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Abstract

In this thesis we aim to probe the role of two of the proceskatdan dictate the evolution of galax-
ies — feedback from the central active galactic nucleus (A& mergers. To study the importance of
AGN feedback and, in particular, its most direct maniféstats galactic-scale cold-gas winds we as-
sembled two carefully matched large samples of nearby g avith and without the presence of optical
unobscured Seyfert 2 active galactic nucleus activity. nferiand quantify the presence of such galac-
tic kpc-scale outflows we then studied and compared the piep®f the interstellar Ne11589Q 5895
(NaD) absorption-line doublet, present in some of thesteays. We detected excess interstellar NaD
absorption in a similar fraction of galaxies in both of oumgdes. We identified only 53 (or 0.5% of the
population) of our Seyfert 2 AGN galaxies potentially harbatflows. Moreover, in a large fraction of
these 53 Seyfert 2s, available ancillary radio and infraled indicated that star-formation may actually
be the principal driver of the outflows. Our results sugglat galactic-scale winds at low redshift are
no more frequent in Seyfert 2s than they are in their cordamhple counterparts and that optical AGNs
are not direct significant contributors to the quenchingtaf ®ormation in the nearby Universe. On the
other hand, to investigate the impact that mergers can hagalaxy evolution we have focused on two
galaxies that show signatures of embedded counter-rgtatimponents. Such features are believed to
be the fossil records of a past gas acquisition events or ganeWWe have successfully separated the
contributions of the two distinct kinematic componentgte spectra in one of them NGC 448. Drawing
on this separation we have shown that the two decoupledustemponents in NGC 448 have similar
ages, but dferent chemical compositions. Our findings indicate thatkihematically distinct compo-
nent in NGC 448 is truly decoupled, has external origin, aad formed through either the acquisition
of gas and a subsequent star-formation episode or from thetdiccretion of stars from a companion.
Conversely, the presence of a kinematically distinct congmdin NGC 4365 is not associated to a true
kinematic decoupling and is instead most likely due to aquiipn dfect stemming from the triaxial
nature of this galaxy. We have also used two samples fromge lategral-field spectroscopic survey
to verify some of our previous finding and study the demogiepbf galaxies with embedded counter-
rotating components. We have performed some preliminaayyais of this data. The results of this
investigation confirm the validity of our method for the ddten of cold-gas flows in our Seyfert 2 and
control samples. Finally, we have verified some previouslgvin trends in the demographics and prop-
erties of galaxies that display stellar counter-rotatisnrderred by integral-field observations. On the
other hand, our analysis is in contrast with previous stitliat have observed that the presence of a
counter-rotating stellar component is associated ratieejuently with the presence of counter-rotating

gas traced by nebular emission.
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“Still from the mass the fervent heat outflows,
And on and on the condensation goes,

As slowly all the rallying cores enlist

More portions of the still free floating mist.
Whilst in their vast electrical contents

Are being evolved the chemic elements.”

— Nebula To Man (1905), H. R. Knipe
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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-cdigural nebulae” and the size
of the Universe. Two competing hypotheses had been put fdragarking the “great” debate
between Harlow Shapley and Heber D. Curshépley and Curtjsl921). On the one hand,
the Universe was suggested to be composed of many galakéesur Milky Way, observed
from afar as such “spiral nebulae”. On the other hand, Skapid others argued these nebulae
were just nearby gas clouds and that the Universe had onlgalagy, namely our own. The
first steps to resolving this dispute were madeHupble (1925 who succeeded to measure the
distance to two such “spiral nebulae” (M31 and M33). Nowadatyhas been established that
galaxies are massive systems one of which is our Galaxy (illey May) that consist of dark

matter, stars, and interstellar gas and dust @&parke and Gallaghe2007).

One of the first steps undertaken towards better undersigrafithe nature of galaxies was
their classification on the basis of morphological feateeg.Hubble 1922 1926 1936. This
classification scheme shown in Fiyl was dubbed as the “tuning fork” because of its distinct
shape. On the basis of their appearance the population akigalwas split into three main
classes. Elliptical galaxies (early-type) appear to beeqféatureless and smooth with two
dimensional light distributions that can be approximatgaHtipses. Their brightness peaks in

a central region called the “bulge” and then decreases. Ueeise the stem of the “tuning
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Ficure 1.1: The original Hubble “tuning fork” taken froidubble(1926 with example galaxies
retrieved from the Sloan Digital Sky Survey.

fork” designated by the letter “E” followed by an integer rinazero to seven describing in an
increasing order their apparent ellipticity. The two premg the “fork” are populated by spiral

(also referred to as late-type) galaxies. They also havealdulges, accompanied by a discs
and spiral arms. Depending on the prominence of the bulger€dsing) and openness of the
spiral arms (increasing) spirals are sub-classified intthéu classes designated with the small
letters from “a” to “c”. Moreover, the galaxies sitting orettower prong do additionally show

the presence of a “bar”-like structure in their central oeghdicated by adding the capital letter
“B”. The third main class that occupies the intersectionhaf prongs with the stem consists of
early-type galaxies that have morphological propertiesimesscent of both elliptical and spiral

galaxies called “lenticulars” and nominated as “S0”. Tloammgwhat simple classification was
later refined (e.gde Vaucouleurs1959 to include “irregular” galaxies and even more sub-

classes.

The following continuous improvement in both the qualityirstrumentation and observations
has allowed the meticulous quantitative examination ofgasingly large, and therefore more
representative samples of galaxies covering all Hubblegyje.g.Roberts and Hayne4994
for a review). In particular, some early works were focusadertracting the huge amount of
information encoded in the light profiles of local galaxiesg(Petrosian1976 Simien and de
Vaucouleurs 1986. It was thereafter shown that the surface brightness ot g@laxies can

be well represented with a combination of the functionairf@roposed bysérsic(1968. It is
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commonly defined as:

!
() = leexp ()", (1.1)

whererg is a scale (Bective) radius encapsulating half of the fluy,is the galaxy intensity
(flux) at the dfective radius, and is parameter defining the “shape” (i.e. level of concerargti
of the profile. The quantity, is further defined as a function of the shape parameieto(
enforce that half of the flux is contained within the scaldguadit can be numerically computed
by evaluating the quantile at which the Gamma probabilitstribution function of a shape
parameter of 2integrates to 0.5Robotham et al2017) or is often approximated asd®9h —
0.3271 for 05 < n < 10 (Capacciolj 1989. The two other commonly adopteke Vaucouleurs
(1948 and exponential profiles can then be shown to be speciat chislis Sérsic profile with

Sérsic indices of four and one abglvalues of~ 7.669 and~ 1.6721, respectively.

1.1.2 Some Observed Galaxy Population Trends

The advent of even larger sky-wide surveys (¥ark et al, 2000a Cole et al, 2002, Scoville
et al, 2007, SDSS, 2dFGRS, COSMOS, respectively) spanning a great raingsavelengths
and depths combined with unifiedferts to gather multi-wavelength data (e@avis et al,
2007, AEGIS) facilitated by the launch of a range of space (&gght et al, 201Q Milliard
etal, 2017 WISE, GALEX, respectively) and radio telescopes such afacama Large Mil-
limetersubmillimeter Array (ALMA) has greatly improved our undensding of the structure,

properties, and populations of galaxies.

