4 and
E(B−V) > 0.05, see §2.2.7) and furthermore if it likely traces outflows (fourth column, for
objects also with∆V = VNaD−V⋆ < −100 km s−1, see §4.3.1). Control galaxies are further
subdivided according to their emission-line classification either as star-forming regions (SF),
composite AGN/star-forming activity (TO), low-ionisation - possibly truly nuclear - emission
regions (LINER), or displaying little to no emission (NE). Percentages in the third column refer
to the fraction of objects with interstellar NaD absorptionout of the number of objects in each
of our subsamples (second column) and percentages in the fourth column refer to the fraction
of NaD-outflowing objects with respect to the number of objects with detected NaD interstellar
absorption (third column). The confidence intervals on the percentage fractions are calculated
following Gehrels(1986) using Poisson error, except in the cases of small number statistics

(N < 300) where we adopted the bimodal distribution ones.

samples. Tab.4.1shows that the fraction of Seyfert 2 objects where NaD interstellar absorption

is detected (5.7+0.3
−0.2%) is similar to that of control galaxies (4.9+0.1

−0.1%).

Such a remarkable similarity, combined with our careful control sample construction, allows us

to directly compare the NaD kinematics in our two samples andto reflect on the importance of

AGN feedback. In particular, this finding goes against the argument that the AGN in Seyfert

2 galaxies would substantially ionise its surroundings. Such ionising action of the AGN would

reduce the incidence of NaD interstellar absorption among our Seyfert 2s and thus limit the

usefulness of the NaD lines as a tracer of cold-gas large-scale outflows only to objects with a

faint AGN, which may not be able to provide much energetic feedback, as reported for instance

by Villar Martín et al.(2014) for their sample of bright type 2 quasars. Instead, such similarity is

in fact not surprising having in mind that, in general, the host galaxies of Seyfert activity are not

outstandingly different in their total amount of molecular gas reservoirs thanthe general galaxy

population (e.g.Maiolino et al. 1997; Saintonge et al. 2012; Rosario et al. 2018; however, also

seeVito et al. 2014).

4.3.1 Control Sample

Tab.4.1shows that the majority (69%, or 30,659 out of 44,123 objects) of our control galaxies

exhibit no or very weak nebular emission, with most remaining objects being almost evenly
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Figure 4.3: Kinematics of the NaD absorption component relative tothe systemic properties of
the galaxy, for our control and Seyfert 2 sample, where the observed NaD excess can be safely
attributed to interstellar absorption. Top left:σNaD−σ⋆ (∆σ) versusVNaD−V⋆ (∆V) for our
control sample, colour-coded by the dust reddeningE(B−V). Only galaxies withA/N > 4 for
the NaD absorption and withE(B−V) > 0.05 are shown (see text for more details). Top right:
Histogram showing the distribution of the velocity offsets∆V = VNaD−V⋆ for all the control
galaxies shown in the top-left panel. The dashed line indicates the median of the distribution,
and the dotted lines correspond to the±1σ levels containing 68% of the∆V distribution. The
red line shows the best-fitting Gaussian to the underlying distribution and emphasises the pro-
nounced tail of galaxies with a∆V < −100. Bottom left: An identical∆σ vs.∆V diagram as in
the top-left panels, but now for our Seyfert 2 sample. Bottomright: An identical∆V distribu-
tions as in the top-right panels, but now for our Seyfert 2 sample. The mean errors on the left

panels are given in their top right corners.
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split between star-forming (13%) and composite (13%) nebular emission, plus a minority (3%)

of galaxies displaying LINER-like emission. Tab.4.1also shows that the incidence of interstel-

lar NaD absorption is around 9-12% for control galaxies withdetected ionized-gas emission,

dropping to just 3% among quiescent objects, which is consistent with the weak or absent neb-

ular emission in these systems.

To understand the kinematics of interstellar NaD absorption in our control sample, we start

by considering the top left panel of Fig.4.3, where the velocityVNaD and velocity dispersion

σNaD of the NaD absorption is compared to the galaxy’s systemic velocity and central velocity

dispersion (V⋆ andσ⋆ respectively. The colour-coding indicates the reddening by dust,E(B−

V)). In thisσNaD−σ⋆ versusVNaD−V⋆ diagram, we observe the same trend as that observed

in Sarzi et al.(2016), in that a majority of objects with nearly zero (or even slightly positive)

VNaD−V⋆ (∆V) and negativeσNaD−σ⋆ (∆σ) values is followed by a long tail of galaxies

with increasingly blue-shifted and broad NaD profiles, i.e.with progressively negative∆V and

increasing∆σ values.

The bulk of the objects with∆V ∼ 0 consists of control galaxies where the NaD profile traces

material that is likely settled in a dusty disk which is dynamically colder than the stellar bulge

(thus corresponding to∆σ < 0 values), or of highly-inclined systems where it would be hard to

detect possible outflows. Conversely, detecting outflows and increasingly blue-shifted NaD lines

is facilitated by looking at more face-on galaxies, where broad NaD profiles are also expected

since the line of sight intersects a multitude of cold-gas clouds moving at different velocities

within large-scale bi-conical galactic winds (Fujita et al., 2009; Krumholz et al., 2017). Visual

inspection of our control galaxies combined with using the inclination values derived from the

axis ratio of late-type galaxies (51% of our control sample)confirms that the observed∆σ vs∆V

anticorrelation is mainly driven by galaxy inclination. This trend is supported by the systemat-

ically higherE(B−V) values among low-∆V objects, as would be expected for nearly edge-on

dusty systems (Unterborn and Ryden, 2008; Masters et al., 2010b). We proceed to address when

NaD outflows are likely to occur in our control galaxies, by studying the distribution of values

for their NaD velocity offset (∆V), as shown in the top right panel of Fig.4.3. The∆V distribu-

tion is skewed toward negative values (with a statistical skewness value of∼ −1.42) and has a

pronounced tail of objects with blue-shifted NaD interstellar absorption profiles. Yet, as stated

before, the bulk of the control objects in Fig.4.3 shows∆V ∼ 0 values, so that a Gaussian fit

to the entire∆V distribution captures well the distribution of the majority of these galaxies and

allows us to isolate the tail of control objects that have NaDoutflows. Observing that the control
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Figure 4.4: One-dimensional Gaussian mixture model with two components of the retrieved
ascribed to ISM NaD velocities for both the Seyfert 2 and control samples. Top left:VNaD−V⋆
(∆V) histogram along with the best-fit Gaussian mixture model. Dashed and dotted-dashed
lines show the first (“bulk”) and second (“tail”) componentsrespectively. Top right: The prob-
ability that a given∆V is drawn from each Gaussian component as function of∆V itself. Note
that in order to be confident that a∆V is drawn with a probability greater than 95% (marked
by the horizontal dashed green line) from the second Gaussian (here loosely referred to as the
“tail”) ∆V has to be lower than−100 km s−1(vertical dashed red line). Bottom left: An identical
to the top-left panel histogram along with the best-fit Gaussian mixture model, but now for our
control sample. Bottom right: An identical to the top-rightpanel probability distributions, but
now for our control sample. Note that the required 95% credibility criteria gives a very close

∆V separation threshold to the one adopted for our Seyfert 2 sample.
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galaxies with∆V < −100 km s−1 (the∼ 16th percentile of the overall∆V distribution) already

lie outside the region occupied by 90% of the objects enclosed by the fitted Gaussian (which has

a standard deviation of 45 km s−1), we consider this∆V threshold to be a conservative estimate

for the start of the tail of blue-shifted NaD control objects. Furthermore, we performed a simple

Gaussian mixture modeling to probabilistically assign ourretrieved ISM NaD velocity distribu-

tions for both the Seyfert 2 and control samples utilizing the Scikit-learn Python package

(Pedregosa et al., 2011) following (Ivezić et al., 2014, see their Chap. 4.4.3) to two Gaussian

components (the first of which is loosely referred to as “bulk” and a second one as a “tail”,

respectively). In this Gaussian mixture model the data is assumed to be comprised of two Gaus-

sians, each one characterised by a mean, covariance, and normalization factor. Therefore, the

probability of having a given velocity drawn from a Gaussianmixture model given a set of those

Gaussian parameters can be expressed as the sum over the number of all components of the mul-

tiple of the normalization factors of each Gaussian with thegiven mean and covariance. Each

velocity should belong to a component so the sum of the normalization factors for all constituent

Gaussians should add to unity. However, the probability of having a given velocity drawn from

a Gaussian mixture model given a set of those Gaussian parameters can be interpreted using a

concept deemed “hidden” variables. The Gaussian components are then interpreted as different

“classes”, to designate that each velocity intrinsically belongs to only one of the specific individ-

ual Gaussian components. Under this interpretation the Gaussian to which each velocity belongs

can be labeled (“class label”) with such a hidden variable that is involved in its generation by

the data. Generally, the class labels to which each velocitybelongs are not known, however

the probability that for each velocity is generated by one ofthe classes (“responsibility”) can

be obtained using Bayes‘s theorem. This expression naturally incorporates the fact that it less

likely for a velocity that is further away from the mean of theGaussian component to be asso-

ciated with that particular component. To seek the set of best-fitting parameters (including the

best set of label classes) instead of a maximum likelihood estimation the package draws on an

expectation-maximization algorithm (Dempster et al., 1977) in order to avoid directly estimating

the intrinsically complex objective function that is associated with our Gaussian mixture model.

The algorithm works under the assumption that the responsibility for each velocity is known and

fixed in each of its iteration. The algorithm starts with a setof assumed responsibilities. The

approach of evaluating new responsibilities at each step can greatly reduce the complexity of

evaluating the necessary likelihood function and the values for the Gaussian mixture parameters

can be estimated in a simplified way. This executes a “maximization” step the aim of which is

to drive the minimization of the fit likelihood function towards a local minimum. It is followed
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by an “expectation” step, where the initial responsibilities are again updated knowing that they

represent the probability of each each velocity being generated by a given label. The process is

repeated until convergence is established.

Prompting for a high degree of credibility (95%), we can confirm that all objects with∆V <

−100 km s−1 (our threshold for “outflowing” objects, derived by simply fitting single Gaussians

to the overall Seyfert 2 and control sample ISM NaD velocity distributions) could be assigned to

a second component, deemed to be, in our case, the “tails” of the sample NaD∆V distributions.

This is illustrated in Fig4.4where we show the best-fitting model and its separate best-fitGaus-

sian components for each of our samples. We note that this process returned best-fit Gaussians

to the “bulk” of both Seyfert 2 sample and our control one nearly identical to the ones obtained

by simply fitting a single Gaussian to the overall ISM NaD velocity distributions as outlined

in the text. Consequently, we deem galaxies with∆V < −100 km s−1 as being likely to host

cold-gas outflows, which are expected to be on kpc-scales given that at the mean redshift of our

sample (z∼ 0.1) the 3′′ SDSS fibers subtend a region 5.5 kpc across. Previous specially resolved

observations of such galactic winds do, indeed, confirm thatmost often their spatial extent is at

kpc-scales (e.g.Martin, 2005; Rupke et al., 2002, 2005b; Rupke and Veilleux, 2011; Cazzoli

et al., 2014; Rupke and Veilleux, 2015; Liu et al., 2015).

Among the control galaxies with detected NaD interstellar absorption, around∼ 16.2% (Ta-

ble 4.1) display NaD profiles blue-shifted by more than 100 km s−1, which amounts to∼ 0.8%

of the control sample and is consistent with the overall outflow detection rate found inSato

et al. (2009). Interestingly, we find that NaD outflows are not found most commonly in the

star-forming objects (which host 16% of outflowing objects). Instead, outflows seem to be pro-

duced more efficiently in galaxies with either central composite AGN/star-forming or LINER-

like emission (in 25% of the cases). Outflows are also traced in quiescent control objects with

NaD interstellar absorption (10% of the cases) that generally display weak emission and where

reddening prevented, in particular, the detection of [Oiii]. As such, the upper-limits on the

[O iii]/Hβ line ratio indicates the presence of star formation or composite AGN/star-formation

activity in most of these quiescent objects.

To study the role of star formation in driving outflows and further ascertain when it most likely

powers them, it is instructive to look into the infrared (IR)luminosity of our control sample. For

instance, it is well established that more than 50% of all luminous infrared galaxies or ultralu-

minous infrared galaxies have blue-shifted NaD profiles indicative of outflowing gas (Heckman
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et al., 2000; Rupke et al., 2002, 2005a,b; Martin, 2005; Cazzoli et al., 2016) and that in turn,

the average contribution of the AGN to the observed total bolometric IR luminosity amounts

on average to 25% (with the exception of Seyfert 1 emission-line galaxies (Nardini et al., 2010;

Kilerci Eser et al., 2014).

To estimate the IR luminosities (LIR) of our control galaxies with NaD interstellar absorption,

we employ theEllison et al.(2016) catalog of predicted infrared luminosities for galaxies in the

SDSS DR7, selecting only objects where the expected error intheir infrared luminosity estimate

is less than 0.1 dex. Among our control objects with interstellar NaD detection, 1519 (70%)

haveLIR values fromEllison et al., and around 30% (461) of these haveLIR > 1011L⊙ that

would identify them as LIRGs or even ULIRGs. The fraction of objects withLIR > 1011L⊙ is

substantially higher for objects with NaD outflows, being around 55% (148 objects out of 268),

whereas for the bulk of our control objects that have∆V ∼ 0 km s−1 the fraction of objects with

LIR > 1011L⊙ drops to 25% (313 out of 1251).

A higher incidence of U/LIRGs amongst our NaD-outflowing control objects is consistent with

many of them being powered by star-formation, even though only 36 out of these 148 NaD-

outflowing and IR-bright control objects display central nebular emission dominated by HII

regions (i.e. star-forming). This may suggest either that circum-nuclear star formation is driving

the outflow or that shocks in the outflow lead to a more complex emission-line spectrum, which

could be recognised as LINER-like or composite AGN/star-forming emission, as found in 56%

of our NaD-outflowing and IR-bright objects (e.g.Rich et al., 2014, 2015; Ho et al., 2014,

for ULIRGs and normal galaxies, respectively). In fact, shocks may also help explain why,

more generally and not in just U/LIRGs, NaD outflows are often associated with composite or

LINER-like emission in our control galaxies, which can alsobe observed in the NaD kinematic

analysis of theJeong et al.(2013) sample byPark et al.(2015, see their Fig. 4) and some of the

MaNGA survey galaxies (Wylezalek et al., 2018).

4.3.2 Seyfert 2 sample

As noted above, the fractions of Seyfert and Control objectswith interstellar NaD absorption

are very similar, which is important, as this allows us to compare the cold-gas kinematics and,

in particular, the incidence of NaD outflows in our two samples.