As a result it was shown that the population of galaxies inldieal Universe shows a distinct
dichotomy in regards to their colors (e $trateva et al.2001; Baldry et al, 2004ha) that also
persists at higher redshiftz £ 1) (e.g.Bell et al, 2004 and was noticed as early as the work
of de Vaucouleur$1961). The left panel of Figl.2 shows the dterence in the absolute u- and
r-band magnitudes (u-r) with respect to the absolute r-bmagdnitude ;) for the Oh et al.
(2011 sample of nearby galaxies drawn from the Sloan Digital Skyw&y (York et al, 20008.
Two distinct regions can be discerned there. The most dorhinaction of galaxies sits in the
redder (upper) part of the diagram. This so-called “red eaqge” consists primarily of early-
type galaxies with a smaller fraction of “red” late-type &yaes Masters et a).2010g. Contrary
to the redder colors of the systems in the red sequence, pagublation of the galaxies in the
local Universe display bluer colors and are of late-type photogy. They occupy the lower

section of the color-magnitude diagram (a region labelethi@$blue cloud”) with only a small
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Ficure 1.2: The u-r color vé/; magnitude diagram and the star-formation rate (SFR) vxgala
mass diagram for the Oh et al. (2011) galaxy sample. Leftlpahe u-r color against ablosute
r-band magnitureNl,) as obtained from the Sloan Digital Sky Survey. Right pafiéle total
galaxy star-formation rate (SFR) with respect to total galaass. The values have been taken
from the value-added catalogues (H&oann et al. 2003; Brinchmann et al. 20&&lim et al.
2007). Contours are placed to reflect the number density of thexged in each panel.

presence of early-type blue galaxies (&ghawinski et a]2009. A smaller number of galaxies
lay in-between having somewhat transitional colors andpmalogy (e.gSalim 2014 Coenda

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

Similar bimodality also extends to the derived star-foioratrates (SFRs) of the population
of local (e.g.Brinchmann et al.2004a Noeske et a).2007) and earlier epoch galaxies (e.g.
Daddi et al, 2004 Elbaz et al. 2007. The right panel of Figl.2 shows the dependence of
the logarithm of the SFRs (as taken frddninchmann et al. 2004&aon the logarithm of the
recovered galaxy mass (frokauffmann et al. 2003Salim et al. 200y for the Oh et al. 2011
SDSS galaxy sample. A large fraction of the actively stamiong galaxies form a tight sequence
called the star-forming “main sequence” in analogy to atedlvolution (e.gRenzini and Peng
2019. Principally, the gas in these galaxies is converted tosstalockstep (e.gSchmidg
1959 Kennicutt 1998h Kennicutt-Schmidt law). At dferent spatial scales, the SFR surface
density has been demonstrated to correlate with the totaliatof gas (atomic and molecular)
surface density. Thefigciency with which the star-formation process occurs algoeaps to
differ depending on the surface density of the total gas andtigastistinct regimes have been
inferred. Over the lowest gas density regimel() M, pc?) the star-forming capable interstellar
medium (ISM) is predominantly in the atomic phase and thefetaning dficiency is notably

low. Nevertheless, in the conditions of increasing gas itless> 10 M, pc2) the presence
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of molecular gas among the star-forming potent gas phadeedfSM also has been shown to
increase in conjunction to thefieiency with which this gas is turned into stars. The existenc
of a third very highly dicient star-formation mode has also been put forward. Thisafied
starburst or high-density regime (00— 300 M, pc?) is possibly characterised by even higher
star-formation #iciency (e.g.Kennicutt and Evans2012 for a review). Furthermore, apart
from the main star-forming sequence a sub-population @ixies have very high SFRs. Within
those systems the radiation generated by young stars irntersecentral obscured starburst is
re-emitted by large amounts of dusty ISM peaking in the neftigIR) part of the spectrum. This
leads to an elevation of the host galaxy infrared lumino@itigh some cases when a significant
fraction of the host's bolometric luminosity is in the infea) giving rise to, for example, the
class of (ultra) luminous infrared galaxies ((U)LIRGs,.&gnders1997 Lonsdale et a).2006

for reviews). On the other hand, a large fraction of systentise local Universe display very low
SFRs, if any. Most of these galaxies are “quiescent” (“pasSyior “retired” and sit below the
star-forming main sequence possess old- to intermedigiestllar populations (e.gRobaina

et al, 2012 Stashska et al.2015 and have significantly lower gas content in comparison to
galaxies of similar mass lying on the star-forming sequderag Saintonge et 812011, 2016.

In that respect, a big fraction of the star-formation budgethe Universe had already been
exhausted in earlier epochs. Drawing on the proliferatibmle®p large spectral and multi-
wavelength surveys, it is now believed that the global imstaeous star-formation rate density
of the galaxy population (also referred to as cosmic stanétion) peaked at redshift of

2. Since then, the global rate at which galaxies form stassdelined to reach the levels
observed in the local Universe. At redshifts higher than,tihe global instantaneous star-
formation rate density is less certain, but has been dematedtto also decrease (eMpdau and
Dickinson 2014 for a review). Moreover, the specific star-formation rqE€S FR= S FR/M,)

of the galaxies laying on the main star-forming sequenceddshifts of at least up to two have
been demonstrated to correlate with their galaxy massgsZleeng et al.2007 Karim et al,
2017). Such an observed mild trend of decrease in the host sys&i&with respect to their
masses implies that the more massive galaxy systems (theepy likely now quiescent) would
have concluded most of their star formation earlier in conspa to their low mass counterparts

(e.g.Juneau et al2005 building a concept also known as “downsizingCdwie et al, 1996.

An even fuller and detailed understanding of the structace@operties of galaxies was gained
with the advent of advanced instrumentation and techniquel as integral field spectroscopy

(IFS). The wealth of information gathered by the first big Bt®veys such as SAUROMB&con
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Ficure 1.3: Example §,4r,) diagrams. Left panel: The(ir,) diagram for the galaxies of
the ATLASP (Cappellari et al.2011; Emsellem et a).2011) and SAMI pilot (Fogarty et al.
2015 surveys split on the basis of the charachteristics of thawcity fields. The thick solid
green line and the thinner black lines designate the thieatgiredictions for systems that
show diferent amount of apparent ordered (circylaohn-ordered (complex) orbital rotation
(anisotropy) and are viewed edge dir(ney, 2005. The magenta line correspond to the
retrieved limiting case of the observed intrinsic galaxyahxatios for edge-on systems that
have at least a small amount of orderly rotating orb@agpellari et al.2007. The dashed
lines give the expected positions of such systems when tieayi@wed from a dferent vantage
point. Nonregular rotators are most commonly found below thagenta line whereas most
regular rotators sit above. The green dotted line delimmah approximate regulaonregular
rotator separation line. The solid black line encompadessest emperical estimation for
the region where slofmonregular rotators lay. Berent symbols designate the velocity field
classification. Right panel: The samg (r,) diagram for some of the galaxies of the ATLXS
(Cappellari et al.2011, Emsellem et aJ.2011), SAMI (Fogarty et al. 2015, and CALIFA
(Sanchez et al2012 surveys split by their morphology. Figures adopted frGappellari
(20189.

etal, 2007 de Zeeuw et a]2002 and ATLAS® (Cappellari et a].2011) has revolutionized the
field of galaxy formation and evolution, for example, shagvthe complex nature the ionized
gas (e.gSarzi et al. 2006 or rich structure in the stellar population propertieg (Kuntschner

et al, 2010 of local galaxies.

From dynamical considerations galaxies can takksiint intrinsic shapes and configurations
of orbits that their stars occupy (eBinney and Tremaine€008. In particular, the most general
case is that of having an intrinsic shape that is describatreg axes of dierent lengths (triax-
ial). However, somewhat fortunately it has been demorestrdiat most galaxies are less com-
plicated symmetric (axisymmetric) systems (&\eijmans et al.2014. The two-dimensional
information that IFS gather have allowed the quantitatigpasation Emsellem et a).2007,
Cappellari et al.2007) of (mainly early-type) galaxies into two distinct cateigst slownon-
regular and fagtegular rotators. Such a robust distinction was drawn orb#sés of the global

apparent (observed) ellipticity of the isophote} \{ith respect to a dimensionless parameter
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(AR =<(RIV])/(R W)) devised to best quantify the observed projected stellgulan mo-
mentum per unit mass. The left panel of Fig3 shows an example:(, Ar,) diagram adopted
from Cappellari(2016 used to draw such a separation. A number of factors didtatpasition

of a given galaxy in this diagram. Through modelli@gppellari et al(2007 had demonstrated
that for the fast rotator galaxies within their sample theimsic ellipticity of a given galaxy,
related to the ratios of the axes that describe its intriskape, is proportional to the amount of
ordered (circulay)non-ordered stellar rotation provided that this is quaadiin a way that does
not account for the direction of intrinsic rotation. Thisdhalowed the construction of a thresh-
old (magenta line in Fid..3) for an edge-on model of a particular intrinsic limiting diguration
that is a fast rotator. On the other hand, all slow rotatoesexipected to be inconsistent with
such a model and therefore have been shown to occupijeaatit part of the diagram (below
the magenta line). The inclination of the galaxy with respgecthe observer would also change
both the projected observedand g, pairs. This is demonstrated with the dashed black lines.
Also drawing on modellinginney (2005 had demonstrated that the overall amount of appar-
ent ordered (circulafon-ordered (complex) orbital rotation (anisotropy) ®sgly correlated
with the observed ellipticity and intrinsic shape definingem viewed edge-on the solid green

line and thin black lines in Fig.3

The population of slow rotators have lo (< 0.1) and their velocity fields show limited or no
rotation. Generally, they are believed to be brighter, nmoessive elliptical (weakly) triaxial
systems that tend to reside in more dense galaxy envirogmdiie major axes associated to
their surface brightness and two-dimensional velocitydfa not necessarily coincide. These
galaxies were shown to also possess a number of embeddeistrusuch as kinematically de-
coupled cores or two distinct peaks in their velocity dispmar maps (e.g=cmsellem et aJ.2007,
2011 Krajnovic et al, 201% Li et al., 2018. In comparison, fast rotators are usually galaxies
that exhibit rather regular two-dimensional stellar vélotields. Most late-type galaxies have
also been demonstrated to be formally classified as fasoret@ight panel of Figl.3) as shown

by the kinematics from the CALIFA surves@nchez et al2012 Falcén-Barroso et al2017).
Furthermore, the environmental distribution of earlyeyfpst rotators is considered to be simi-
lar to that of spirals. The photometric and kinematic majasain these systems have also been

shown to be, to a high degree, coinciding (€gppellarj 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 istesce in a very dense high tem-
perature state callethe Hot Big Bande.g.Gamow 1946. Such an origin for the Universe is
supported by a number of independent observations. Thefibstantial fiirmation for the Big
Bang is the observed relation between the speed of recesséogalaxy with respect to its dis-
tance from usl(emaitre 1925 Hubble 1929 the Hubble-Lemaitre law). Accounting for such a
hot initial phase of the Universe also successfully exgldime observed relative proportions of
the lightest chemical elements and their isotopes likeeduh, helium and lithium (e.cAlpher

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

of the Universe is the so-callgglosmic Microwave Backgroun€MB) first detected byenzias
and Wilson(1965 and interpreted as the relic imprint of the epoch of recoation byDicke

et al.(1965.

The most successful paradigm capable of explaining thithg@la of observations is the so-
called Lambda Cold Dark MatterACDM; concordance) cosmological model (elarlikar
and PadmanabhaB001 Lépez-Corredoira2017 for critical reviews). Under this framework
the Universe is homogeneous and isotropic on large scalgeseps no curvature, and its main
contents in terms of the critical density are split in: dar&trer ¢ 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 spectrurRlanck Collaboration et al2018. The existence of
(cold) dark matter has been first proposed to account for isereed higher than expected
velocities of the stars within the solar neighbourho®ait, 1932 and individual galaxies within
clusters of Zwicky, 1933 Andernach and Zwicky2017, for a translation). These observations
have been later extended to show that such dark matter nagsbalpresent in galaxies both
through theoretical arguments aided by numerical sinarat(e.gOstriker and Peeble4973
and by measuring galaxy rotation curves (dRgbin and Ford197Q Rubin et al, 1985. It
has been shown it is not baryonic in origin and exerts gréwital force, but signatures for any
other interaction have not been conclusive and the searcdmfppossible carrier fundamental
particles is still ongoing (e.d?eter 2012 Boveia and Doglioni2018 for reviews). Similarly,
prompted by observations of Type la supernovae, that camli®ated as candles and used as
distance indicators, dark energy was introduced as thedtieal means by which to explain
the measured accelerated rate of expansion and curvattine ohiverse (e.gSchmidt et al.

1998 Riess et al.1998 Perimutter et a).1999. Its nature is not yet clear and the physical
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mechanisms that led to its existence are under debatdP@epples and Ratrad003 Huterer and

Shafer 2018 for a reviews).

Under the concordance cosmological model the observedtsteuof the Universe at fierent
scales is believed to have formed hierarchically. Smalkigmerturbations left from the very
early times after the Big Bang grew progressively larger gatdamplified via gravitational
instabilities as the Universe expanded and cooled dowghtBliover dense regions gained even
higher densities and, conversely, under dense ones ltisefudensity. Owing to its collisionless
nature dark matter relaxed first and collapses quicker to fopopulation of dark matter halos.
Such dark matter clumps subsequently grew further eithreuth the accretion of both dark
and baryonic matter or mergers (eWhite and Reesl978. During the collapse the baryon
gas embedded within dark matter halos experiences stramk $teating. Through radiative
cooling the then hot gas loses thermal energy and eitheetascfe.gWhite and Frenk199%,
Birnboim and Dekel2003 or collapses to form a protogalaxy at the bottom of the gasioinal
well, dominated by dark matter. As the gas moved towardsehé&al region of the dark matter
halo it gained angular momentum until a balance was achidvadng this process the gas had
sank to the center of the dark matter halo to very likely formotating disk. Once there, the
gas cooled further and became self-gravitating (as opptmsbding predominantly influenced
by the gravity of the dark matter halo). At the places whereling dominates over heating
from the contraction, some dense cores would inevitablghrélae uttermost densities at which
nuclear fusion takes place, giving birth to the first starg.(®lo et al, 2010 Somerville and

Davé 2015 for a review).

State-of-the-art individual galaxy and large-scale stmecsimulations (e.g. Fid..4, left panel)
based on this paradigm, incorporating ever more complegipbyhave been incredibly success-
ful in explaining the discerned trends and characteristfdsoth the nearby and higher-redshift
galaxy population collected through contemporary big syswof ever increasing observational
quality. However, they have only limited prognostic powed anore specifically require further
refined treatment and calibration of the various physicatgesses that regulate the amount of
baryons that end up as the stellar component of galaxiesNeap and Ostriker2017, for a
review). One observed discrepancy between the predictibfegge-scale structure formation
without additional sub-grid feedback processes and obdens concerns the inferred galaxy
stellar mass function (Fid..4, right panel). The customary functional form to descriteghape
of either the galaxy stellar mass or luminosity functiorhigttof Schechte(1976. It expresses

the number of galaxies per unit mass or luminosiby. (A characteristic “knee” is present at
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Ficure 1.4: Left panel: A cosmological volume slice from the EAGL& ®f simulations
adopted fronBchaye et a2015. The diterent colors portray the density of the present gas of
diffrent temperature where lower temperatures are shown irebldéigher in red. The zoom-
in panels focus on the filamentary nature of the gas and awiéudil galaxy “obesrved” using
the SDSS filter set with the added expected dust extinctiaghtipanel: Collated observed and
predicted stellar mass functions from a number of simutati®avé et al. 2013 Puchwein
and Springel2013 Vogelsberger et 812014 Dubois et al. 2014 Hirschmann et a].2014
Khandai et al.2015 Schaye et a]2015 Davé et al, 2016 and surveysl({i and White 2009
Bernardi et al.2013. The dashed line deignates the galaxy mass function wérctismic
baryon fraction. Figure taken froidaab and Ostrikef2017).

the galaxy stellar mass or luminosity where the functionngles from being a power law to
exponential. This knee separates the Schechter distibirto a faint or low-mass section and

brighter higher-mass end.