Chapter 4.The insignificance of Seyfert 2 activity in driving cold-gasgalactic winds 64

We proceed by studying the kinematics of the interstellar NaD lines in our Seyfert sample. The

bottom left panel of Fig.4.3, which shows the same∆σ vs. ∆V diagram that we previously

discussed for our control galaxies, indicates that among our Seyfert sample there is also a pop-

ulation of galaxies with blue-shifted NaD interstellar lines (e.g. with∆V < 0) that are likely

tracing outflowing material. The∆V distribution for our Seyfert 2 sample (bottom right panel of

Fig. 4.3) shows a skewed distribution (with a statistical skewness∼ −1.22), similar to that ob-

served in the control sample, with a tail of objects with∆V < −100 km s−1 extending away from

the bulk of the systems that have nearly zero or slightly positive ∆V values. Compared to the

control sample, however, the tail of objects with blue-shifted NaD profiles is less pronounced, as

it contains 9.4% of all Seyfert 2 galaxies with interstellarNaD absorption (compared to 16.2%

for the control galaxies), corresponding to 0.53% of the overall Seyfert 2 sample (i.e. those with

and without NaD absorption).

Given that the overall incidence of NaD-outflowing systems is similar to that found in our con-

trol sample, it is important to recall that our sample of 9859Seyfert 2 galaxies offers a represen-

tative view of the Seyfert 2 population within the footprintof the SDSS survey. Finding only

53 of such objects with kpc-scale cold-gas outflows already suggests that optical AGN activity

cannot be important in driving galactic winds that may lead to subsequent quenching of star-

formation in the nearby Universe, even accounting for the fact that some more NaD-outflowing

systems may have remained undetected in inclined Seyfert 2 galaxies. In fact, the role of AGN

feedback may be even smaller considering how well connectedSeyfert 2 and star-formation ac-

tivity are (e.g.Kauffmann et al., 2003), so that circumnuclear star formation may also play a part

in driving the NaD outflows that we observe in our Seyfert 2 sample.

To further quantify the importance of AGN feedback we check if the radiative power output

of the AGN, i.e. its bolometric luminosity as traced by the extinction-corrected luminosity of

the [Oiii] emission line (Lamastra et al., 2009), correlates with the velocity offset∆V of the

interstellar NaD absorption. This is shown in Fig.4.5, where we find a modest tendency for

galaxies with higher values of [Oiii] luminosity (logL[O iii]) to display blue-shifted interstellar

NaD profiles (indicative of an outflow) more often. The fraction of NaD-detected Seyfert 2

galaxies where∆V < −100 km s−1 indeed increases from∼3+10
−3 % or ∼9+5

−4%, for objects with

low to intermediate [Oiii] luminosities, to∼19+16
−11% for the most luminous (top 16% percentile)

Seyfert 2 nuclei. Outflows are not predominantly found in such bright AGN (where we find

∼ 32% of the outflows), however, and inclination biases can also be excluded as we do not find -
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Figure 4.5: Dependence of the AGN bolometric luminosity, as tracedby logL[O III] calculated
using the extinction-corrected [Oiii] flux provided by the OSSY catalogue, on the velocity
shift ∆V = VNaD−V⋆. The horizontal dashed-dotted lines indicate the (±1σ) 16% and 84%
percentiles of the logL[O iii] distribution. In each of the three logL[O iii] regions defined by these
±1σ logL[O iii] limits, the vertical dashed and dashed-dotted lines show the median and the±1σ
values for the velocity shifts∆V, respectively. Finally, the gray vertical dotted lines indicate our
∆V = −100 km s−1 threshold for identifying NaD outflows, as derived from our control sample
(see text in §4.3.1). Only at the highest logL[O iii] end does the∆V distribution becomes more
skewed, with a tail ofoutflowing objects. These objects comprise the most luminous∼ 20% of

Seyfert 2 galaxies, and 32% of all NaD-outflowing Seyfert 2 objects.
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Figure 4.6: ∆σ vs. ∆V for Seyfert 2 galaxies with interstellar NaD absorption, similar to the
one in Fig.4.3 but now showing the objects colour-coded with IR luminosityestimates from
the catalogue ofEllison et al.(2016). Blue and red points indicate galaxies with IR luminosities
above and below theLIR = 1011L⊙ threshold i.e. LIRGs and ULIRGs respectively. Among the
outflowing Seyfert 2 galaxies (i.e. those to the left of the grey vertical dotted line that marks
our∆V = −100 threshold for identifying NaD outflows, see§4.3.1) 60% would be classified as

LIRGs or ULIRGs.

at least for Seyfert 2 in late-type galaxies (which are 38% ofthe Seyfert 2 hosts) - a correlation

between axis ratio and [Oiii] luminosity.

If the weak trend shown by Fig.4.5could still be interpreted as evidence for AGN feedback in

our NaD-detected Seyfert 2, one also has to keep in mind that the luminosity of the [Oiii] line in

AGN is found to correlate with the star-formation rate of thehost galaxy (LaMassa et al., 2013).

To check whether star-formation is possibly also driving the NaD outflows observed in our
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Figure 4.7: ∆σ vs. ∆V for Seyfert 2 galaxies with interstellar NaD absorption, similar to
the one Fig.4.3 and Fig.4.6, but now showing radio sources thatBest and Heckman(2012)
associate with either AGN activity (red points) or star formation (blue points). Among the
ten outflowing Seyfert 2 galaxies whose radio emission was classified in this way byBest and

Heckman, only one is considered by these authors as being powered by acentral AGN.

Seyfert 2 sample, we draw again from the work ofEllison et al.(2016) and look for the inci-

dence of LIRGs or ULIRGs among our Seyfert 2 galaxies. This isillustrated by Fig.4.6, where

we present the same∆σ vs.∆V diagram for the NaD-detected Seyfert 2s as in Fig.4.3, but now

highlighting objects withLIR above and belowLIR = 1011L⊙, which is the LIRG threshold. The

Ellison et al.catalogue providesLIR estimates for 308 (55%) of our Seyferts with NaD interstel-

lar absorption, and of these, around 28% (88) are sufficiently IR-bright to be classified as LIRGs

or ULIRGs. Among objects withLIR estimates, the fraction of NaD-outflowing Seyferts (i.e.

with ∆V <−100 km s−1) with LIR> 1011L⊙ is substantially higher than for Seyferts that show lit-

tle or no evidence of cold-gas outflows (i.e. with∆V > −100 km s−1), with these fractions being
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60% (17 out of 28) and 25% (71 out of 280), respectively. The incidence of LIRGs or ULIRGs

among NaD-outflowing Seyfert 2s is thus nearly twice as that of bright AGNs (32%), suggest-

ing that circumnuclear star formation could indeed be driving many of the outflows observed

among our Seyfert 2 galaxies. In fact, this possibility appears even more likely when consider-

ing that the fraction of IR-bright NaD-outflowing Seyfert 2sis also remarkably consistent with

the corresponding value for the NaD-outflowing control objects (55%, §4.3.1).

To further probe the relative role of AGN and star-formationin driving NaD outflows, we appeal

to ancillary radio data for our galaxies. In particular, we employ theBest and Heckman(2012)

radio catalogue of SDSS galaxies, where the presence of radio emission in each galaxy is linked

to either star-formation activity or a radio-AGN, using their stellar-population properties, the

ratio of the radio-to-optical-emission luminosity and standard BPT diagnostic diagrams. Fig.4.7

again shows the∆σ vs.∆V diagram for our NaD-detected Seyfert 2 galaxies, where the coloured

points now indicate whether the radio emission is dominatedby star-formation or AGN activity.

The Best and Heckmancatalogue includes 97 (19%) of our Seyfert 2 sample with interstellar

NaD absorption and, out of these objects, the radio emissionis ascribed to a radio AGN only in

17 objects (18%). Most importantly Fig.4.7shows that, among the ten radio-detected Seyfert 2

that also exhibit an NaD-outflow, only one is classified as a radio AGN by Best and Heckman.

Radio-AGN Seyfert 2 galaxies, in fact, generally show nearly zero or even slightly positive

∆V values, consistent with the results ofSarzi et al.(2016), and also with what we find when

cross-correlating theBest and Heckmancatalogue with our control sample.

In summary, only a few dozen Seyfert 2 galaxies show kpc-scale cold-gas outflows among the

large sample of almost 10,000 SDSS galaxies that we have analysed. Furthermore, although

nearly a third of these outflowing systems feature some of themost luminous of our Seyfert 2

nuclei, both the IR luminosity and the nature of the radio emission in our Seyfert 2 galaxies

indicates that star-formation may be powering an even higher fraction of the NaD-outflows

observed in the Seyfert 2 population.

4.4 Conclusions

Using SDSS DR7 data and the value-added catalogues ofOh et al.(2011, 2015), we have se-

lected a nearly complete sample of∼ 10,000 nearby (z< 0.2) Seyfert 2 galaxies, and investigated

the kinematics of their cold-gas medium at kpc-scales, as traced by interstellar NaD absorption
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lines. In order to set a detection threshold for possible cold-gas outflows and draw conclusions

on the incidence of AGN-driven outflows in the nearby Universe, we have also measured the

properties of the interstellar NaD absorption in a carefully-selected sample of∼ 44,000 con-

trol galaxies that match our Seyferts in redshift, luminosity, size, light concentration, apparent

flattening, colour and morphological classification. Our main results are as follows:

• The incidence of detected NaD absorption across our Seyfert2 and control samples are

similar, being 5.7% and 4.9% in the two populations respectively. This is particularly

important, as it allows for a direct comparison between the cold-gas kinematics found

across these two galaxy populations.

• Out of 9859 Seyfert 2 galaxies, only 53 show evidence of kpc-scale cold-gas outflows.

Even accounting for inclination biases against the detection of NaD-outflowing systems,

this result strongly suggests that optical AGN activity cannot be important in driving

galactic winds capable of possibly quenching star-formation in the nearby Universe.

• The overall cold-gas kinematic behavior traced by the NaD interstellar absorption in

Seyfert 2 and control galaxies (as shown in theσNaD−σ⋆ versusVNaD−V⋆ diagrams)

is rather similar, and the presence of an optical AGN does notboost the fraction of NaD

outflows compared to the control sample, where such outflows are likely driven by star-

formation. In fact, the incidence of NaD outflows among Seyfert 2s is actually lower,

being 9.5+1.5
−1.3% of NaD-detected objects, compared to 16.2+0.9

−0.9% for the control sample.

• Consistent with previous studies, many NaD-outflowing Seyfert 2 galaxies are some of

the brightest AGN (logL[O iii] > 42.3 erg s−1). However, this only accounts for 32% of the

outflows detected in Seyfert 2s.

• On the other hand, ancillary radio and IR data of our Seyferts(available for 19% and

55% of the objects with interstellar NaD absorption) suggests that star-formation is likely

to be the bigger contributor to the observed NaD-outflows. Among the NaD-outflowing

systems with radio or IR measurements, around 90% show radioemission consistent with

being powered by star formation rather than AGN activity, and 55% show IR luminosity

consistent with a LIRG or ULIRG classification. That a similar behavior is observed

across our control sample further indicates that star formation is the principal driver of

many of the outflows observed in our Seyfert 2 galaxies.
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The negligible fraction of Seyferts found to host outflows inthis work reinforces the conclusions

of recent studies (e.g.Kaviraj et al., 2015b; Sarzi et al., 2016), which have suggested that the

long time delay between the onset of star formation and the triggering of the AGN hinders the

ability of the AGN to strongly regulate star formation activity. In essence, the gas reservoir is

greatly depleted before the AGN is triggered, so that the AGNacts largely to mop up residual

gas in the system, rather than influencing the bulk of the starformation episode. It is worth

noting again that, since these papers have studied galaxiesoutside clusters, this scenario operates

in low-density environments (which, nevertheless, host the vast majority of galaxies) at low

redshift. Since performing similar NaD analyses at high redshift is complicated by the low

signal-to-statistical noise in the stellar continuum, drawing similar conclusions at higher redshift

is currently infeasible.

While our results, combined with the recent literature, suggests that optical AGN activity may

not play a dominant role in quenching star formation in the nearby Universe, future integral-

field observations, possibly assisted by adaptive optics, may shed further light on the relative

role of AGN and star formation in powering the kpc-scale cold-gas outflows found in Seyfert 2

galaxies. It is worth noting, in this context, that the [Oiii] luminosity distribution of our Seyfert

2 sample extends to the more typical values observed in Seyfert 1 systems. Hence, even though

the measurement of NaD outflows in these objects is generallyhampered, either by the presence

of a non-thermal continuum, or by a real absence of neutral Sodium along the line of sight, it

appears unlikely that Seyfert 1s could power many more kpc-scale cold-gas outflows, just on the

basis that their engines could possibly be more powerful than the AGN probed in this study. On

the other hand, it also remains to be established how frequently the ionised-gas outflows often

found in nearby Type 1 AGN (e.g.Perna et al., 2017) really extend to kpc scales, again, for

instance, through the use of integral-field spectroscopy (e.g. Cresci et al., 2015).

Integral-field observations may also clarify the impact of shocks on the nebular emission that

is observed in most of the NaD-outflowing galaxies in our control sample, which very often

shows composite AGN/star-forming activity and LINER-like emission. Indeed, ifshocks do not

always contribute to the observed nebular spectrum (as is the case in the study ofHo et al.,

2014), this may leave some room for AGN, possibly during a very obscured phase (Perna et al.,

2017; Harrison, 2017), to contribute to the outflows observed in our control sample and also in

the more general galaxy population.

A further avenue of exploration is the role of mergers in driving inflows and outflows of cold
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gas. Deep surveys like the Stripe 82 and, in particular, new datasets that are both wide and

deep (e.g. DECaLS and those further downstream like LSST (Ivezic et al., 2008; Abell et al.,

2009; Schlegel et al., 2015; Blum et al., 2016)) are capable of revealing faint tidal features due

to recent interactions (e.g.Kaviraj, 2014b,a). Such data can be combined with the NaD analysis

presented here to elucidate the role of merging in triggering galactic-scale outflows in the nearby

Universe.

Nevertheless, to conclude, the results from this study suggest that galactic-scale outflows at low

redshift are no more frequent in Seyferts than they are in similar non-active galaxies, that such

optical AGN are likely not direct dominant contributors to the quenching of star formation in the

nearby Universe and that star formation may be the principaldriver of outflows even in systems

that host an AGN.