1.2.1 Feedback Processes

At least two distinct in nature (feedback) processes haga demonstrated to have the ability to
shape the galaxy mass and luminosity function and furtheswad for the observed bi-modality
in the star-formation rates and colors of the galaxy popiafe.g.Peng et al.2010. One
of those processes that drives the evolution of galaxiesinvihe model used in their work is
strongly correlated with the stellar mass of a given galdryags quenching”). An example of
such mass process can be the direct expulsion of gas in timedbgalaxy-wide winds either
driven by the presence of an active galactic nucleus (AGN)ndntense burst of star formation
(e.g.Veilleux et al, 2005 for a review). On the other hand, the other process is dtydimixed

to the environment a galaxy resides in (“environment quingch 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 supernoxpsions (SNe) and the winds
and radiation output associated with massive stars duriregpesode of vigorous star formation
can impact the process of star-formation itself serving aseans of self-regulation (the so-
called star-formation feedback). Much progress has beateriraunderstanding how such a
feedback process works from numerical point of view #lfedént scales from individual stars
to cosmological volumes (e.@ale 2015 for a review). In particular, the star-forming regions
within galaxies have been shown to be capable of activelglérg a non-negligible fraction of

their hosts* ISM in the form of galactic-scale winds or outf®owith the aid of multi-wavelength

observations (e.dRupke 2018 for a review).

From a modelling perspective, mucli@t has been put in trying to discern the exact physical
processes that drive each particular ISM phase entrainbe iarge-scale outflow. It is believed
that the dominant energy and momentum sources are the taxglgsions of core-collapse SNe.
The dtferent phases of the out-flowing gas are advected by and prdpkiough ram pressure
by the hotter wind component or the cooler phase of the outiffosimply the result of some
thermal instabilities within the expanding hot ISM. (&Zhang 2018 for a review). On the basis
of whether or not some cooling process (e.g. radiative nglis capable of dissipating a non-
negligible amount of energy in a wind generating hot shoajasl medium over times shorter
than its flow time two distinct regimes of outflows have beewally assumed: “energy-driven”
or “momentum-driven”. Owing to the conservation of enerigythe case of an energy-driven
wind, both the mass-outflow rate and terminal velocity of wiad are dictated by the rate at
which energy is injected. On the other hand, in a momentuwemroutflow the conservation
of momentum puts those two quantities to be proportionahéorate at which momentum is
instead deposited. A core-collapse Type Il supernova siqio ending the life of a massive
young star, can release on averag&C! erg of kinetic energy carried out by 2—-10 Mg
expanding stellar ejecta material (elgartmann 1999. The momentum and energy carried
out by the explosion then impart the surrounding ISM andedévshock to form a supernova
remnant. The resulting remnant undergoes a few distinduopnary phases: free expansion,
Sedov-Taylor, pressure-driven snowplow, and momentunsewing (e.gOstriker and McKeg
1988 for a review). The free expansion last as long as the massloieat ISM, being swept by
the shock, is smaller than the ejecta mass. Expansion cestithrough a Sedov-Taylor phase

where the propagation of the shock is dictated primarilyHgyambient medium density and the
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initial supernova energy until radiative cooling startdb®wimportant. When the inner medium
temperature lowers enough and the shock front slows down that the material behind is

cooled down #iciently because its cooling time is smaller than the flow it remnant

transitions to a pressure-driven “snowplow” phase. Ovirdtage the thermal energy trapped
inside the shock is still substantial and therefore the esjom of the remnant is mostly driven
by the thermal pressure exerted by the its interior and tige e expansion is characterised
by a thin and dense shell (the “snowplow”). Once most of tleerttal energy is radiated away
the expansion of the supernova remnant slowly fades awaecang momentum (momentum-

conserving snowplow).

With what dficiency is then momentum and thermal energy transferredtircsurrounding
ambient ISM depends on the complexities of the interactimy with different investigations,
but the total injected momentum has been shown not to be twitise to either environmental
factors (e.g. inhomogeneities) (elgm and Ostriker 2015 Walch and Naab2015 Martizzi

et al, 2015 however see). Theflgcacy with which the cumulative feedback from SNe then
feedback on larger scales to possibly produce a “superbuldbhlso debated and can depend
on a the geometry in which the SNe explode and the timelapseeba explosions and some
of the underlying galactic host (e.Greasey et al.2013 Gentry et al. 2017 Fielding et al,
2018. Furthermore, the winds associated with the progenitérsoce-collapse supernovae
and later asymptotic giant branch stars can also deposgiem@d form hot gas bubbles that
can facilitate the formation of larger-scale galactic veirfd.g.Hopkins et al. 2012. In some
starburst galaxies the energy injection provided by supe® and winds from massive stars can

be also comparable (e.geitherer et al.1999.

Generally, driving of the flow of gas can be achieved througyhds arising from either radiation
or thermal pressure (e.@hang 2018 for a review). In the particular case of actively star-
forming galaxies the transport and coupling of cosmic raggnerated and accelerated in the
explosions of SNe, through any magnetized interstellariomedan also give rise to a viable

driving force (e.gWiener et al. 2017 Farber et al.2018.

First backbone models of the evolution of large-scale windse developed assuming energy-
conservation (negligible radiation cooling), sphericamsetry and the injection of thermal

energy and mass by an episode of centralized star formatidrihee corresponding release of
thermal energy from SNe. These rates of energy and mass amputanonically expressed

through the net energy rate provided by SNe and the starattwmmrate through two coupling
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constants deemed the thermalizatidiiceency and mass-loading rate. The net energy rate pro-
vided by the SNe explosions, in turn, is usually also exg@shough the star-formation rate
assuming an underlying number of SNe explosions per unisroastars formed and the en-
ergy generated by an individual SN. Moreover, the numberNg 8xplosions can be set to be
a function of the initial mass function (e.Ghevalier and Clegdl985. Such models result in
asymptotic wind velocity at large radii that are only a fuoctof the thermalization féciency
and mass-loading rate. This type of outflow is said to be ‘fzatia” as the expansion of the
wind fluid happens without heat transfer. In the general cdissdiabatic energy-driven out-
flows the rate at which energy is injected in the ambient gddramsformed into bulk motion is
proportional to the mass loss rate that also depend on tleeesqbithe terminal wind velocity as
the energy is somewhaffieiently converted to kinetic one. This naturally leads temeutflow
rates that are proportional to the star-formation rate awdrsely proportional to the square of

the wind terminal velocity (e.dMurray et al, 2005.

In galaxies with sfficiently high star-formation densities the UV radiationnsteing from
(young) massive stars can also perhaps directly exert aghgible pressure on any present
gas and dust clouds (elgall et al, 201Q Murray et al, 2011). Generally, the momentum car-
ried by the photons of a source with a given luminosity is thatinosity divided by the speed of
light. Nevertheless, the pressure exerted by radiatiooti®nly dependent on this momentum,
but also how much of it is coupled to the gas or dust materiabimsideration with a few dis-
tinct regimes of wind dynamics on the basis of this couplitigrggth (e.gMurray et al, 2005
Andrews and Thompsq017).

Models incorporating both SN and radiation feedback comgfited with realistic cooling have
shown that both mechanisms need to act in order to reprodune sf the basic observational
properties of large-scale galactic winds. In galaxies nicggas and undergoing starburst (e.qg.
ULIRGS) the wind driving by the force stemming from radiatipressure on the gas would
be significant. Conversely, the outflows observed in gatawigh lower star-formation rates
and lower ISM densities the thermal energy injection fromesnovae and stellar winds would
more like dominate as a flow-driving mechanism (&Agdrews and Thompsg2011, Hopkins

et al, 2012. In the central starburst region of a wind, whether radiatior thermal-pressure
driven, is likely energy-conserving and expands adiabHyiantil its volume is large enough
such that cooling processes start to dissipate non-nblgigmount of energy. Further outwards,
the wind switches to a regime in which momentum is consermsttad and swept up material

can routinely possess velocities of up+d —2x 10° km st (e.g. Thompson et al.2015ab).
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Observationally, such winds have been shown to be multghmasature (e.d.eroy et al, 2015
Martin-Fernandez et al2016 and have been found to be ubiquitous among both local (e.g.
Cicone et al.2016 and intermediate (e.drubin et al, 2014 or higher redshift galaxies (e.g.
Weiner et al. 2009 Sell et al, 2014 Jones et al2018.