Chapter 5

The Kinematically Decoupled

Components in NGC 448 and

NGC 4365

5.1 Overview and Motivation

Two distinct sub-classes of galaxies with signatures for centralized counter-rotation have been

extensively studied before. On the one hand, “counter-rotating” population of stars can be found

within some massive slow-rotator early-type galaxies (ETGs), where most often a KDC is usu-

ally present (e.g.Efstathiou et al., 1980, 1982; Franx and Illingworth, 1988; Jedrzejewski and

Schechter, 1988; Franx et al., 1989). They are found to be rare amongst the early-type galaxy

population (∼ 7%), however such features seem to be abundant within∼ 42% of slow rotator

systems (Krajnović et al., 2011) and even more rare (∼ 2%), in particular, amongst just the fast

rotator population (Emsellem et al., 2011). The stellar populations of galaxies with larger-scale

KDCs are of old ages and have mainly negative metallicity gradients (e.g.Mehlert et al., 1998;

Davies et al., 2001; Emsellem et al., 2004; Kuntschner et al., 2010; McDermid et al., 2015) in

conjunction to the higher mass elliptical galaxy population. Furthermore, these KDCs seem to

be of comparable age to the host galaxy as suggested by the absence of evidence for substantial

stellar population age gradients (e.g.McDermid et al., 2006; Kuntschner et al., 2010; McDer-

mid et al., 2015; Krajnović et al., 2015). Generally, the light profiles of KDC host galaxies

are thought to be similar to the ones of the overall slow-rotators population of similar stellar

72
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mass (e.g.Carollo et al., 1997a,b). However, the light profiles of galaxies with noticeable KDCs

found in some slow rotators can also show the presence of additional photometric exponential or

low Sérsic indices photometric subcomponents. This can stem from the more complex orbital

families that can be present in non-axisymmetric galaxy potential systems often also displaying

kinematically distinct cores (Krajnović et al., 2013). Even, despite continuous effort the origin

of the KDCs observed such systems is still poorly understood. The nature of apparent angular

momentum vector of KDCs with respect to their host galaxy canbe argued to be an indication for

an external formation mechanism. Earlier studies (e.g.Efstathiou et al., 1980; Kormendy, 1984),

noting on the fact that the light profile of NGC 5813 can be wellrepresented by two photomet-

ric sub-components, prompted investigation as to whether KDCs are not embedded remnants

of smaller galaxies. This “core-within-a-core” formationscenario (e.g.Franx and Illingworth,

1988), however, contradicts the observation that galaxies withKDCs have negative metallicity

gradients and compatible stellar population properties asthe core should be more metal-poor

than the rest of the galaxy if externally acquired. More scenarios for the formation of KDCs

include the disruption of a satellite galaxy during a minor merger (e.g.Franx et al., 1989). In

such an encounter, the distinct angular momentum of the KDC arises because of the specifics

of the merger encounter (orbital configuration) and, in particular, because of the orbital angular

momentum of the satellite. The merger of spiral galaxies (e.g. Bois et al., 2011) can also pro-

duce slow rotators with KDCs. Furthermore, KDCs can, in general, originate from acquired gas

that settles at the bottom of the gravitational potential and subsequently form stars (e.g.Bender

and Surma, 1992). The picture that KDCs are the remnants of past mergers is challenged by the

observation that did not find any deep photometric evidence (e.g. shells) of a past merger event

provided such features are long lived (e.g.Jedrzejewski, 1987). More likely, the KDCs could

have formed at earlier epoch, as supported by the old stellarpopulation associated with them, by

a hierarchical merging of small systems, possibly involving gas (e.g.Bender and Surma, 1992).

Such larger-scale KDC systems are intrinsically different from the ones with smaller scale (few

hundred pc) KDCs. Such small-scale size KDCs are associatedwith younger stellar popula-

tion ages and some interstellar medium. They are thought to form due to recent accretion of

gas followed by a period of star-formation. Their presence is expected to be visible only for a

limited time period, when the integrated light of the galaxyis out-shined by their newly formed

young stellar population to dominate any measurement made on the spectra (McDermid et al.,

2006). Finally, KDCs may not even be physically distinct embedded structures, but actually an

observational effect from the observed in projection mass imbalance of the prograde and retro-

grade smooth population of stars in short-axis tube orbits within a triaxial galaxy (e.g.de Zeeuw
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and Franx, 1991; Statler, 1991). Support for this hypothesis has been gained by some recent

dynamical modelling effort (e.g.van den Bosch et al., 2008; Krajnović et al., 2015).

On the other hand, a small fraction∼ 4% (Krajnović et al., 2011) of galaxies can also host em-

bedded counter-rotating discs (e.g.Rubin et al., 1992; Rix et al., 1992). Such 2σ systems are

typically found within lower mass galaxies (Cappellari et al., 2013) than their early-type coun-

terparts with KDCs. The multiple kinematic components in these galaxies have been revealed

through the complex line-of-sight velocity distributionsof their stellar content, often clearly ex-

hibiting two peaks (e.g.Pizzella et al., 2014b). Evidence that such embedded discs with high

angular momenta are present also comes from dynamical modelling (e.g.Cappellari et al., 2007;

Mitzkus et al., 2017b). The relative masses, sizes, shapes, and stellar population properties of

the two counter-rotating stellar discs would generally dictate the appearance of the velocity field

(i.e. positions and amplitudes of the velocity dispersion peaks) of their host galaxy. One case

of equal mass discs is NGC 4550 as confirmed by such modelling (Cappellari et al., 2007) and

observations (Coccato et al., 2013). Again using modelling, the mass was found to be approxi-

mately split 30 to 70% in between the two counter-rotating discs in NGC 4473 (Cappellari et al.,

2007). Most often, the two components are associated with stellar populations of different prop-

erties and a large amount of ISM as traced by ionized gas emission (Coccato et al., 2011, 2013;

Johnston et al., 2013; Coccato et al., 2015; Pizzella et al., 2014a; Mitzkus et al., 2017a). Galaxies

with counter-rotating components do not appear to live in different environments (considering

both satellites and companions of similar size) as demonstrated byBettoni et al.(2001).

In this chapter we would explore the properties of two galaxies NGC 448 and NGC4365 known

to be hosting 2σ stellar velocity dispersion structure and a KDC, respectively, and attempt to use

the counter-rotating stellar features in these galaxy as a proxy for their assembly.Katkov et al.

(2016) independently studied NGC 448 and extracted a long-slit spectrum along the galaxy ma-

jor axis to perform a thorough investigation of the properties of the two kinematically decoupled

components. Our second galaxy NGC 4365 was also extensivelyobserved with theSAURON

integral-field spectrograph (Davies et al., 2001) and comprehensive dynamical modelling by

means of theSchwarzschild(1979) orbit superposition method has shown that the KDC is not

necessarily a true kinematically decoupled structure, butinstead appears to be an artefact due to

the triaxial nature of NGC 4365 (van den Bosch et al., 2008).
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5.2 Observations and Data Reduction

The spectroscopic observations were carried out with the MUSE integral field spectrograph.

Observations were taken in November and December, 2014 (NGC448), and on 12 February,

2015 (NGC 4365), in service mode during grey time and photometric conditions. The seeing

was about 1′′, as measured from the ESO meteo monitor. MUSE was configured in wide-field

mode, without adaptive optics, and in nominal-wavelength mode; this setup ensured a field of

view of 1′× 1′, a spatial sampling of 0.′′2× 0 .′′2 per pixel, a spectral coverage of 4800-9300 Å,

and a spectral sampling of 1.25 Å pixel−1.

The observations were organised in several exposures of 1260 s intervals with offset sky expo-

sures of 270 s in between. Scientific exposures were ditheredby ∼1′′ and rotated by 90◦ with

respect to each other to minimise the instrumental signature of the different spectrograph on the

combined data cubes. The total exposure times are 42 m and 2.9h for NGC 4365 and NGC 448,

respectively.

The basic data reduction (bias subtraction, flat fielding, and wavelength calibration) was carried

out using the MUSE ESO pipeline version 1.6.2 (Weilbacher et al., 2012). We also utilised

the Zurich Atmosphere Purge (ZAP) sky subtraction procedure (Soto et al., 2016) to remove

any residual sky features left over by the main MUSE ESO data-reduction pipeline. The ZAP

code implements a sky-subtraction method based on a principal component analysis comple-

mented with data filtering and segmentation that allows robust flux preservation with negligible

or no impact on any astronomical source line profiles. These two procedures were executed

through their ESO Reflex environment (Freudling et al., 2013) implementations. In the case of

NGC 448, the ZAP cleaning was done by directly evaluating thesky on the object cube itself.

For NGC 4365, we used the dedicated sky exposures as the galaxy occupied the whole field of

view, therefore leaving no spaxels dominated purely by the sky signal. As a subsequent step

we ran theCappellari and Copin(2003) Voronoi binning algorithm aiming to achieve a signal-

to-noise ratio (S/N) of 90, evaluated considering the whole MUSE spectral wavelength range.

We consider the mean of the spectrum as the signal, and the noise as the square root of the

mean of the variance returned by the MUSE ESO pipeline. Furthermore, to suppress any of the

low-signal levels in the outer parts of the observed field of NGC 448 we chose to apply a further

elliptical mask aligned to the galaxy position angle (PA) with a semi-major to semi-minor axis

ratio of 1.5 on the MUSE reconstructed white-light image with a semi-major axis of 190 spaxels,
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Table 5.1: Photometric components in NGC 448 and NGC 4365. The firstcolumn gives the
description of the fitted photometric component. Second column is the integrated magnitude
of the photometric component returned bygalfit (see Sect. 3). The third column provides
the estimated effective radius in arcseconds. The fourth column outlines thebest-fitting Sèrsic
index. The fifth column is the semi-minor to semi-major axialratio of the best-fitting model.

The last column is the position angle of the best-fitting Sèrsic profile.

Name mag Re n b/a PA
KDC (NGC 448) 19.32 1.04 1.16 0.89 -52.9
KDC (NGC 448) 17.25 6.50 1.03 0.28 -61.0
Main (NGC 448) 16.11 22.40 1.89 0.89 -65.0
KDC (NGC 4365) 6.70 27.72 1.46 0.77 44.3
Main (NGC 4365) 9.10 3.90 0.98 0.75 42.7

thereby minimising the effect of the outer regions with very low S/N on the size of the bins in

sections of higher S/N. No additional masking was used in the case of NGC 4365.

5.3 NGC 448 and NGC 4365

5.4 Photometric decomposition

In this section we exploit the exquisite imaging capabilities of MUSE by analysing the galaxy

images obtained by collapsing the datacubes along wavelength. The purpose is to identify the

presence of photometrically distinct components and compare their properties with those of the

structural components that we would identify via the spectroscopic decomposition (see

§ 5.5.3). In this way it is possible to i) establish a direct association between photometric and

kinematic components; and ii) to use the photometric information as priors in the spectroscopic

decomposition to constrain the flux of the components. The use of photometric priors in the

spectroscopic decomposition to improve the accuracy of thekinematics and stellar population

measurements has been successfully applied in several cases (e.g.Coccato et al., 2014, 2015;

Sarzi et al., 2016; Tabor et al., 2017).

The photometric decomposition is performed using the two-dimensional (2D) fitting algorithm

galfit (Peng et al., 2002). We use the reconstructed images rather than independent archive

images in order to have the same conditions (e.g. seeing, skybackground contamination) as the

spectroscopic data. Indeed, the purpose is not to retrieve accurate parameters of the structural

components (e.g. seeing-corrected scale radii), but to obtain good fitting surface brightness
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Figure 5.1: Photometric decompositions for NGC 448 (upper panel) and NGC 4365 (lower
panel). Each plot shows: the surface brightness profile measured from the reconstructed images
(diamonds), the best fit model (magenta) as obtained from thecombination of the structural
components that are associated to the main galaxy (blue) andto the kinematically distinct core
(KDC, labelled as “secondary component”, in red). In the case of NGC 448, the KDC is

assumed to include two subcomponents (dashed red lines).
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profiles that contain the same observational effects as the spectra, in order to eventually use

them as constraints in the spectral decomposition.

In our decomposition, all components are parametrised withSersic profiles, which allows for

the behaviour of both disk and spheroidal structures to be encapsulated. Our fits include only the

minimum number of components required to reach a good fit, rejecting additional components

that would contribute only a relatively small fraction of the stellar light (e.g. less than the 5%

freedom that we already allow in our spectroscopic decomposition when adopting photometric

priors, § 5.1). For NGC 448, we identified three Sersic components and for NGC 4365 we

identified two. We also note that fits based on one Sersic component never lead to satisfactory

models for the observed surface-brightness distribution,in particular in the regions where we

observe a KDC signature. Table5.1 summarises the properties of our identified components,

whereas in Fig.5.1we compare their surface brightness radial profiles with those measured on

the reconstructed images using the iraf task ellipse (Jedrzejewski, 1987).

As regards NGC 448, we would like already report here that thesum of the first two photometric

components in NGC 448 is likely associated with the kinematic counter-rotating component,

whereas the third photometric component is in fact ascribedto the main galactic stellar kinematic

component. We also note that within the MUSE field of view, ourphotometric model agrees

well with what was predicted byKatkov et al.(2016) on the basis of their innermost first three

components, consisting of a Sersic and two exponential profiles. Indeed, even though their

fourth and most extended Sersic component is responsible for 17% of the total light of NGC 448,

this halo component does not contribute much light within the MUSE field of view, dropping

already to less than a 6% fractional contribution at a radiusof 20′′.

As for NGC 4365, we note that although a single core-Sersic profile can match well the light

profile in the KDC region of this galaxy (Ferrarese et al., 2006), here we performed a two-

component decomposition for the purpose of testing whetherthese would then match the results

of a spectral decomposition. As discussed below, we find no evidence for two structurally

different stellar components in NGC 4365.
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5.5 Stellar kinematics

5.5.1 One-component kinematic fit

As a first step in extracting the individual properties of ourtwo distinct stellar structural com-

ponents in these galaxies we used the Penalized Pixel-Fitting (Cappellari and Emsellem, 2004)

and the Gas AND emission Line Fitting (Sarzi et al., 2006) methods to recover the velocity,

velocity dispersion, and theh3 andh4 coefficients of the Gauss-Hermite parametrisationvan

der Marel and Franx(1993) of the line-of-sight (stellar) velocity distribution andany potential

ionized-gas emission line properties in each Voronoi bin. The pPXF procedure uses a model

that is parametrised in terms of Gauss-Hermite functions for the LOSVD, and a set of linearly

combined template spectra to best match the observed galaxyspectrum in pixel space. An im-

portant requirement for the extraction of an accurate LOSVDis that the spectral resolution of

the templates provided to build the observed galaxy spectrum matches the instrumental one.