The diferent ISM phases entrained in the outflow are routinely ttagéh a number of dferent
probes. Signatures of out-flowing material have been fonmdany diterent ranges of the elec-
tromagnetic spectrum. These include various absorptigs lin the rest-frame ultraviolet (e.g.
Zhu et al, 2015 Fe Il and Mg Il) and absorption and emission complexes inoghtecal (e.qg.
Concas et al. 2012019 interstellar Na 1158905895 absorption-line doublet and [0]) as
well as infrared to millimeter wavelengths (e$pilker et al, 2018 Fluetsch et a).2019 OH
and CO). Wind velocities measured using thedtedeént proxies depend on the observer line
of sight and morphology of the outflow and can vary fremi00 km s? (e.g.Cazzoli et al.
2016 to ~ 1000 km s? for the lower-mass most powerful starburst galaxies (daytin, 1999.
Different amount of material depending on the ISM phase is beislga by and with these out-
flows. The mass outflow rates reported in some galaxies suthagate of star-formation and
are therefore expected to stifle the star-formation prottesempowers them. Large amounts
of dust produced in and around the outflow-instigating SN raassive stars are usually also
entrained in these galactic winds, however carried outsvatanuch lower velocities (e.bleck-
man and Thompsr2017, for a review). In the more broad cosmological context, xalscale
winds driven by star-formation are believed to be to a large pesponsible for the enrichment
of the interstellar and intergalactic medium with metalgey are also a vital ingredient in ex-
plaining the observed metallicity scaling relations witttie galaxy population (e.dumlinson

et al, 2017 Maiolino and Mannucgi2019 for reviews).

1.2.1.2 Feedback from Active Galactic Nuclei

Supermassive black holes (SMBHSs) are ubiquitously founthécentres of most if not all
galaxies (e.gMagorrian et al.1998 Marleau et al.2013. They often show their presence by
the release of copious amounts of gravitational potentiat@gy as a consequence of the active
infall of material from a surrounding accretion disk. Whemdargoing such an active phase
the SMBHs manifest as an “Active Galactic Nuclei”. A startlaUnified” model for AGN
(Fig. 1.5) was put forward to explain the multipleftérent phenomenological features attributed

to the accretion onto the central SMBA{tonucci 1993. In it, the line of sight an observer has
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Ficure 1.5: Schematic representation of the “Unified” AGN Model. aledition to the usual

AGN structural elements we also show some of the hypotesiggddients that can give rise

to larger-scale AGN-driven galactic winds not in scale. Fhbeale for the main AGN model
components is adopted froBlandford et al(1990.

towards the very central energy generating engine and theatavhich material accrete onto

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

Radiation emitted by the accretion disc illuminates higloeity clouds of gas present at parsec
scales in the immediate surroundings of the SMBH, photaingithem and, therefore, giving
rise to a multitude of characteristic spectral emissioedinGravitationally influenced by the
SMBH these clouds possess very high velocities explainimgexample, the broad Balmer
lines observed in the spectra of Type | AGN galaxies. Theoregurrounding the galactic center
linked to the origin of such broad nebular emission is dulthedbroad-line region(BLR). This
system is lodged in a more optically and possibly somewhatngérically thick dusty torus
spanning a few parsecs in size. It acts to block the direet togvards the central SMBH and its
associated accretion disk along certain lines of sight. él@y some escaping radiation can still
reach the more dynamically relaxed gas present furtherttteaBLR and excite it producing the
notable narrower emission line complexes detected in thetisppof Type Il AGN galaxies. The
region giving rise to such emission lines is called tlagrow line region(NLR) (e.g.Blandford
199Q Netzer 2013. This picture is further complicated by the commonly eksfled existence
of small pc-scale fast winds and outflows traced through yarad UV spectroscopy stemming
from the vicinity of the accretion disk in some of the more poiul AGNs. These outflows
were first detected trough a blue-shifted absorption lingheé X-ray and labelled as ultrafast
outflows (UFOs) and have velocities that can reach 0.3 offibed of light (e.gTombesi et al.
2017). Such black hole winds can be understood to be arising assegaence of the radiation
pressure excreted by the continuum emission of the acoredisk of a SMBH accreating at

rates for which the black hole radiates with power compatiblthe Eddington luminosity, the
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Eddington luminosity is defined as the maximum luminosityhich the force of radiation can
act to oppose the gravitational force). They, therefore, Gary great amounts of momentum
and energy that can be passed to the host galaxies ISMK{agyand Pounds2003. At the zone

of interaction the ISM such UFOs can get abruptly slowed dawnt should form a hot shocks.
Two distinct regimes of further outflow growth can be distirglied on the basis of whether or
not cooling processes occuffieiently (i.e. momentum- or energy- conservation, respely).

On the one hand, in the energy-conserving regime a UFO implaetambient ISM to produce
large propagating hot shocks thdfi@ently maintain thermal energy. The result could be a
large bubble that expands adiabatically and sweeps up 8tegghtaxy ISM in a “snowplow” to
produce fast large-scale outflows in a scenario deemed“iage”. This scenario is somewhat
similar to directly coupling a fraction of the SMBH Eddingttuminosity to launch an energy-
conserving wind $ilk and Rees1998. On the other hand, as these flows evolve they would
more likely naturally reach a scale at which radiative lssseuld become important and they
would transition into a momentum conserving stage. Coatimgld occur moderately fast and
leads to substantial compression ot the shocked gas resiita relatively geometrically narrow
post-shocked region. Owing to the conservation of momeremdithat any thermalised energy
input being radiated away, the post-shocked gas would feetalinpart only a smaller amount
of its energy to the host ISM though ram pressure and the ngeracale wind would maintain

a terminal velocity that would be a function of the origingdFfO momentum injection rate (e.qg.

Zubovas and King2012 King and Pounds2015a for a review).

As previously discussed the majority of the photons in an Ade&emitted at higher frequencies
deeming it unviable that such radiation could directiiyogently couple to the ubiquitously ex-
isting population of electrons in the central galaxy regioHowever, the dust grains embedded
in the gas and coupled to it via electromagnetic forces cmslittad have large enough radiation
cross sections, particularly in the IR, and, therefore eggmce non-negligible radiation pres-
sure fFabian 2012. The magnitude of this pressure has been shown to be sgrdegendent
on the luminosity of the driving source and the optical demththe medium for ultraviolet and
infrared radiation and under favourable conditions sudreefhas been shown to be capable of

driving large-scale outflows powered by the AGN (dglibashi and Fabiar2015.

From a numerical point of view, at least two palpable “modetfeedback from the AGN
have been adopted in contemporary cosmological simukatiOme is the so-called “quasar” or
“radiative” mode when the rate of accreation onto the SMBHigh (close to the Eddington

limit). It is expected that the (cold) gas contents of thetlyzdaxy should be most impacted
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when experiencing such a phase (&ik and Rees1998. The other is dubbed as mechanical
(or also “radio”, “maintenance”, or radio jet) mode. Suckdback is switched on whenever
accretion happens at much lower rate. It is associated hélptesence of a hot galactic halo
and large-scale jets that form as a consequence can capManggr scale bubbles filled with very
hot gas into the surrounding inter-galactic medium (IGMy(&ijacki et al, 2007 Blandford
etal, 2019.

In somewhat massive systems, the energy released whesulpeirmassive black holes accrete
matter can exceed the gravitational binding energy of thest galaxies by several orders of
magnitude. Thus, from a theoretical point of view, energitedback from AGN is thought ca-
pable of disrupting the progress of star formation in sudtesys, through the heating and ejec-
tion of the galaxy’s gas reservoir (efgabian 2012. As such, energetic feedback from active
galactic nuclei is often invoked as a key mechanism for segging star formation in massive
galaxies, where stellar winds and supernovae explosiasiar stticiently energetic to fé-
ciently expel gas from their deep gravitational potentiells/(e.g.Silk and Rees1998. Such
(negative) AGN feedback is frequently incorporated in meaé¢ galaxy formation, to prevent
the overprediction of over-massive systems in the modedshaimg their predicted properties,
like colours, in line with observations (e.Groton et al. 2006 Scannapieco et aR012 Kavi-

raj et al, 2017. From an empirical perspective, the AGN hypothesis isitptalely supported
by the observed correlations between SMBH masses and saglobal physical properties of
their host galaxies (e.g velocity dispersion), which sisgdeat the host galaxy and its SMBH
may grow in lockstep with each other (sE&ng and Pounds2015h for a review). In par-
ticular, energy-driven AGN winds where the energy injectiate scales with the black hole
mass naturally lead to relation that is very close to the eskone (e.gMurray et al, 2005.
Nevertheless, the detailed processes behind this possiel®lution Kormendy and Hp2013
remain unclear, and gaining insight into the impact that $dBan have on the evolution of

their hosts in large statistical samples of galaxies isreggdSchawinski2012).

The clearest examples of host-AGN interaction are argufhlgd in nearby brightest cluster
galaxies. The AGN in these systems have been shown to dejssiamounts of energy into
the surrounding intracluster medium via heating and (npgaec scale) jets both observation-
ally and by means of modelling (e.8inney, 2004 Scannapieco et al2005 English et al.
2014 Gitti et al,, 2012 for a review), which maintain the hot-gas reservoirs irstheystems,

prevent cooling flows and thus suppress star formation Birmney and Tabqrl995 Li et al.,
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2015. In lower-density environments (where the majority ofeyads live), the empirical pic-
ture is much less clear. Direct observational evidence f6NAeedback on galactic scales in
such environments remains sparse. More specifically, vooitBows have been observationally
detected in a number of instances around AGN in various gasgsh most of these detections
have been made in ultra-luminous infrared galaxies or sdrtteecclosest quasar-host galaxies
(e.g.Nyland et al, 2013 Rupke et al.2005h Harrison et al.2014), with only a few examples
where the AGN have been shown to couple with kpc-scale ousftbet are capable of impacting
star-formation on galactic scaleSi¢one et al.2014 Harrison 2017, for a review). Thus, it is
still unclear to what extent the general AGN population dadiiive kpc-scale galactic outflows

capable of possibly limiting or quenching star-formatiarthie local Universe.

Indeed, recent observational work has cast doubt on thigyatfilAGN to directly regulate star
formation in the nearby Universe. For exam@ehawinski et al(2014 found that black hole
accretion occurs preferentially in quenched galaxiesaRperience a rapid decay of their star-
formation rates. Amongst the population of galaxies thestoelay between the peak of star
formation and the onset of AGN activity has been reportedetofoat least several dynamical
timescales (e.gKaviraj et al, 2015h Shabala et gl2017, for radio and e.gSchawinski et aJ.
2007 Kaviraj, 2009 Wild et al., 2010for optical). Consequently, at least radio AGN, couple
mainly to residual gas, at a point where star formation hesady declined and the original gas
reservoir is already significantly depleted (Sarzi et al.2016. Similarly, AGN in general may
not play a significant direct role in regulating their asateil star formation episodes and not
couple directly to the cold-gas reservdiaviraj et al, 2011). A fuller understanding of the role
of AGN in regulating star formation, therefore, demandsradlistudy of whether outflows of
neutral material (which could be ultimately responsibledoenching star formation) are more
likely launched in AGN hosts. Most importantly, a quantitatstatement about the putative
role of AGN in influencing the evolution of their host galaxgquires 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 Acetion

Most generally, galaxies assemble their stellar mass gffir@ither star-formation that exhaust
any existing cold-gas reservoir, mergers, or by some aoaref gas accompanied by a subse-

guent episode of star formation.
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Such gas can be acquired either directly from cosmologieahénts or reaccreted from material
already expelled in a galactic-scale wind (&Kacprzak 2017, for an overview). From a mod-
elling perspective, gas accretion is expected to domiregertass assembly budget of galaxies
(e.g.L'Huillier et al., 2012. Observationally, the imprint of gas accretion from cosygaal
filaments have been successfully inferred using the kinemaf individual planetary nebulae
and globular clusters in some galaxies (€gccato et al.2013. Moreover, the misalignment
of the ionized-gas component with respect to the stellaylmdcsome galaxies is indicative of

past gas accretion events and is not rare &agzi et al.2006 Davis et al, 2017).

For galaxies residing in higher density environments, raesgure stripping (e Gunn and Gott
1972 Brown et al, 2017 Bellhouse et a).2017 and strangulation (e.®eng et al.2015 Maier

et al, 2016 can act to remove cold gas and have been associated witkrthanation of the
process of star formation. Such removal of gas has beentlgidemonstrated in a class of
“jellyfish” galaxies (e.g.Smith et al, 201Q Ebeling et al. 2014 that show long tails of gas
that is being stripped due to its interaction with the (hotyacluster medium. A great deal
of recent progress in understanding the details of how thesgrocesses impact galaxies in-
falling towards the centres of either galaxy clusters ougeohas been made by the GASP survey
(Poggianti et al.2017. The removal of the cold- or molecular- gas “fuel” for starrhation has
been seen to usually happen outside-in leading to truncatiasymmetry in the distribution of
the observed ionized-gas ISM (eRgllhouse et a).2017 Gullieuszik et al.2017 Moretti et al,
2018 primarily through ram pressure stripping. However, batmmpressure and strangulation
in conjunction to galaxy harassment have been shown to atsinaultaneously in a number of
cases (e.grritz et al, 2017. Moreover, it has also been shown that gas in-flows (éugcani

et al, 2018h can occur in such high density environments possibly aiggering the AGN
and its capability of driving outflows (e.gRadovich et al.2019 and star-formation outside of
the main galactic body in a process labeled as a “cosmic wiebreement” (e.gvulcani et al,
20183 2019.

Supplementary to this picture of higher density environtaegalaxies could experience growth
and change in morphology due to mergers (Egnselice 2014 for a review). The dichotomy
between fast and slow rotators in the local universe has Seggested to stem to a high extent
from the diferent merger and star-formation episode$esad by their progenitors (e.Benoyre

et al, 2017 Cappellarj 2016 for a review). In the framework of hierarchicAICDM models
mergers between gas-rich fast-rotator disk galaxies wetdgowards as a means by which

slow-rotator ellipticals can naturally form and in additiexplain the observed faint “tails” and
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“bridges” that have been reported to surround early-typsesys (e.gToomre and Toomre
1972 Toomre 1977 Naab and Burkert2003. More recently, a two-phase formation scheme
for the assembly of (early-type) galaxig@der et al.201Q 2012 had been proposed in which
an initial “in-situ” collapse of cooled gas in dark matteridgbuilds up some of the initial
stellar contents of massive systems in a process resendalitigr proposed formation scenarios
(“monolithic” andor “dissipative” collapse) (e.d=ggen et al.1962 Searle et a).1973 Larson
1975 Carlberg 1984 Kormendy 1989. Then, the growth of more massive systems is largely
driven by a phase of mergers. Recent simulation @g.Lucia et al. 2012 Kaviraj et al,
2015a Martin et al, 2017 and observational (e.@Villiams et al, 2014 Lofthouse et a].2017)
work have shown that minor-to-intermediate mergers and evere strongly major mergers
may not be the dominant mechanism of galaxy stellar growtlhjoMmergers have also been
demonstrated to be capable of shutting down the star-famatocess in local galaxies, albeit
not playing a major part in bringing the population of bluardbrming galaxies into redder

quiescent systems (e\leigel et al, 2017).