The spectral resolution was measured by fitting a high-resolution solar spectrum template to

the twilight spectra, after having combined them followingthe same sequence of the science

observations, similar to (Sarzi et al., 2018a). The measured instrumental FWHM is 2.8 Å, its

variation across the field of view and the wavelength range is∼ 0.1 Å. The adopted method en-

sures the measurement of the effective instrumental spectral resolution, which includes both the

instrument properties and data reduction steps. With theseconsiderations in mind we adopted

as template spectra theVazdekis et al.(2012, MIUSCAT) stellar population synthesis models,

spanning the broad 3465-9469 Å wavelength range based on theGirardi et al.(2000) stellar

isochrones with−0.71< [Z/H] < +0.22, 0.06< t < 18 Gyr, and with a unimodal initial-mass

function with a power-law slope coefficient of 1.3 (Salpeter, 1955). This stellar population syn-

thesis model template library with a constant FWHM resolution of 2.8 Å was retrieved through

the on-line portal1. Prior to performing both pPXF andGandALFfits, the spectra of both our

template library and observations were logarithmically re-binned to a common velocity step of

55.17 km s−1. Due to the higher spectral resolution and relatively high S/N of the CaT absorption

lines we extracted the kinematics of NGC 448 within the 8350-8900 Å spectral region. A first

degree additive polynomial and a third-degree multiplicative polynomial were used to account

for template mismatch, any imperfections in the sky subtraction procedure, and potential inac-

curacies stemming from the spectral calibration process. For NGC 4365, we instead opted to

extract the kinematics by creating an optimal template to match the summed up spectrum within

1http://www.iac.es/proyecto/miles/pages/webtools/tune-ssp-models.php
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Figure 5.2: The one-component kinematic maps for NGC 448. Top Left:The retrieved velocity
field. Top Right: The velocity dispersion field. Bottom Left:The map of theh3Gauss-Hermite
coefficient in the parametrisation of the LOSVD. Bottom Right: Themap of theh4 Gauss-

Hermite coefficient in the parametrisation of the LOSVD.

a central circular aperture by performing an initial pPXF fit. This template and a high-order ad-

ditive and multiplicative polynomial (15th and 15th degree, respectively) were later adopted to

similarly extract the one-kinematic-component maps through pPXF andGandALFwithin each

Voronoi bin.

Figure5.2 presents the 2D kinematic maps for NGC 448 extracted by performing the proce-

dure described above. We observe abrupt changes in the direction of the velocity field (upper-

left panel) with a maximum rotation amplitude of∼ 140 km s−1. There is a pronounced anti-

correlation between the velocity andh3 coefficient in the outer regions of the galaxy, plausibly

due to the presence of an extended disk component that rotates in a noticeably different manner

to that of the main stellar body. Moreover, within the inner central part, this anti-correlation per-

sists even after the velocity field switches direction. We confirm the classification of NGC 448

as a “2σ” galaxy (top-right panel), because of the two pronounced symmetric off-centre peaks
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Figure 5.3: The one-component kinematic maps for NGC 4365. Top Left: The retrieved ve-
locity field. Top Right: The velocity dispersion field. Bottom Left: The map of theh3 Gauss-
Hermite coefficient in the parametrisation of the LOSVD. Bottom Right: Themap of theh4

Gauss-Hermite coefficient in the parametrisation of the LOSVD.

of ∼ 230 km s−1 in the velocity dispersion map. The behaviour of theh4 Gauss-Hermite co-

efficient used to capture symmetric departures from purely Gaussian LOSVD profile indicates

that at the positions where the velocity dispersion is at itshighest values the LOSVD has pro-

nounced, extended “wings”. Taken together, such kinematicbehaviour in NGC 448 is found

to be symptomatic of the presence of an embedded central intrinsically counter-rotating disk

(Rubin et al., 1992; Rix and White, 1992a; Bertola et al., 1996; Cappellari et al., 2007; Vergani

et al., 2007) that from these maps appears to span at least∼ 13′′ in its radial extent.

In Figure 5.3 we show the 2D kinematic maps for NGC4365. The velocity field (upper left

panel) displays a clear “four-part counter-rotating” morphology because it possesses four max-

ima at different amplitudes and positions and the velocity field has a distinctive “S-shape” twist

(Statler, 1991). The central velocity extrema have an amplitude of∼ 80 km s−1, whereas in
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Figure 5.4: Fits to the CaT spectral regions for bins of approximately 9 arcsec roughly along
the major axis of the centre of the NGC 448 field where the two distinct kinematic components
have an absolute velocity difference of∼212 km s−1. The best-fitting models are in green. The
contributions of the counter-rotating and main galaxy components are shown in blue and red,
respectively. The green points signify the residual from our fitting and the orange line is set at

the level of the resistant dispersion of the residual.

the outer regions the velocity amplitude at the extrema is smaller (∼ 55 km s−1). The velocity

dispersion (upper-right panel) is centrally peaked with a maximum value of∼ 270 km s−1. The

h3 coefficient (bottom-left panel) strongly correlates with the observed velocity pattern where

we also observe a kinematically distinct behaviour for the velocity field. Such correlation is less

pronounced in the outer parts.

5.5.2 The kinematic decomposition procedure

To derive the individual properties of the two different structural components, we followed a

procedure identical to that ofCoccato et al.(2011). This so-called kinematic decomposition

method takes advantage of the characteristic spectral imprint (e.g. asymmetric or double trough

line profiles) of a spectrum, which constitutes two overlapping stellar populations of different

kinematics. The method builds on pPXF in that it aims to modelthe observed spectra and there-

fore to also achieve a separation of two possible stellar kinematic structural components in every

spatial bin, by constructing a unique set of linearly combined templates for each component con-

volving it with a separate Gaussian line-of-sight velocitydistribution function. To account for

any potential inaccuracies in the spectral calibration andthe effects induced by the reddening

from dust on the spectra similarly to pPXF, our procedure adopts multiplicative Legendre poly-

nomials of a pre-selected order assumed to be identical for both components. We avoid the use of
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additive Legendre polynomials, because they could profoundly bias our line-strength measure-

ments (Cappellari, 2017). Given the complexity of this fitting approach, a useful simplification

is achieved through the normalisation of both the galaxy spectra and templates to unity. In this

way we are able to obtain the fractional contribution to the flux within a given wavelength range

of both components in terms of a single parameter instead of assigning two separate light frac-

tion contribution parameters. Due to the surprisingly goodcalibration in both our chosen set of

templates and MUSE spectra, we found that such an arbitrary choice of normalising wavelength

range does not influence any of the forthcoming conclusions and chose for simplicity to nor-

malise all templates and MUSE spectra with respect to their mean levels. The main workhorse

minimisation procedure within both pPXF and our kinematic decomposition method is the in-

teractive data language (IDL) implementation (Markwardt, 2009b) of the Levenberg-Marquardt

least-squares curve-fitting algorithm that is sometimes found to converge, not necessarily to-

wards a global minimum. We experimented with switching it with the slower, but potentially

more sturdy, downhill simplex (AMOEBA) method (Nelder and Mead, 1965) with little to no

success in line with theCappellari(2017) finding that the minimisation algorithm does not no-

ticeably influence the inferred pPXF results. Even though our fitting procedure is robust enough,

it is not necessarily immune to completely unreasonable sets of initial guesses for the veloci-

ties of the two kinematic components. Therefore, we tested the impact of varying the initial

guesses for both kinematic components (i.e. their velocities and velocity dispersions) in our

decomposition model until we were convinced of the general validity of the results obtained.

5.5.3 Two-component fit

As described above, such a kinematic decomposition procedure allows us to simultaneously

and independently retrieve the properties of the kinematiccomponents, namely their velocity,

velocity dispersion, fractional contribution to the flux (light fraction), and best-fitting stellar

population template. Here, we focus on the individual photometric and kinematic properties of

the observed distinct components of our galaxies.

5.5.3.1 NGC 448

Figure 5.4 shows an example spectrum in the CaT region for NGC 448 near the position of

maximum velocity difference, where both components contribute almost the same fraction to

the overall light (at∼ 9′′). In the case of NGC 448, the line profiles are clearly double peaked,
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Figure 5.5: Spectral flux maps and profile averaged over the number ofspaxels for NGC 448.
Left panel: Reconstructed surface-brightness map of the counter-rotating component. Middle
panel: Reconstructed surface brightness map of the main component. Right panel: Radial
profile for both kinematic components, taken through a pseudo slit approximately aligned with
the semi-major axis. The black, orange, and blue solid linesillustrate the photometrically
derived total, the counter-rotating, and the main component flux contributions, respectively.
The blue triangles and the orange diamonds show the flux contribution derived for the counter-
rotating and main components, respectively, as derived through our fitting procedure without

imposing any constraints.

highlighting the complex nature of the underlying stellar LOSVD. Figure5.5 shows the recon-

structed brightness maps averaged over the number of spaxels of both kinematic components.

The light profiles taken along the photometric major axis show that our kinematic and photo-

metric decompositions agree remarkably well with each other (right panel of Fig.5.5), so that

the more (primary) and less (secondary) extended photometric components can be confidently

attributed to the main and counter-rotating kinematic components, respectively. In this respect,

we presently assume that the innermost photometric component belongs to the counter-rotating

structure, consistent also with the conclusions of (Katkov et al., 2016), although our data do

not allow us to rule out that more central light could be assigned also to the main component.

This limitation, however, does not affect our main conclusions. Further adaptive-optics-assisted

MUSE observations may help in understanding the kinematicsof NGC 448 in the very central

few arcseconds.

We chose to discard all bins where either the fitting routine did not converge or the fractional

light contribution of the counter-rotating component was less than 15%. This somewhat arbitrary

choice is motivated by the observation that the light of the less-extended kinematic component

experiences a sharp rise at a radius of∼ 19′′ along the pseudo-slit extracted from the IFU data,

where its contribution to the total flux indeed drops below 0.15. Furthermore, we retrieved the

amplitude of the strongest CaT line and compared it to the level of the residual noise evaluated

by computing the robust standard deviation of the residual (Beers et al., 1990, their Eq. 9).
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The turn-off where the amplitude of the line drops below three times the residual noise level

coincides roughly with our adopted light fraction threshold.

Nevertheless, because we did not impose any prior on the spatial extent of both of our kine-

matic components, the decomposition within the regions of small or zero velocity difference in

between them erroneously detected a higher light fraction in one of the components. Figure5.6

shows the two-dimensional (2D) kinematic maps for NGC 448. The upper-left panel gives the

retrieved velocity for the counter-rotating kinematic component. Both kinematic components

rotate with comparable velocities and a maximum velocity amplitude for the counter-rotating

component of∼ 120 km s−1 at a distance of∼ 11′′ from the centre of the galaxy. Its velocity

dispersion is significantly lower (meanσ⋆ of ∼ 40 km s−1) in comparison to that of the main

stellar body (∼ 60 km s−1), strengthening the idea that the counter-rotating component is indeed

a disk. Driven by the excellent correspondence between the light profiles of the photometric

components determined in Section5.4and those of the kinematic components, we decided also

to impose the light contribution we obtained from photometry into our kinematic spectral model

allowing only a small adjustment of at most 5%. In Fig.5.7 we show again the reconstructed

surface brightness maps of both components and correspondingly their major-axis profiles. We

consider again, as for our previous estimate, that we can reliably detect the counter-rotating

component when its contribution to the total flux is higher than 0.15. In the bins where this

condition was met (left panel of Fig.5.7) the mean absolute difference between the fixed pho-

tometric fractional contribution and the one retrieved by our previous analysis is∼ 7.5%. This

difference is higher predominantly within the very central region, where the velocity difference

between both kinematic components is rather small and thereby most likely did not originally

allow a very robust kinematic decomposition. Even though fixing the photometric contributions

is not strictly necessary, because of the complex nature of our kinematic decomposition method

it relieves some of the parameter degeneracies. This, in turn, results in a more consistent pa-

rameter estimation. Moreover, in doing so we need not imposesomewhat fiducial criteria to

separate the Voronoi bins which contain both kinematic components from the ones where just

a single one is present. Instead, as such a criteria, we simply adopted the light fraction above

which we deem the detection of the counter-rotating component reliable.

We now describe the kinematics obtained by imposing the photometric decomposition, which

we adopt in the remainder of our further analysis. Figure5.8 shows the velocity and velocity

dispersion maps for our two kinematically distinct components. We have replaced all bins where

we recovered the fractional contribution of the counter-rotating component to be less than 15%
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Figure 5.6: The extracted kinematic maps without imposing any priors on the fractional light
contribution for NGC 448. The bins are selected such that thefractional contribution of the
counter-rotating component is greater than 15%. Top-left panel: The velocity field of the
counter-rotating kinematic component. Top-right panel: The velocity dispersion map for the
counter-rotating component. Bottom-left panel: The velocity field of the main kinematic com-

ponent. Top-right panel: The velocity dispersion map for the main component.

within the main stellar one with our previous single kinematic-component fit. The results that

we obtained folding the photometric decomposition information back into our kinematic de-

composition also agree to a high degree with the ones where itwas left as a free parameter. The

mean absolute differences between the kinematics extracted with and without incorporating the

photometric decomposition are∼ 11 km s−1 in velocity and∼ 12 km s−1 in velocity dispersion.

The velocity amplitudes for both components are again comparable with the counter-rotating

component reaching a maximum of∼ 125 km s−1 at a distance of∼ 12′′. The main component

has a maximum velocity amplitude of∼ 135 km s−1 in the outskirts of the field along roughly

the major photometric axis. The counter-rotating disk component has a lower velocity disper-

sion and a mean value of∼ 46 km s−1 with a maximum of∼ 75 km s−1 in the very centre and

a minimum of∼ 30 km s−1. The main component has higher velocity dispersion with a mean

value of∼ 86 km s−1.
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Figure 5.7: Spectral flux maps averaged over the number of spaxels and profile fixed to the
one recovered by the photometric decomposition for NGC 448.Left panel: Reconstructed sur-
face brightness map of the counter-rotating component. Middle panel: Reconstructed surface
brightness map of the main component. Right panel: Radial profile for both kinematic com-
ponents, taken through a pseudo slit approximately alignedto the semi-major axis. The black,
orange, and blue solid lines illustrate the photometrically derived total, counter-rotating, and
main component, respectively, flux contribution. The blue triangles and the orange diamonds
show the flux contribution derived of the counter-rotating and main components as derived

through our fitting procedure without imposing any constraints.

We report an absence of ionized-gas emission in NGC 448. Although the [OIII ], Hβ, [N II ],

and Hα emission lines should normally reside in the 4700-6715 Å wavelength range, none

of them had a sufficient amplitude-to-noise retrieved through ourGandALFfit to surpass the

detection threshold of> 3. Furthermore, neither theKatkov et al.(2016) long-slit spectrum,

nor theMcDermid et al.(2015) ATLAS3D observations with SAURON showed the presence of

such emission lines. The lack of gas is further enforced by the limits put on the H2 mass (log

M(H2) < 7.74 [M⊙]) of Young et al.(2011) based on IRAM CO J= 1–0 and J= 2–1 emission

observations. In addition, the galaxy is not detected in theFIRST 1.4 GHz survey, excluding the

presence of strong-enough star formation, that could serveas an ionizing source (Nyland et al.,

2017).

5.5.3.2 NGC 4365

We also applied the kinematic decomposition technique to NGC 4365. Figure5.9 shows a

spectrum of NGC 4365 as an example of our attempt at performing such a decomposition in the

CaT region. Unlike the case for NGC 448, our kinematic and photometric decompositions did

not return light fractions consistent with one another. Moreover, the retrieved kinematics were

found to be very highly dependent on the choice of the set of initial guesses. Furthermore, the

derived fractional light contribution did not display any consistent profile when left free to vary.

Our photometric decomposition shows an excess of light in comparison to a pure Sèrsic fit in the



Chapter 5.The Kinematically Decoupled Components in NGC 448 and NGC 4365 88

Figure 5.8: The extracted kinematic maps with the fractional lightcontribution fixed to cor-
respond to the photometrically derived one for NGC 448. The bins are selected such that the
fractional contribution of the counter-rotating component is greater than 15%. Top-left panel:
The velocity field of the counter-rotating kinematic component. Top-right panel: The velocity
dispersion map for the counter-rotating component. Bottom-left panel: The velocity field of
the main kinematic component. Top-right panel: The velocity dispersion map for the main

component.

central regions of the galaxy (Section5.4). The presence of this exponential-like photometric

component, however, is most likely due to the structures formed from the orbital families that

can be found in galaxies of triaxial intrinsic shape, as previously found for some of the non-

barred slow-rotator early-type galaxies with KDCs (Krajnović et al., 2013), and not those with

a truly kinematically decoupled structure. Even though we obtain a somewhat satisfactory fit

to the spectra for some of the Voronoi bins using our decomposition procedure, the velocity

and velocity dispersion fields we recover for the two different components are highly irregular.

The highly non-symmetric LOSVD profiles in the centres of some ellipticals, such as the one

present in NGC 4365, have previously been shown to be well matched by a superposition of

two Gaussian forms of different width (e.g.Franx and Illingworth, 1988; Bender, 1990; Rix and

White, 1992b). Nevertheless, this finding alone, and especially withouta matching photometric



Chapter 5.The Kinematically Decoupled Components in NGC 448 and NGC 4365 89

Figure 5.9: Fits to the CaT spectral region of NGC 4365 for bins approximately 10.5 arcsec
away from the field center in the regions where we expect a large velocity difference between

the two suspected kinematic components.

signature, is not sufficient to provide enough evidence for the presence of a physically decoupled

kinematic component.

5.6 Line-strength indices and stellar population properties of NGC 448

In this section we present the line-strength maps and stellar population properties of the individ-

ual kinematic components (i.e. counter-rotating disk and main stellar body) of NGC 448 where

our kinematic decomposition technique successfully recovered their presence.

5.6.1 Line-strength indices

Our initial choice to extract the kinematics only in the limited CaT spectral region for NGC 448

did not prevent us from obtaining the Lick absorption line-strength indices as defined byWorthey

et al. (1994). We re-fitted the NGC 448 spectra in the 4700-6715 Å wavelength range, where

one finds the strongest stellar absorption lines defining theHβ, Mg b, Fe5270, Fe5335, Fe5406,

Fe5709, Fe5782, NaD, TiO1, and TiO2, using the prior two-component kinematics as an initial

guess for our kinematic decomposition. A small adjustment of ±20 km s−1 in velocity, ±20

km s−1 in velocity dispersion, and±0.05 for the light fraction in the counter-rotating component

was allowed in order to accommodate any expected change in the extracted kinematics. Gen-

erally, the kinematics obtained in two sufficiently distant wavelength domains (e.g. 4800-5380
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Å and 8480-8750 Å) could differ. In a varying mixture of stellar populations with different age,

the fraction of young stars, outputting their light predominantly in the blue end of the spec-

trum, and older stars, dominant at the red end, could give rise to non-negligible∼ 5 km s−1

differences in velocity and velocity dispersion and variation as big as∼ 0.02 in theh3 andh4

Gauss-Hermite coefficients (Arnold et al., 2014). This is especially relevant when dealing with

possibly kinematically decoupled structures such as thosein our investigation and also observed

by Mitzkus et al.(2017a). The kinematic decomposition we utilised in modelling thespectrum

of our galaxies returns the best-fitting linear combinationof library templates. We proceeded

to extract the aforementioned line-strength indices on them. Coccato et al.(2011) carried out

extensive verification by means of Monte Carlo simulations to test the ability of the best-fitting

linear combination of templates to capture the underlying stellar population properties under

different S/N levels and kinematic behaviours albeit with spectra obtained using VLT/VIMOS.

The systematic error levels were found to be negligible withrespect to the ones driven by the

S/N. We have no reason to believe that the kinematic decomposition procedure would behave

differently in our specific case of applying it to MUSE spectra. Tocrudely estimate the error

on the measurements of the line-strength indices, we adopted a constant noise level equivalent

to
√

2 of the resistant standard deviation (“robust sigma”) of the difference between the spec-

tra and our best-fit model and the procedure outlined byCardiel et al.(1998). Furthermore,

we also evaluated the combined [MgFe]′ =
√

Mg b
(

0.82·Fe5270+0.28·Fe5335
)

and〈Fe〉 =
(

Fe5270+Fe5335
)

/2 indices (Thomas et al., 2003; Gorgas et al., 1990). Both are considered

to be good proxies for the total metallicity. In particular,[MgFe]′ has been demonstrated to be

only weakly dependent on the alpha-element-to-iron abundance ratio, and the ratio of the Mgb

to 〈Fe〉 for old stellar populations is found to correlate reliably with the total [α/Fe] enhance-

ment (Thomas et al., 2003).

Figure 5.10 shows the strength of these indices for the bins where the relative light fraction

of the counter-rotating component is higher than 15% and both components have velocity shifts

relative to the galactic systemic one greater than 30 km s−1 with the correspondingThomas et al.

(2011) SSP model over-imposed. Within the mean errors the stellarpopulation properties of both

kinematic components show discernible differences. The strength of Hβ for both components

is comparable, however, the two kinematic components show anoteworthy difference in their

[MgFe]′ strengths. The two components are also offset with respect to each other in〈Fe〉 versus

Mg b space with the counter-rotating component having higher values that cover as large a range

as seen in the main stellar one, suggestive of a distinction between the [α/Fe] abundance ratios
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of the two kinematic components.

These observations are further strengthened by inspectingthe 2D maps presented in Fig.5.11for

some selected line-strength indices of the counter-rotating and main components, respectively.

In these maps, regions where the counter-rotating component is not reliably detected by our

previously defined criteria (i.e. its light fraction< 0.15) are shown in the map for the main

component, adopting their values measured on the outcome ofour single-component fitting

procedure. The fact that we observe a smooth transition evenafter such a combining procedure

further validates the basis for our separation.

The right panels of Fig.5.11 show the profiles of the median values obtained by considering

the bins contained within an elliptical aperture defined by performing a fit with theiraf task

ellipse to the reconstructed white image. The velocity amplitude ofthe kinematic components

is taken to be> 30 km s−1 as a way to safeguard against any bins where the kinematic decompo-

sition might not have fully converged. The error bars are evaluated by computing the resistant

standard deviation within the apertures. At a first glance, both Figs.5.10and5.11show that the

stellar-population properties of the two kinematic components are indeed different. Moreover,

they both show evident radial gradients in [MgFe]′, Mg b/〈Fe〉, and NaD. The counter-rotating

component has a lower Mgb/〈Fe〉 ratio indicating that its stellar population is less enriched

in α-elements. Its metallicity as traced by [MgFe]′ is also systematically higher than that of

the counter-rotating component. The bottom row in Fig.5.11presents the map and median ra-

dial profile for the [α/Fe]-insensitive NaD. We notice that this index behaves similarly to the

[MgFe]′ one. However, due to its higher strength within the main component we could quite

clearly separate the presence of a second disk and a halo component, as already suggested by

the derived [MgFe]′ and expected ubiquitously in S0 galaxies (Guérou et al., 2016).

5.6.2 Stellar population properties

To translate our line-strength measurements into estimates for the stellar population age, metal-

licity and alpha-elements abundance for both the main and counter-rotating components, we

applied the technique ofMorelli et al. (2012) andCoccato et al.(2011) using the single-age

models ofThomas et al.(2011) and the observed strength for the Hβ, Mg b, Fe5270, Fe5335,

Fe5406, Fe5709, and Fe5782absorption features. Figure5.12presents maps for the age, metal-

licity, and alpha-elements abundance of both stellar components in NGC 448 as well as radial
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Figure 5.10: Equivalent widths of the composite Lick indices for NGC 448 for all bins where
the two kinematic components have velocity amplitudes higher than 30 km s−1. TheThomas
et al.(2011) model prediction is over-imposed. The blue diamonds signify the main component
and the red filled circles indicate the counter-rotating one. The crosses show the mean error.

profiles for the median value of these parameters evaluated in elliptical annuli. The main compo-

nent is significantly older (median age of∼ 7.7 Gyr) in the very central region (up to∼ 3′′along

the major axis) and more metal enriched ([Z/H] of ∼ 0.06) in comparison to other regions. With

this distinction, the ages of the two kinematically distinct components are comparable to each

other further away from the centre. The counter-rotating component is very metal rich (median

[Z/H] ∼ 0.15) and has a steeper gradient with values as large as∼ 0.4, falling to as low as∼ 0

in its outer parts. On the other hand, over the extent of the counter-rotating component the main

component has a median metallicity of∼ −0.05. The alpha-enhancement of both components

is observed to anti-correlate with metallicity; for the main component it ranges from∼ 0.05 in

the central region to∼ 0.1 outwards. The counter-rotating component shows a hint of areverse

α-element abundance gradient. The values are very close to Solar in the centre and rise to match

the ones observed for the main component further away.

Overall, our stellar-population measurements for the two kinematic components of NGC 448

do not compare very well with the results ofKatkov et al.(2016). Along the major axis, the

stellar metallicity and age derived byKatkov et al.(2016) are systematically lower and higher,

respectively, than our own values, for both the main and counter-rotating components. It is

difficult to comment on these differences, since the analysis ofKatkov et al.(2016) is based

on different stellar-population models and analysis techniques from ours, namely the NBURST

spectral-fitting technique ofChilingarian et al.(2007a,b) with the PEGASE.HR SSP models
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Figure 5.11: Line-strength index maps and radial profiles for NGC 448. Left panels: 2D maps
of the index strengths of the counter-rotating component ofHβ, Mg b/〈Fe〉, [MgFe]′, and NaD
from top to bottom, respectively. Middle panels: Same 2D maps of the index strengths, but for
the main component. Right panels: The index radial profiles taking elliptical annuli as for the
counter-rotating (red) and main stellar (blue) kinematic components. The error bars represent

the resistant standard deviation of the measurements within a given annulus.

of Le Borgne et al.(2004). Furthermore,Katkov et al.(2016) derive only stellar ages and

metallicities whereas we further explore the role of alpha-element abundances.

On the other hand,McDermid et al.(2015) use a similar modelling approach to ours, based

on line-strength measurements, but only consider the overall galaxy spectrum inside circular

apertures without attempting to characterise the two stellar populations of NGC 448. Nonethe-

less, theMcDermid et al.(2015) measurements and results can serve as a test for our modelling

approach. Indeed, when applying our technique with the measured strength for the Hβ, Mg b,

Fe5270, and Fe5335 indices thatMcDermid et al.(2015) measure inside one effective radius

(11′′) and using theThomas et al.(2011) models, we find stellar age, metallicity, and alpha-

element abundance values that are consistent with what we find in the same region with our own
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Figure 5.12: Single stellar population properties for NGC 448 recovered by fitting the Thomas
et al. models. Left panel: 2D maps of the age, metallicity, and α-element-to-iron abundance
([α/Fe]) for the counter-rotating component. Middle panel: Same age, metallicity, and [α/Fe]
maps for the main stellar kinematic component. Right panel:Radial profiles of the best-fitting
ages, [Z/H], and [α/Fe] of the counter-rotating kinematic component (red) and the main one
(blue). The error bars were evaluated by taking the resistant standard deviation of the values

within a given annulus.

line-strength measurements. In the same regionMcDermid et al.(2015) finds older stellar ages

when using theSchiavon(2007) models, suggesting that the choice of stellar-populationmodels

lies at the heart of this discrepancy.

In Fig. 5.13 we plot the [Z/H] versus [α/Fe] for both kinematic components. We note that

the retrieved values for [Z/H] and [α/Fe] for both of our kinematic components are shifted

towards higher metallicities and lower [α/Fe] in comparison to the trend observed in the solar

neighbourhood (green dashed lineMcWilliam and Rich, 1994) implying a different chemical

enrichment history than the Milky Way. No identifiable expected “knee”, carrying information

for the star-formation efficiency (McWilliam, 1997) is present in the [Z/H] against [α/Fe] di-

agrams, where we have plot the expected schematic model of (Tinsley, 1979) in accordance to

other early-type galaxies (e.g.Walcher et al., 2015). Furthermore, we could not identify any

bifurcation in the [Z/H] against [α/Fe] trends of these kinematic components with respect to

their [α/Fe] in analogy with the Milky Way disc (e.g.Nidever et al., 2014). Instead, both of our

kinematic components resemble just their low-α sequence as we are observing a mix of stellar

populations within our galaxy. We can also compare the [Z/H] versus [α/Fe] patterns of our
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Figure 5.13: Left panel: The [Z/H] vs. [α/Fe] relation for the counter-rotaing disc. Right
panel: The [Z/H] vs. [α/Fe] relation for the main galactic component. Overplotted are the
schematic of theTinsley(1979) model (thick black line), the abundance relation for the solar
neighborhood (dashed green line), and the abundance relation for the thick disc fromNidever
et al. (2014) (dashed magenta line). Schematic for the Tinsley model andtrend for the solar
neighborhood adopted fromWalcher et al.(2015) andMcWilliam (1997), repectively. The blue

error bar represents an estimate for the errors in our measurements.

kinematic components with the expected trend for the Milky Way thick disk using the fiducial

line from (Nidever et al., 2014) to also speculatively assign the [Z/H] against [α/Fe] patterns

of our kinematic components to the two classes of early-typegalaxies defined byWalcher et al.

(2015) as both of our components should have non-negligible fraction of intermediate and old

stellar populations. Due to the predominantly lower [α/Fe] (and according to the argument in

Walcher et al.(2015) intermediate age stellar population) both kinematic components are more

similar to their mergers/accretion (ACC-ETGs) early-type galaxy class. Finally, considering the

large uncertainties associated with our measurements we warn that our comparison is mainly

qualitative rather than quantitative and a more elaborate analysis can be performed with higher

quality data that could potentially further elucidate the formation mechanisms in of our kine-

matic components.