1.2.2 Stellar Counter Rotation as a Proxy for Galaxy Assemiy

The kinematic and stellar population properties of locdagias carry the imprint of their for-
mation and evolution histories. Within the local Universest galaxies display rather regular
kinematic appearanc&fajnovic et al, 2008 Cappellarji 2016. However, a fraction of the
local galaxies show some peculiarities in their stellag.(Krajnovic et al, 2011 or gas (e.g.
Sarzi et al.2006 kinematics or both. Often these peculiarities imply uhdeg rotation around
more than one axis (or anti-parallel spin), characterigirgiass of galaxies labelled as “multi-
spin galaxies” Rubin 1994. The observed multiple-spin axes could arise from a nurober
morphologically diferent structures. These range from polar ring or disc strest(e.g. NGC
4650A, lodice et al, 2015 and large-scale counter-rotating discs (e.g. NGC 4&ifEcato
et al, 2013, to kinematically distinct or counter-rotating coresge.NGC 5813,Krajnovic
et al, 2015. The latter population of galaxies with a kinematicallgtaict core (KDC) displays
an abrupt change in the direction of the velocity field accanpd by a large change in the
kinematic position angle. In some of these special casegaibeity of the KDC switches sign
(i.e. the two kinematic components show opposite rotatiamne another) to éierentiate a sub-
class of KDC whose members are specifically defined as haaduagter-rotating cores (CRC).
Another signature of a counter-rotating component is tlesgmce of two symmetric velocity

dispersion peaks along the main rotation axis in a subclassutii-spin galaxies labelled as
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“20" (Krajnovic et al, 2017). “Intrinsic” counter rotation is observed when the ratatioccurs
around the same rotation axis, but involveffatent kinematic components rotating in oppo-
site directions. Conversely, if the (decoupled) compondrave diferent misaligned rotation
axes and their angular momentum vectors simply project@artllel onto the sky plane, the

counter-rotation is deemed to be “apparei@o(sini 2014).

Observationally, a number of disc galaxies (i.e. somedeldis and spirals) have been demon-
strated to possess a truly decoupled kinematic structatectiunter-rotates with respect to the
main stellar body and often has a disc-like morphology (Earcato et a).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 spectroscdpcomposition techniquepccato

et al, 201J), has revealed that the distinct cores of such galaxies are extended embed-
ded components, comprise of younger stellar populationd,ase always accompanied by a
substantial gas reservoir traced by ionized gas emissSiamnéton et al.2013 Pizzella et al.
2014a Mitzkus et al, 20173. Owing to their peculiar nature, galaxies with countdatimg
components have been investigated with the aid of numesicallations. Several fferent
formation scenarios have been proposed and modelled taiexgleir existence. The most
favoured formation channel for such kinematically distioemponents in lenticulars and spi-
rals is the external acquisition of gas as a consequenceas-aah major or minor merger and a
subsequent period of in situ star formati®izzella et al.2004). Detailed numerical modelling
has indeed shown that both gaseous and stellar counteprotain result from a minor-merger
scenario, provided that initially the two progenitors happosite spins and that the gas content
of one of the progenitors is substantially higher than tlidhe other such that the gas accreted
on retrograde orbits is not dissipated and swept up by angxisting gas (e.gBassett et al.
2017. Another channel for the formation of disc-like countetating distinct kinematic com-
ponents is proposed idlgorry et al.(2014. The consequential gas accretion from two distinct
large-scale cosmological filaments under a very specifitadpaonfiguration in their zoom-in
cosmological simulation naturally forms a population oficter-rotating stars implanted within
the host galaxyEvans and Colletf1994) also suggested that counter-rotating stellar discs can
form through the internal separatrix crossing mechanisne dhange from elliptical to circular
disc (e.g. through the disbandment of a bar structure imai&li halo) shifts some stars, initially
moving on box orbits across the separatrix to tube orbi@pisiy two co-rotating and counter-
rotating stellar populations. Another mechanism that wadqgrward to explain the formation

of two counter-rotating discs is the (near) coplanar majerger of two opposite spin spirals
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(e.g.Puerari and PfennigeR001;, Crocker et al.2009. In such a merger the resultant pro-
grade rotating stellar disc becomes “heated” more thandtiegrade one to naturally explain
the kinematic structure of galaxies similar to NGC 4560dcker et al.2009. The situation is
even more complicated with regards to ellipticals. Kindoadlty distinct cores have long been
known to occur frequently in the centres of elliptical gad¢ex(e.g.Bender 1988. Generally,
distinct kinematic features can be the tell-tale signs ftivee intrinsically more centrally con-
centrated embedded small components, or just “tip-ofitberg” indication of more extended
kinematic structures. Neverthelessd¢cDermid et al.(2006 reported a dichotomy in the KDCs
found within massive ellipticals. The elliptical slow rt@as mainly host more extended KDCs
(on kiloparsec scales) with stellar populations with agesgarable to that of the stars within
the main galaxy body. Conversely, the more centrally comated KDCs (of a few hundred
parsecs) usually have noticeably younger stellar pouatand are predominantly found in
fast-rotating galaxies. The KDCs in massive ellipticalsildcalso be a mere projectiorifect.
The (weak) triaxial nature of some of these galaxi@agpellari et al.2007) allows them to
support multiple types of éierent orbit families (e.gdle Zeeuw and Fran®991) and therefore
viewed from a diferent vantage point these can appear to possess a KDC, itliggtsated in

Statler(1991).

A lot of effort from a simulation standpoint has also been focused tisvanderstanding the
nature of the kinematically distinct components within monassive ellipticals. Ever since
their first detection these KDCs have been suggested to b&ghature of a past merger (e.g.
Kormendy 1984 Balcells and Quinn1990. Indeed,Hoffman et al.(2010 proposed that a
merger event involving progenitors harbouring a non-mggle gas reservoir~ 20%) can fre-
qguently result in elliptical galaxies that exhibit a KDC wa#goproperties resemble that of a
faster- (counter-) rotating embedded didBois et al.(2011) performed another comprehen-
sive set of high-resolution merger simulations with vasitnitial progenitor mass ratios. Their
results showed that the remnants of a merger between twal ggitaxies with opposite spin
would resemble slow rotators. Furthermore, the remnantddaaften harbour a central KDC,
although these simulations did not manage to reproducé@lbbserved morphological and
kinematic properties of the massive elliptical galaxieg pathe ATLASP survey Cappellari

et al, 2011). Moreover, KDCs need not be just a consequence of a merggppsite spin
galaxies. The reactive force stemming from the substamizs loss in the merger process can
act to naturally place gas or stars, or both, on retrograbésoand conspire to form a KDC

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

younger) KDC in a high-resolution equal-mass-merger satnuh with specific emphasis on the
KDC stability. Perhaps surprisingly, they discovered @hath structures could be semi-stable
for about 3 Gyr and highly dynamic, undergoing global gyomsc precession, before being

gradually dissolved and dispersed within a few gigayears.

1.3 Aims

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

evolution. It comprises of three works outlined in threetgar

In Chap.4 of this thesis we study the interstellar N&1589Q 5895 absorption-line doublet in a
large sample of 9900 nearby Seyfert 2 galaxies. We aim to quantify the siganiice of optical,

unobscured AGN activity in driving kpc-scale outflows thaha@uench star formation. To that
extent, we have devised a carefully matched sampte 44,000 control objects that match our

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

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

distinct components NGC 448 and NGC 4365. Guided by intdigglal spectroscopic obser-
vations we would show that these objects are veffergnt in their structure and formation.
We have measured the brightness profiles, kinematics, afidrqtopulation properties of the
peculiar kinematic structures in these galaxies and slyatidin their true nature and formation

mechanism.

Chaptel6 provides a follow-up investigation on our ability to traaddatgas using the interstellar
Nar 1158905895 absorption-line doublet and also focuses on some girtherties of galax-
ies with kinematically distinct components in two sampleawh from a large integral-field

spectroscopic survey.
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Methodology

2.1 Galactic Spectra

The optical spectra of most galaxies is predominately dubegaombination of an underlying

stellar continuum with a multitude of absorption and, in gorases, emission lines, tracing the
presence of ionized gas, possibly further and altogethetuhated by the dust reddening along
the observer line of sight. Additionally, we sometimes obsehe ionised-gas emission and
non-thermal continuum associated to the presence of aetaggcentral supermassive black
hole. Finally, interstellar material could also lead to iiddal absorption features. Each of
these constituents provides complimentary informatiantlie physical properties of the host
galaxy and, therefore, successfully decoupling their rilution to the spectra is vital for our

study of galaxies.