5.7 Discussion and conclusions

The true nature of the kinematically distinct components, such as the ones observed in our two

galaxies, is best studied using IFU spectroscopy, combining both photometric and kinematic

information. Nevertheless, it is intrinsically difficult to reconstruct the formation mechanism for

the retrograde stellar populations observed in these two early-type galaxies.
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5.7.1 NGC 448

Counter-rotating kinematic components can generally originate from processes that are either

external or internal to the host galaxy. The dominant formation channel for the assembly of

stellar counter-rotating kinematic components is most often attributed to the accretion or repro-

cessing of gas and subsequent in situ star formation (Corsini, 2014).

On the one hand, fresh gas could be captured through a gas-rich minor merger. External gas

can be acquired from the companion in a retrograde fashion and is of considerate quantity (i.e.

more than what is already present within the more massive galaxy) it does not become com-

pletely dissipated and swept up by pre-existing gas within the more massive host galaxy and a

subsequent star-formation episode results in a populationof retrograde stars. This was recently

illustrated through the aid of extensive merger numerical simulations byBassett et al.(2017)

and previously addressed byThakar and Ryden(1996, 1998). They demonstrate how similar

gas-rich minor mergers are likely to result in an S0 galaxy ordid not change the morphological

properties of an S0 progenitor. Usually, the resultant post-merger products of such simulations

contain some appreciable gas reservoir. However, overall NGC 448 is surprisingly devoid of

gas, contrary to other observed galaxies harbouring counter-rotating stellar disks. We confirm

the absence of ionised-gas emission in our IFU spectra, as previously reported byKatkov et al.

(2016) in their long-slit spectrum. This indicates that there is no ongoing substantial residual

star formation. With these considerations, we cannot unambiguously use the coexistence of a

gas reservoir and a counter-rotating disk as evidence that indeed gas accretion and subsequent in

situ star-formation formed the truly kinematically decoupled structure. One possible way to rec-

oncile such a formation scenario with our observations is topostulate that the gas has been fully

consumed and processed to stars. As a consequence, the resulting recent star-formation episode

should have left a sub-population of young stars predominately belonging to the counter-rotating

disk. However, we do not detect any significant (t < 0.1 Gyr) difference in the ages of the stellar

populations of either the main galaxy body or the decoupled kinematic subcomponent. In this

case, the flat age radial profile and very sharp negative metallicity gradient could be the result

of a rapid outside-in formation. Still, using the recoveredalpha-element abundance and Eq.(4)

from Thomas et al.(2005) implies that the counter-rotating disk stars formed through an ex-

tended period of star formation that lasted at least 10 Gyr. Therefore, the observed low [α/Fe]

values in combination with the high metallicity similar to the main galactic stellar body age of

the counter-rotating component are difficult to reconcile in a purely closed-box system. The low
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[α/Fe] values could instead be present due to accreted gas material that had already been iron

enriched to lower down the [α/Fe] ratio. Alternatively, star formation could have proceeded in

both of the kinematic components (disk and main stellar body) generating a noticeably large (>

1% in mass) and young (t6 2.5 Gyr) stellar sub-population. This in turn would impact our line-

strength luminosity-weighted age estimates and metallicities, shifting the age of the main stellar

body towards smaller age estimates and the metallicity of the kinematically decoupled disk to-

wards that of its oldest stellar sub-population (e.g.Serra and Trager, 2007; Sánchez-Blázquez

et al., 2014). A more thorough analysis of the stellar population properties, allowing for mul-

tiple simple stellar populations instead of just one as in this work, and using higher-resolution

spectra, could suffice to either confirm or rule out such a speculation. As an alternative to a gas-

rich merger,Thakar and Ryden(1996, 1998) studied the possibility that the gas can fall in from

the environment surrounding the galaxy through either a short or prolonged period of accretion.

These numerical simulations produced counter-rotating disks, albeit most often resulting in pro-

files of a non-exponential nature, such as the one we recover for the counter-rotating component

in NGC 448. Another possibility is that the galaxy was originally formed through filamentary

gas accretion from two distinct cosmological filaments, in turn forming the two distinct kine-

matic structures under a special spacial configuration.Algorry et al.(2014) studied this process

in a cosmological simulation of the formation of a disk galaxy. They concluded that a natural

consequence of such a formation scenario would be a discriminable age difference in the two

distinct kinematic components. As previously pointed out,this is not found to be the case for

NGC 448.

A further puzzle results from the likely interaction with a suspected companion galaxy (LEDA

212690). A tidal stream was observed byDuc et al.(2015) and also pointed out byKatkov

et al.(2016). They note that the galaxy is in tidal interaction with a morphologically disturbed

companion. From the colour difference available as part of theDuc et al.(2015) survey, we can

only speculate that the age of the stars constituting the tidal tail is similar to that of the stellar

population of NGC 448. If the two galaxies are interacting, then the redshift of the suspected

companion LEDA 212690 was possibly wrongfully inferred as∼ 0.074 as part of the CAIRNS

survey (Rines et al., 2003). Another more exotic possibility is that the counter-rotating disk was

assembled through the direct accretion of stars from a companion. It is however extremely un-

likely that such a formation scenario would reproduce the observed metallicity gradient for the

counter-rotating disk. There is no strong physical reason for the stars to be accreted preferen-

tially in a spatial configuration that would produce a counter-rotating disk with higher metallicity
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than that of the main galaxy body and with a strong gradient. Further observations of LEDA

212690 would unequivocally rule out some of the previously mentioned external-formation sce-

narios for the counter-rotating disk.

As opposed to the external acquisition of gas and a subsequent in situ star formation, the counter-

rotating embedded stellar disk could be the product of an internal formation mechanism. The

internal separatrix formation scenario (Evans and Collett, 1994) would be very unlikely in the

case of NGC 448. Even though the two components have very similar stellar population ages,

the counter-rotating disk is less extended than the main galaxy body, contrary to the predic-

tions of such a formation mechanism. Furthermore, the chemical properties of the two stel-

lar populations are quite different in opposition whereas the stars forming the counter-rotating

disk should share the same star-formation history as the galaxy. Kantharia(2016) argued that

counter-rotation in general could also stem from the exchange of angular momentum in close

galaxy encounters. As pointed out previously we observe a “bridge” between the two galaxies.

Nevertheless, we do not see any drastic misalignment in the kinematic rotation centres of the

counter-rotating embedded disk and the main galactic body and we report a difference in the

chemical properties of the stellar populations of the two kinematic components. Also, the two

counter-rotating structures seem to share the same axis of rotation according to the accuracy

of our velocity measurements (i.e. we do not observe an obvious offset between the heliocen-

tric velocities of the two kinematic components). As the aforementioned angular momentum

exchange due to a close fly-by scenario would largely result in the two components sharing

different rotation axes we conclude that it is unlikely to be the origin of the separate stellar

population kinematic components observed in NGC 448.

5.7.2 NGC 4365

Even though we retrieved a second photometric component through our photometric decompo-

sition (see, Sect.5.4) and also obtained a good spectral decomposition in some of our Voronoi

bins (see, Sect.5.5.3.2), we did not obtain adequate consistency in our photometricand kine-

matic decompositions to support the presence of two truly decoupled kinematic structures. It is

well established by means of simulations that the KDCs in massive early-type ellipticals could

be a product of a galaxy merger. To complement the finding of the ATLAS3D, Bois et al.(2011)

produced an extensive set of such merger simulations spanning a long range of possible mass

ratios (1:1 to 6:1), initial conditions, and orbital parameters in order to discern the origins of the
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two main classes of early-type galaxies on the basis of theirresultant angular momentum. They

report that the majority of the slow-rotator merger products in their simulations possess a dis-

tinct KDC. Additionally, a major merger of two disk galaxieseven when initially both following

prograde orbits (Tsatsi et al., 2015) could also produce a KDC in the resultant elliptical galaxy

merger product. However, both these KDC-formation channels would result in a noticeable age

difference compared to the main stellar body. As previously found by Davies et al.(2001) and

reiterated byvan den Bosch et al.(2008), the ages and properties of both the KDC and the rest

of the galaxy have the same magnesium-to-iron abundance ratios and virtually the same ages

implying that the KDC formed at least 12 Gyr ago or is indeed a projection effect. Furthermore,

NGC 4365 does not even show symmetric velocity dispersion peaks and therefore does not re-

semble a typical 2σ galaxy considered to host truly decoupled counter-rotating structures. Even

in the presence of such features, for the case of NGC 5813,Krajnović et al.(2015) did not infer

that the KDC arises from two counter-rotating disks. Instead through detailed modelling, as also

previously done for NGC 4365 byvan den Bosch et al.(2008), Krajnović et al.(2015) found

that also in NGC 5813 the KDC is likely not due to two dynamically decoupled components. It

was found to most plausibly be the result of the complex nature of the orbits in such massive

ellipticals.

To qualitatively verify these previous observations we have re-fitted our spectra taking advantage

of the capabilities of the IFU-analysis pipeline ofBittner et al.(2019) in the broader wavelength

range of 4800 to 6500 Å. We used the standard MILES SSP library(Vazdekis et al., 2010) and

the routines ofKuntschner et al.(2006) andMartín-Navarro et al.(2018) that are already in-

cluded to derive the strengths of the most common line indices and obtain the properties of the

equivalent single stellar population. Similar to Sec.5.6.1in the upper panels of Fig.5.14 we

show our derived selected line-strength indices maps. In accordance to the previous study of

Davies et al.(2001) using the SAURON spectrograph we find similar trends withinour index

maps and stellar population properties. The middle and rightmost panels show the spatial distri-

butions of the previously discussed [MgFe]′ and〈Fe〉 composite line-strength indices. The first

panel shows the map of the Hβ0 absorption strength index providing a good proxy for the stellar

population age (Cervantes and Vazdekis, 2009). The strength of this index is roughly uniform

thought the previously investigated SAURON region. The very central region (. 10′′), where we

observe some of the higher values of theh3 Gauss-Hermite coefficient (see Fig.5.2) and part of

the core of the “S-shape” velocity field twist, we report higher values of the composite [MgFe]′

index implying a peak in the stellar population metallicityin the very center with decreasing
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Figure 5.14: Top left panel: The stength of the Hβ0 index. Top middle panel: The map of
the strengths of the [MgFe]′composite index. Top right panel: The measured composite index
Mg b/〈Fe〉values. Bottom left panel: The retrieved stellar age. Bottom middle panel: The

single stellar population metallicity [Z/H]. Bottom right panel: The retrieved [α/Fe].

values further outwards. On the other hand, in the central region we find lower values of the

Mg b/〈Fe〉 ratio hinting the presence of aα-element abundance gradient. These trends can be

directly observed in the maps of the retrieved single stellar population properties (bottom panels

of Fig. 5.14).

5.7.3 Conclusions

We investigated two early-type galaxies, NGC 448 and NGC 4365, that show central kinemat-

ically distinct cores. Using the kinematic decomposition technique byCoccato et al.(2011)

we separated the individual contributions of two distinct kinematic components with the aid

of integral-field observations of NGC 448. This latter galaxy hosts a counter-rotating stellar

kinematic structure with an angular size of at least 42′′, which is considerably more extended

(∼ 1.5 times) than the regions with irregular stellar kinematics. Based on the observed nearly

exponential photometric profile and the kinematic information we extracted, the distinct com-

ponent is very kinematically cold (V⋆/σ⋆ >> 1), and therefore likely has a disk morphology.
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The disk counter-rotates with similar velocity to that of the main stellar body. The stars of

the counter-rotating disk and the main body have comparableage. However, the two distinct

kinematic components have chemically different stellar populations. The stellar population of

the counter-rotating disk displays a steeper metallicity gradient and is slightly less enriched in

alpha-elements than the one constituting the bulk of the galaxy. In contrast to all other galax-

ies with embedded counter-rotating disks we do not observe evidence for any interstellar gas

as traced by its ionized-gas emission. Although this prohibits us from unequivocally linking

the formation of the counter-rotating disk to a past gas accretion event or a “wet” merger, our

analysis points to two likely formation mechanisms for the counter-rotating stellar disk. Either

it formed as result of a gas-rich merger after which the gas reservoir was exhausted in a period

of outside-in star-formation, (provided that this gas reservoir was prior iron-enriched and just

acquired in retrograde orbits) or it derived from two simultaneous star-formation bursts, one of

which gave rise to the counter-rotating disk, whilst the other reshaped the chemical properties

of the main disk.

We find no clear signature in the integral-field observationsof NGC 4365 for a true kinematic

decoupling. The KDC in this galaxy likely stems as previously suggested from a projection

effect due to its triaxial nature.
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Further Steps with MaNGA

6.1 Overview and Motivation

Gas acquisition events in early-type galaxies are thought to be a common occurrence (Bertola

et al., 1988, 1992). As the gas is externally acquired it can show some form of kinematic

misalignment. It has been established using integral-fieldspectroscopy that up to∼ 40% of

the galaxies with an ionized-gas component show such misalignment (e.g.Sarzi et al., 2006;

Davis et al., 2011). One manifestation of misalignment is counter-rotation.It can occur either

between the gaseous and stellar, stellar and stellar, or in some very rare cases gaseous-versus-

gaseous galactic components (Corsini, 2014). Focusing, in particular, on S0 gaseous counter-

rotation with respect to the galaxy stellar body has been measured in∼ 32% (Bertola et al., 1992;

Kannappan and Fabricant, 2001; Pizzella et al., 2004). The fraction of galaxies with counter-

rotating gas is quite high in isolated S0 galaxies with up to 71% of their 12 sample objects

showed counter-rotating gas component that they deem to be of external origin (Katkov et al.,

2014). Stellar counter-rotation, on the other hand, seems to be amuch rarer phenomenon. S0

galaxies with more than∼ 5% of counter-rotating orbits occur in only. 10% of such systems

(Kuijken et al., 1996). For late-type galaxiesPizzella et al.(2004) reported that. 12% and

. 8% of their sample of different morphological type spirals had counter-rotating gaseous and

stellar discs, respectively. In another sample of 38 galaxies, a limit of at most 8% of all spirals

were shown to host gas-stellar counter rotating components(Kannappan and Fabricant, 2001).

This picture is suggestive of the scenario where small amounts of externally acquired gas in

some gas-poor S0 galaxies subsequently forms stars, whereas in more gas-rich spirals such

newly acquired gas can be swept away by some pre-existing gas. Counter-rotating disks in

102
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spiral galaxies can be formed only if the amount of externally acquired gas exceeds that of pre-

existing gas (Pizzella et al., 2004). Testing whether this hypothesis is indeed true and putting

constraints on the properties of galaxies with present counter-rotation can be informative of the

overall process of galaxy assembly.

Capturing the process of gas accretion can be achieved usinga myriad of absorption-line probes

(e.g.Rubin, 2017, for a review). The ISM red-shifted NaD absorption lines have previously been

reported to be indicative of inflowing gas in some star-forming and passive galaxies (Sato et al.,

2009). The group reported nearly equal number of galaxies with blue- and red- shifted NaD line

profiles with velocities greater than 50 km s−1from the systemic velocity (∼ 16% and∼ 15% of

their objects, respectively) which they deemed to be out- and in- flowing. Most of the inflowing

objects were found to belong to the red sequence, whereas outflows were predominantly reported

in objects in the blue cloud. The inflows were also often associated with either Seyfert or LINER

activity as traced by some of their emission-lines. Moreover, Krug et al.(2010) reported the

detection of inflows in a sample of AGN galaxies, with characteristic Seyfert emission lines and

IR luminosities typically found in normal galaxies. A rather large fraction of these galaxies had

interstellar NaD line-profile centres shifted by more than 50 km s−1as high as 140 km s−1. Such

features were present in∼ 37% of their sample in comparison to only∼ 11% having blue-shifted

lines indicative of outflows. Nevertheless, no strong dependence of the velocity of the inflowing

gas with respect to galaxy properties, such as mass, IR luminosity, and inclination was deduced.

The rather large inflows in these galaxies were interpreted to be suggestive of material located

in the inner regions of the galaxies instead of being furtheroutward. A big (∼ 38%) fraction

of their galaxies with inflows displayed some nuclear morphological features (e.g. dust spirals,

bars, or rings) that can be creating torques strong enough tocause the gas to loose its angular

momentum and fall inwards (e.g.Combes, 2008). Similar fraction of those galaxies were found

to have a close companion and, therefore, possible interaction. The in-flow rate of these galaxies

was also reported to be sufficient to power the strong AGN central engine.

The MaNGA survey (see, Sect.3.1.6) presents several advantages for moving forwards with

the investigations we addressed in the previous few chapters. In particular, the large number of

galaxies surveyed by MaNGA offers a clear opportunity to explore the demographics of galaxies

(see Appx.8) that host a KDC and show a two peaks in their velocity dispersion fields. MaNGA

data comes with somewhat inferior spectral quality and spatial sampling compared to MUSE.

Therefore, we do not expect that the level of detail of our MUSE results would be surpassed for
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single objects. Nevertheless, in some future work we would attempt to perform similar analysis

as the one we have demonstrated in Chap.5 on a few pre-selected MaNGA galaxies.

On the other hand, as regards to cold-gas outflows the spatialextent of the MaNGA data and their

similarity to the SDSS spectra would allow us in the future toexplore with a similar analysis

to our Chap.4, whether NaD outflows have an extended structure that is indeed biconical. We

could also check if their occurrence is really connected to acentral AGN or to a more extended

nebular activity powered by star-formation formation. To that extent, we have explored the

ability of MaNGA to resolve and trace the presence of cold ISMgas.

6.2 Samples

6.2.1 Seyfert 2 galaxies in MaNGA

We have cross-referenced our sample of Seyfert 2 SDSS galaxies with overly strong interstellar

Sodium absorption (see chapter4) to find whether these objects were observed as part of the

ongoing IFS MaNGA survey. Within our sample of 9859 Seyfert 2galaxies we found nine

objects that were already observed with MaNGA as part of the SDSS DR15. We present these

matches in Tab.6.1. Unfortunately, none of our Seyfert 2s that showed signatures of cold-gas

outflows fell within these galaxies. Our NaD analysis, on thecontrary, was indicative of the

presence of either relaxed cold gas (our∆V ∼ 0) or inflow (our∆V > 0). In a few of those

objects the amplitude-to-residual-noiseA/rN of the excess NaD absorption-line profiles was

more pronounced (A/rN > 7).

6.2.2 2-sigma and KDC MaNGA galaxies

To select galaxies displaying extraordinary stellar kinematics, reminiscent of embedded counter-

rotating structures, we draw on the work ofGraham et al.(2018). The group aimed to measure

the stellar angular momentum of a large sample (∼ 2300) of MaNGA galaxies. Through care-

ful inspection and using kinemetry analysis (Krajnović et al., 2006) they highlighted potential

galaxies with double-peaked stellar velocity dispersion and central kinematically distinct cores.

We obtained the MaNGA DR15 cubes for their “2σ” and KDC galaxy host candidates and

re-examined them with the aim to pre-select a sample of galaxies for a future kinematic decom-

position study. We refrained from directly performing the same procedure as outlined in Chap.5
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Table 6.1: The DR15 MaNGA galaxies part of our sample of Seyfert 2 DR7 sample.

DR7 SDSS ID RA (dec.) DEC (dec.) plateIFU mangaidA/NNaD, f iber ∆VNaD, f iber ∆σNaD, f iber

588015507678887987 45.95462 -1.103742 9193-12701 1-37440 -9.33 42.98 54.16
588298662503579763 196.7551 46.30942 8318-1901 1-284321-8.28 81.86 65.21
587731522818670711 137.8749 45.46832 8249-3704 1-137883-4.68 12.50 45.83
588018253752565918 226.4317 44.40493 8552-12701 1-321739 -8.56 40.95 68.36
587729653422555416 249.5573 40.14681 8588-12704 1-135641 -6.22 53.745 76.91
587725993040740662 255.1015 38.3517 8612-12705 1-95842 -14.14 131.82 112.20
588018090547806501 248.1409 26.38073 9047-6104 1-270129-4.40 -0.34 166.43
587738948284645503 156.4018 37.22144 8943-9101 1-392952-7.34 77.76 163.79
587741490891587680 127.1708 17.5814 8241-9102 1-460812 -4.01 29.63 46.96
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for this available data because of the presence of some sky emission and absorption lines in the

CaT spectral regions among those cubes. We would aim to cleanthis sky contribution using the

ZAP procedure, similar to what we have done for our MUSE data reduction, prior to any future

analysis.

6.3 Methodology

To perform some preliminary analysis on our two MaNGA samples we adopted the Galaxy IFU

Spectroscopy Tool1 (Bittner et al., 2019, GIST). The GIST data-processing pipeline is a flexible

and easily configurable framework for the analysis of integral-field data due to its modularity.

It is capable of the fast extraction of both stellar and gaseous kinematics and stellar population

properties using pPXF (see Chap.2.2.2) andGandALF(see Chap.2.2.3) with ongoing devel-

opment to incorporate kinematic decomposition (see Chap.2.2.6), owing to Python‘s parallel

computation capabilities. In addition, it provides a dedicated graphic user interface routine, fa-

cilitating the inspection of each fit, for the purpose of dataanalysis quality control. GIST also in

addition to the pPXF build-in full spectral fitting method for obtaining stellar population prop-

erties is capable of retrieving the most widely adopted line-strength indices and their associated

SSP properties using the methods ofKuntschner et al.(2006); Martín-Navarro et al.(2018). We

have modified this data-processing pipeline to handle MaNGAdatacubes. More specifically,

we have implemented a new data-reading routine and have configured it following some of the

prescriptions ofWestfall et al.(2019) and recipes outlined by the SDSS team2. We decided

to adopt a signal-to-statistical noise of 7 per Voronoi bin and configured GIST to exclude bins

that are below the isophote withS/sN< 0.5. The preliminary analysis of all of our galaxies

was performed using the MILES SSP templates provided as partof the analysis pipeline. We

have fitted the MaNGA spectra in the region between 3500 Å and 7000 Å adopting a 7th order

multiplicative polynomial for the purpose of our pPXF fitting.

1https://abittner.gitlab.io/thegistpipeline/documentation/intro/introduction.html
2https://www.sdss.org/dr15/manga/manga-data/working-with-manga-data/
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a b

c

Figure 6.1: The stellar and gaseous kinematics of the Seyfert 2manga9193-12701galaxy.
Panela: Stellar kinematics as indicated by the the label in the upper left corner of the panels.
Panelb: Velocity fields for the ionized-gas of as traced by Hα and [O III] (upper and lower
panel, respectively). Panelc: The retrieved velocity, velocity dispersion, and opticaldepth of
the interstellar NaD excess. The Overlayed contours show the reconstructed isophotes on the

basis of the MaNGA cube in steps of 0.2 mag.

6.4 Preliminary Results

6.4.1 The Seyfert 2 galaxy

Here we outline some preliminary results in regards to our ability to trace cold gas by looking

for the presence of interstellar NaD absorption. We would focus specifically on our results

for one pre-selected by us as part of our Seyfert 2 sample and observed in MaNGA galaxy -

“manga9193-12701”.

Figure 6.1 shows the outcome of our analysis for “manga9193-12701”. This galaxy hosts a

prominent dust lane as visible in the composite SDSS images and by the bending of the isophotes
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obtained from the reconstructed of the datacube surface brightness (shown with dashed lines).

Its stellar kinematics show regular rotation with no distinct features in the higher Gauss-Hermite

momentsh3 andh4 (Fig. 6.1, panel a). It also possesses an extended gaseous disk as traced by

the ionized-gas kinematics of the Hα and [OIII ] emission lines (Fig.6.1, panel b). In addition,

we have also extracted the kinematics and optical depth of the excess NaD absorption profile

previously adopted in this thesis (Fig.6.1, panel c). Such NaD excess seems to be system-

atically red-shifted as indicated by our previous analysison the basis of SDSS fiber spectra.

Moreover, its spatial distribution, up to a high degree, coincide with the position of the host

galaxy dust lane. Such behaviour is not surprising and has been previously demonstrated. For

example, the equivalent widths of interstellar Sodium absorption towards stars in our Galaxy

have been shown to follow a well defined empirical relation with respect to the inferred extinc-

tion due to dust (Poznanski et al., 2012). However, some recent works focusing on the dust

contents of other galaxies, and in particular FCC 167 (Viaene et al., 2019), did not manage to

detect substantial interstellar NaD excess absorption-line profiles. Instead, the presence of in-

terstellar NaD absorption was clearly visible as a “bump” inthe derived attenuation curves both

in FCC 167 and in the dust lane of another galaxy (Viaene et al., 2017, NGC 5626). Perhaps

more surprising is the systematic redshift, with respect tothe galaxy stellar systemic velocity,

of our ISM-attributed NaD profile. Such red-shifted absorption features have been previously

utilised as proxies for in-flowing gas (e.g.Rubin, 2017, for a review). On the other hand, it is

worthy noting that cold-gas, traced by interstellar NaD absorption, have already been shown

not to in-fall, but counter-rotate with a large offset in velocity (Westmoquette et al., 2013). The

unequivocal association of our observed red-shifted ISM NaD absorption profiles to an inflow

of cold gas would be a step forwards in understanding the mechanisms that have been theorised

to fuel an AGN (e.g.Combes, 2008, 2012, for a reviews).

6.4.2 2-sigma MANGA galaxies

We have performed a preliminary analysis of the available SDSS DR15 MaNGA galaxies, high-

lighted to have counter-rotating kinematic components, part of theGraham et al.(2018) sample.

These included 24 “2σ” candidates and 14 galaxies with a signature for a centralised KDC. We

present our preliminary results with additional comments for each of those galaxies in Appx.8.

Out of the 14 KDC candidates we managed to confirm the true presence of a kinematically

distinct cores in 8 objects. Moreover, we find that 3 galaxieshave ionized-gas emission that
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Figure 6.2: Each vertical panel shows the spatially resolved Hβ, Mg b/〈Fe〉, [MgFe]′ line-
strength indices for a 2-sigma or KDC MaNGA galaxy.
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Figure 6.3: Same as Fig. 6.2
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Figure 6.4: Same as Fig. 6.2
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Figure 6.5: Same as Fig. 6.2

is either misaligned, concentrated in the same region as theKDC, or appears to rotate in a di-

rection perpendicular to the kinematically distinct component. In regards to the “2σ” galaxy

candidates, we confirm the presence of counter-rotation in the velocity fields of 11 out of the

total 24 objects. The velocity dispersion maps of 5 have a clear double peak signature. We also

discerned a singular central velocity peak in 2 of the cases with visible counter rotation. Nebu-

lar emission is present in 5 of those 24 galaxies. The size of this sample allowed us to confirm

some previous conclusions drawn on the demographics and properties of galaxies with present

counter rotation, namely that such objects are probably even rarer than previously reported by

Krajnović et al.(2011) on the basis of the ATLAS3D survey. However, some recent work has

highlighted the importance of obtaining high spatial resolution observations in order to properly
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Figure 6.6: Same as Fig. 6.2

identify potential KDC or a central velocity twist (e.g.Viaene et al., 2018). Furthermore, we

can qualitatively confirm the observed dichotomy in the stellar population properties of galaxies

with counter rotation pointed out byMcDermid et al.(2015).

Below, as illustrated in Figs. 6.2, 6.3, 6.4, 6.5, 6.6, 6.7),we qualitatively would focus on the

line-strength maps of Hβ0 and composite indices Mgb/〈Fe〉 and [MgFe]′ that where found to be

good proxies for the single stellar population equivalent ages, metallicity, and [α/Fe] abundance

(see Sect5.6.1) on each of the galaxies, where our analysis produced notable results.

manga-7815-1901

The region with decoupled component has higher metallicitythan the one seen out of it. Some

the region could also possibly have alpha-elemental abundance that is lower than the one of the

rest of the galaxy. We could not distinguish any trend in the strength of Hβ0.

manga-8133-12703
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Figure 6.7: Same as Fig. 6.2

Higher metallicity is likely associated with the region of the kinematically decoupled compo-

nent. No noticeable age or alpha- elemental abundance difference can be anticipated.

manga-8138-6102

We anticipate the SSP in the very centre associated with the kinematically decoupled component

is younger than the rest of the galaxy that also possibly is ofdistinguishably higher metallicity.

We cannot draw ant reasonable expectations for the alpha-element abundance.

manga-8143-1902
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The stellar population in the zone of the kinematic component is likely of higher alpha-element

abundance. However, we could not put any reasonable assumption on any of the other stellar

population parameters.

manga-8143-3702

We anticipate no difference in the ages of the stellar population in the zone of thekinematically

distinct component and the host galaxy. The central region of the galaxy is likely characterised

by a stellar population with high metallicity.

manga-8149-1901

We expect the stellar population of the galaxy where the kinematic component is present to have

higher metallicity, older age, and lower alpha-elemental abundance in comparison to the main

galaxy body.

manga-8241-6104

The quality of our data did not allow us to draw any predictions.

manga-8253-1902

The zone where kinematical decoupling is present is possibly of higher metallicity and has

smaller alpha-element abundance than the rest of the galaxy.

manga-8319-12703

We predict the stellar population has similar age throughout the galaxy. However, we expect

higher metallicity and alpha-element abundance in the stellar population for the zone where the

kinematic component is present with respect to the rest of the host galaxy.

manga-8335-1901

We could not draw any predictions on the difference in the properties of the zone with and

without kinematic decomposition.

manga-8335-6101

We anticipate younger stellar population in the region where the distinct kinematic component

is present. However, the metallicity and alpha-element enhancement of the stellar population of

the host seems to by uniform.
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manga-8459-6104

We anticipate higher metallicity of the stellar populationin the zone with the kinematically

distinct component in comparison to the host galaxy.

manga-8461-3701

We could not draw any predictions for the different in the stellar population properties of the

kinematically distinct component and the host galaxy.

manga-8604-3701

The stellar population in the zone, where we can notice the presence of the distinct kinematic

component, is likely characterized with higher metallicity and alpha-element abundance in com-

parison to the host galaxy.

manga-8606-3702

We anticipate the central region of this galaxy consists of older stellar population with higher

metallicity and alpha-element abundance in comparison to the rest of the galaxy.

manga-8612-6103

The region, where we can observe the kinematically distinctcomponent we anticipate a stellar

population of older age, lower metallicity, and lower alpha-abundance compared to the host

galaxy.

manga-8615-1902

We expect the stellar population in the central region of this galaxy, where we can notice kine-

matically distinct component, to have younger age and lowermetallicity stellar population with

respect to its host galaxy.

manga-8626-12701

This system exhibits a very strange kinematic and photometric behaviour. We anticipate some

problem with the data reduction.

manga-8728-12703
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The stellar population in the central region of the galaxy, where a kinematically distinct compo-

nent is present, likely has younger age, higher metallicity, and higher alpha-elemental abundance

with respect to the rest of the system.

manga-8980-3701

We anticipate the stellar population in the center of the galaxy to have higher metallicity in

comparison to the outskirts.

On the other hand, the absence of ionized-gas emission in a large fraction of these galaxies is

puzzling and casts some doubts on the preferred scenario forthe formation of counter-rotating

structures (i.e. the acquisition of external gas in retrograde orbits as pointed out in the review of

Corsini(2014)). Furthermore, we find that the ionized gas, when detected,more often co-rotates

with the main galactic body (in 1 of the KDC galaxies and 3 of the “2σ” objects) in comparison

to co-rotation with respect to the kinematically distinct component (1 of the KDC host galaxies

and 1 of the “2σ” systems). Even more interesting is the occurrence of misaligned ionized gas

distribution in one of the KDC hosts and the presence of nebular emission that shows rotation

perpendicular to the kinematically distinct component in one of the KDC and “2σ” systems.

6.5 Summary and Future Work

Using some preliminary analysis in this section we have confirmed some previous findings in

regards to the demographics and properties of galaxies withobserved counter rotation. Only

more thorough analysis involving kinematic decompositionwould further elucidate the nature

of these objects and will be the scope of a future paper. Similarly, we have tentatively confirmed

the presence of in-flowing cold gas in one of our Seyfert 2 galaxies already observed as part of

the MaNGA survey. This confirms the validity of our analysis performed in Chap.4 and allows

us, as part of a future study, to focus on obtaining spatiallyresolved view of galactic in- and out-

flows.



Chapter 7

Conclusions and Further Work

7.1 Conclusions

This thesis has attempted to probe the importance of two of the processes that can influence

the population of galaxies and its individual members in thelocal Universe. In Chap.4 we fo-

cused on the importance of Seyfert 2 AGN activity towards thedriving of cold-gas large-scale

galactic outflows, proposed as one manifestation of AGN feedback. We find that only a very

small fraction of the galaxies with such optical AGN show absorption-line signatures of galac-

tic winds. Moreover, in the cases with optical Seyfert 2 activity, suggestive of the presence of

out-flowing cold gas, ancillary observations indicated that the primary driving mechanism was

not the AGNs, but star formation. Such observations reinforce some recent suggestions in re-

gards to nearby galaxies, that the somewhat long delay between the triggering of the central

AGN and an associated episode of star formation leaves a significantly depleted gas reservoir

for the AGN itself to couple to and directly influence. Instead, it largely just acts to remove or

heat that residual gas and, therefore, not directly influence the process of star formation. Con-

sequently, the quenching of local galaxies is very likely due to either the exhaustion of their

star-forming gas reservoirs or winds driven by star-formation. On the other hand, in Chap.5

we studied two galaxies that appear to host counter-rotating structures that are often linked to

the acquisition of external gas or mergers. In one of these galaxies (NGC 448) we managed to

separate the contribution of each counter-rotating component in our integral-field observations.

Aided by this decomposition we could identify the embedded counter-rotating component is a

disk. We showed that the stellar populations of each of the components have similar equivalent

ages, but are chemically different, albeit this did not allow us to directly associate theorigin of
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this counter-rotating disk to either a past ”wet“ merger or agas accretion event. We found no

evidence for a distinct truly counter-rotating component in our second galaxy (NGC 4365). The

observed counter-rotation in the velocity field of the stellar line-of-sight velocity distribution

there is very likely simply a projection effect due to the complex orbital configuration of that

galaxy. Finally, in Chap.6 we have drawn on the large volume of a recent integral-field sur-

vey (MaNGA) to verify the analysis used in our study of the importance of AGN feedback and

confirm some previously known observed demographics and properties of galaxies that display

stellar counter-rotation. However, we report somewhat lowfraction of galaxies that simultane-

ously have ionized-gas emission and counter rotation. These preliminary results conflict with

previous studies that have more commonly identified counterrotation with the presence of a gas

reservoir, detected through ionized-gas emission, and cast some doubt on the hypothesis that

counter-rotating structures form predominantly by external gas acquisition.

7.2 Further Work

This thesis has probed the importance of AGN feedback and mergers in the formation and evo-

lution of galaxies. Nevertheless, we could perform some complementary investigations to shed

further light on the role of these two processes within the galaxy population and in its individual

members, both locally and at higher redshifts. We propose the following future projects:

• To better understand the multi-phase nature of AGN-driven outflows in the local Universe

we could apply the methods developed throughout this thesisdrawing on the samples of

AGN galaxies such as the WiFeS Siding Spring Southern Seyfert Spectroscopic Snapshot

Survey (S7) AGN Survey (Scharwächter et al., 2016; Thomas et al., 2017), where the

presence of deep NaD absorption such as the one investigatedby us in Capt.4 has been

already noted (Dopita et al., 2015), and the Close AGN Reference Survey (Husemann

et al., 2017, CARS). In particular, we would be very interested in deriving more stringent

estimates for the mass-loading factors such winds have as wecould potentially constrain

the masses entrained in the cold and warm-to-hot ISM phase through the absorption and

ionized-gas lines.

• Moreover, future surveys performed for higher redshift galaxies with multi-object spec-

trographs such as MOONS (Cirasuolo and MOONS Consortium, 2016) would open the

possibility to perform similar analysis through stacking on the NaD absorption feature.
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We could try to put a similar constraint on the ability of AGNsto drive large-scale cold-gas

outflows as the one we have done in this thesis.

• The origin and evolution of the different kinematically distinct components such as the

ones we have studied in Chap.5 is still not well understood. Partially, this is due to

fact that they are usually studies on an object-by-object basis. The wealth of information

gathered by the new generation IFU surveys would be perfect for the identification and

compilation of larger samples of such peculiar objects representing in some respects the

extremes of the process of galaxy merging. Automatising theprocess of how such galaxies

can be split in their distinctive components is therefore ofgreat importance.



Chapter 8

Appendix A

In this appendix we give a brief overview of some important features that we were able to discern

among the galaxies that display counter-rotation in the sample of Graham et al.(2018). Figures

8.1,8.2,8.3, 8.4, and 8.5 show some of our preliminary results for the sample of galaxies with

suspected ”2σ“ and KDC signatures. We have omitted the galaxies where we could not achieve

a satisfactory fit or our Voronoi binning procedure producedbins with exceptionally large sizes.

These figures consist of various panels. The separated panels display the ionized-gas kinematics

of Hα. The top left corner holds a label that shows the particular measurement label. The bottom

right corner displays the corresponding scale of our adopted color-coding. In multiple places of

the panels we have labeled he our adopted identification of the particular object displayed.

Below we provide some brief comments on the ”2σ“ candidate galaxies:

manga-7815-1901: The stellar velocity map of this galaxy clearly shows a reverse in direction

of rotation. We could also tentatively see the presence of two velocity dispersion peaks. The

galaxy shows some ionized gas that appears to rotate perpendicular to the direction of rotation

of the main galaxy body and the counter-rotating component.

manga-7962-9102: -

manga-8138-6102: We can clearly distinguish the presence of a distinct kinematic component

in the velocity field of this galaxy. Moreover, it has a velocity dispersion map that is pro-

nouncedly double-peaked. We also detect strong emission from ionized gas that counter-rotates

with respect to the kinematically distinct component. The very central region of this galaxy

shows enhanced strength of the Fe5015 index.

manga-8143-1902: This galaxy possess a clear ”2σ“ signature in its velocity dispersion maps.
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There is also some evidence for the presence of a distinct component in its velocity maps. The

region overlapping with the kinematically distinct component appears to have higher Fe5015

index strength. We cannot discern any features in itsHβ line-strength index map.

manga-8143-3702: We can clearly see two peaks in the velocity dispersion map of this galaxy.

Moreover, there is a clear abrupt flip in the direction of rotation displayed by the velocity field.

We have also detected the presence of ionized gas emission that appear to co-rotate with the

main galaxy body. The central region of this galaxy shows very pronounced raise in the strength

of the Mg b absorption-line index.

manga-8249-1901: –

manga-8253-1902: This galaxy shows some signature of two peaks in its velocity dispersion

map. Its velocity field shows a non-abrupt change in the direction of rotation. The region oc-

cupied by the kineamtically distinct component have lowerHβ and higher Fe5015 line strength

index measurements.

manga-8333-1902: –

manga-8335-1901: We could clearly identify an abrupt flip in the direction of rotation in the

velocity field of this galaxy. We also see an increase in velocity dispersion indicative of two

velocity dispersion peaks. In the region occupied by the kineamtically distinct component we

report higherHβ and Fe 5015 line-strength indices.

manga-8449-6101: –

manga-8453-3703: –

manga-8459-6104: We could not discern the presence of two peaks in the velocity dispersion

map. We instead report a central peak. The line-strength indices are hard to interpret.

manga-8461-3701: We can clearly see the presence of a central counter-rotating region. The

velocity dispersion seems to be more centrally peaked than double-peaked. We could not con-

clusively interpret the line-strength index measurements.

manga-8551-6101: –

manga-8604-3701: We can clearly see an abrupt change in the direction of rotation as displayed

by the stellar velocity map. However, we cannot conclusively infer the presence of two peaks in

the velocity dispersion field. The central region where the flip in the velocity occurs we measure

lower Hβ and higher Mg b line strength index.

manga-8551-6101: –

manga-8604-3701: We can clearly see an abrupt change in the direction of rotation in the cen-

tral region of this galaxy. However our velocity dispersionmeasurements did not allow for its

safe identification as ”2σ“. The region occupied by the kineamtically distinct component shows
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somewhat lowerHβ and higher Mg b indices line-strength measurements.

manga-8606-3702: We could clearly identify both an abrupt flip in the direction of rotation and

”2σ“ signature in the velocity and velocity dispersion maps. Inaddition we detect the presence

of ionized gas that appears to counter-rotate with respect to the kinematically distinct region.

Our line-strength measurements are indicative of the presence of older population that is more

metal enriched and alpha-element abundant than the main galaxy body overlapping with the po-

sition of kinematically distinct component.

manga-8615-1902: This galaxy shows a velocity flip and a clear signature of ”2σ“. More-

over, it displays some ionized-gas emission that appears tocounter-rotate with respect to the

main galaxy body. The regions where the kinematically distinct component resides appear to

have higherHβ and Fe5015 line-strength index values, whereas our maps show lower Mg b

strengths.

manga-8618-1901: –

manga-8714-9102: –

manga-8980-3701: This galaxy shows a velocity flip in its central region. However, our analy-

sis showed its velocity dispersion map is not reminiscent of”2σ“, but is ordinarily peaked in the

galaxy central region. Moreover, the higher Fe5015 index line-strength spatially overlap with

the very central high velocity region. We cannot reliably interpret the Hβline-strength measure-

ment.

manga-9026-1902: Our inspection and analysis of the datacube showed the presence of a sec-

ond galaxy in the field of view. We were not able to conclusively establish two peaks in the

velocity dispersion maps of this galaxy.

manga-8980-12703: We did not manage to identify this galaxy as ”2σ“.

We provide some brief comments on the galaxies that were highlighted to show a KDC below:

manga-8133-12703: The velocity map of this galaxy is indicative of a KDC. However, our re-

sults could not unequally interpret any of the line-strength measurements.

manga-8149-1901: This galaxy hosts a small KDC. We could also identify a co-spatial region

with enhanced Mgb line-strength.

manga-8155-1902: –

manga-8241-6104: The velocity maps of this galaxy indicate the presence of a KDC. However,

our fit to the outer regions of this galaxy were not satisfactory even despite our attempts to ex-

tract stellar kinematics with different Voronoi binning configurations.
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manga-8259-12705: –

manga-8319-12703: This galaxy shows a clear signature of a KDC and has a centrally peaked

velocity dispersion map. We were not able to discern any distinct features in our line-strength

measurements.

manga-8335-6101: We detect the clear signature of a KDC in the velocity map of this galaxy.

Moreover, we could identify the presence of ionized-gas emission that spatially overlaps with

the KDC. The KDC appear to also have a younger stellar population as traced by the higherHβ

line-strength in the regions where we detect ionized gas andthe KDC itself.

manga-8592-12705: –

manga-8612-1901: –

manga-8612-6102: –

manga-8612-6103: This galaxy shows a clear velocity twist in its central region. It also has a

clear central velocity dispersion peak. Moreover, at the region of the twist we see a dip in the

strength ofHβ indicating the presence of older stellar population.

manga-8626-12701: This galaxy shows very complex surface brightness profile as traced by

the isophotes. It appears to have a twist in its central region. It also shows a dip in its velocity

dispersion map at the position of highest surface brightness. The spacial region of the KDC is

characterised by higher Fe5015 and Mg b line strengths and subtly lower Hβ. Perhaps more

interesting is the distribution of the ionized gas. It showsclear rotation in the direction almost

perpendicular to the one observed in for the KDC.

manga-8728-12703: This galaxy shows a clear signature of a central KDC. Its velocity dis-

persion field is centrally peaked. The region overlapping with the KDC shows lowerHβ line

strengths indicative of older stellar population. Moreover, the very central region of this galaxy

shows an enhancement in the strengths of both Fe5015 and Mg b indices. This galaxy also pos-

sess ionize-gas that appears to be misaligned with respect to the semi-major photometric axis.

manga-8728-6104: –



Appendix A.Demographics and Properties of Counter-rotating Galaxiesin MaNGA 125

Figure 8.1: Various measuremnts on the kinematically distinct galaxies in MaNGA
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Figure 8.2: Same as Fig. A1
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Figure 8.3: Same as Fig. A1
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Figure 8.4: Same as Fig. A1
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Figure 8.5: Same as Fig. A1
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