Figure2.1shows a selection of galactic spectra drawn from the SlogitdDiSky Survey, which
offers a panoramic view of the nearby galaxy popoulation wighiedshift of z< 0.2. Most of
the galaxies in the nearby Universe show either extremelkveg no emission lines in their
optical spectra (e.@drinchmann et a).2004h Oh et al, 2011). Therefore, they were labelled as
eitherpassiveor quiescent Their spectra (bottom in black of Fig.1) is primarily characterized
by the some well-known strong absorption lines (e.g. Ca lind K, Mg b, and NaD), origi-
nating mostly within the stellar atmospheres of their cibmsit stars with highest contribution
credited to older stars (mainly, cooler K and F main sequstars) (e.gHamilton 1985 Rose

1985. The cumulative fect of some strong ionized metal absorption lines displayethe

24
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Ficure 2.1: Example Sloan Digital Sky Survey galaxy spectra. Fromtb bottom: Typical
spectrum of a galaxy with very young stellar population (dzated by O- and B-type stars) in
dark blue. Representative spectra (in green) of a youniguspapulation (A-type stars). Note
the strong Balmer emission lines present in the spectratbfdfdhese star-formaing galaxies.
Shown in red is an archetypal spectra of a broad-line Seyfgalaxy. Emphasis should be put
on the presence of nonthermal continuum in the blue paredplectra and the pronounced very
high full-width-at-half-maximum (FWHM> 800 km s?) of the Hx line. Exemplary Seyfert

2 spectra (light blue). Atention should be paid to the notadtfong [O I1I] nebular lines.
lllustrative low-ionization nuclear region orftlise ionized gas (LIER) spectra (in magenta)
with older stellar population. Quintessential spectrab{ack) of an old-age quiescent galaxy.
Vertical lines deliminate the positions of some pronounabsiorption and emission spectral

lines.
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old stars accumulated through the star-formation histérsuch systems dominates the spec-
tral region around 4000 A to form a break in the spectral contin (e.g.Balogh et al, 1999
D4000). The larger fraction of light these galaxies emimnishie redder part of the spectrum.
The remaining population of galaxies show the presenceguifiiant interstellar medium in

the form of ionized gas.

A small fraction of galaxies possess strong ionized-gas&on where the forbidden [@] 25007
and [N 11116583 lines are much stronger than the Balmgratd Hr respectively (Fig2.1
shown in light blue and red) which is a clear sign that the I$SMhese systems is ionized
from the presence of an AGN. So-called type | AGNs also displasecond set of broad-
line Balmer series emission-line components with dislynbigh full-width-at-half-maximum
(FWHM > 800 km s1). Within these systems the broad-line emission is alsorapemied by
a featureless blue continuum, observed both in the optitdlld/ and therefore giving rise to
the peculiar steep gradient from the blue to the red part @fsffectrum, that arises from the
emission of the accretion disk (i.e. optically thick actrgtmatter) around the supermassive
blackhole powering the central active galaxy engine (digheny et al.200]). In Fig. 2.1 we
show examples of Seyfert type 2 and 1 AGNs which are genetfadiybrightest, albeit rarest

manifestation of AGN activity.

On the other hand, most systems with nebular emission havegsr Hr and H3 emission
with respect to [NI1]16583 and [O111]25007 (in green and dark blue in Fig.1) and also
display strong Balmer absorption lines and generally biueral colors. Such features are
indicative of the presence of ongoing star formation andutegbemission originating in H Il
regions surrounding the youngest and most massive ste28 Myr Kennicutt 19983. If star
formation is not sustained the spectra of such galaxiespsa@®d to undergo passive evolution
with massive stars and their associated H Il regions quidibappearing (e.gSmith et al,

2002h Sanchez et al2012.

A further subclass of emission-line galaxies show weakéulae emission with abundant for-
bidden lines (in purple in Fig.1). Large fraction of these galaxies have nebular emissitinda
in the so-called category of low ionization nuclear regi@ideckman 1980 LINER), and occur
generally in objects dominated by old- and intermediate-stgllar population as signalled for
instance by the absence of strong Balmer absorption lingsGi&l Fernandes et aR004). The
origin of the LINER emission could be due to a number of sosi(¢av-luminosity AGN, hot

evolved stars, shocks) and is not fully understood (day.2008 for a review).
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Finally, not shown in Fig2.1there exists another category of galaxy spectra (calletitran

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

H Il regions. Because of to the limited spatial resolutioroof observations sometimes we can
happen to observe both the central active regions of a gaaid circum-nuclear star-forming

regions.

2.2 Fitting Galaxy Spectra

For the purpose of this thesis we are interested in detengiboth the stellar population con-
tent (Chap.5) and the presence of interstellar-gas absorption in ogetagalaxies (Chap)

on the one hand looking, in particular, for evidence of ddtistellar population with dierent
kinematics and stellar properties (e.g. age and metgljaind on the other hand, for the pres-
ence of in-flowing and out-flowing gas. Furthermore, we wawed to place these results in
the context of the type of nebular activity present in ougeéamgalaxies (e.g. finding evidence
for outflows driven by AGN activity). To achieve these goals will avail ourselves of ded-
icated tools allowing to fit the observed spectra and ropwssparate their nebular and stellar
components while also extracting the stellar and gas kitiesng@P XF,GandALF, or kinematic
decomposition sections). For the purpose of fitting thdastebntinuum we will need to use
physically motivated models and specifically various sétsirgle-age stellar population mod-
els. On the other hand, nebular emission will be simply attaresed by a series of Gaussian
functions and, through the use of a diagnostic diagram &e&,2.2.4), the relative strength of
the various emission lines will lead to classification of tieserved nebular activity and to link
it to the most likely source of ionization (e.g. AGN vs. starmation). Subtracting the nebular
emission from the galaxy spectra will then allow to corngdatiterpret the strength of various
stellar absorption lines and therefore infer the meanastplbpulation properties (see, Sez6

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

interstellar absorption lines (e.g. due to neutral Sodiisnwssed in Seck.2.7).

2.2.1 Simple Stellar Populations

The ability to conduct accurate inference on the propedfasnresolved extra-galactic stellar
population through integrated spectra is conditional @dbcuracy of any adopted stellar or

simple synthetic stellar population models. Most ofteestghmodels are constructed assuming
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Ficure 2.2: The basic ingridients in assembling a simple stellgaubation model. Left panel:

Isocrones at a few tferent ages taken froi@irardi et al.(2000. Middle panel: Example

spectra from th&anchez-Blazquez et 42006 MILES) empirical stellar library. Right panel:

The most commonly used formulations of the initial mass fiomcof Salpete (1955, Kroupa
(2001, andChabrier(2003

an underlying initial mass function (IMF), a set of stellaokition tracks (isochrones), and a
library of stellar spectra (e.gValcher et al.2011, Conroy, 2013 for a reviews). Such techniques

have been labeled &ochrone synthesimodelling.

First, a choice is made on the birth mass distribution of Bastpopulation. The IMF has been
originally introduced bysalpete 1955 as means by which one can describe the relative number
of stars with respect to their mass. In its simplest most c@ab form it is a power law with

a given index (logarithmic slopd; ~ 1.35 for the case of &alpeter(1955 IMF). However,
prompted by some observations within our Galaxy some otirers have also been put forward
(e.g.Kroupg 2001 Chabrier 2003. In particular, these later works report a deficiency in the
number of stars with masses lesser thaNd in the Solar neighbourhood in comparison to
Salpeter IMF (right panel of Fig2.2). Even though, the universality and exact shape of the
IMF have been recently questioned (eLgubenova et a).2016 Sarzi et al. 20180 Martin-
Navarro et al. 2019 no strong clear observational evidence for a large sydtenaariation

exists Bastian et al.201Q for a review).

Having selected a set of appropriate masses with which thelaion is generated the subse-
guent evolution of these stars is then taken into accourd.lifdicycle of stars is primarily dic-
tated by their initial masses and to a lesser degree theérlyinly chemical composition. Stars
of different masses can undergo through a variety of evolutionaaggs (e.g. main sequence,
thermally pulsating asymptotic giant branch, red giantbha or helium burning). Contempo-
rary stellar evolution theory allows for the adequate cotaton of evolutionary models (e.g.
Hidalgo et al, 2018 that include all stellar evolutionary stages and majoraades have been

made in generating tables of theoretical stellar evolatipriracks and isocrones (e.g. left panel
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of Fig. 2.2 encompassing a wide range of masses and chemical coropssit.g.Yi et al.,

200% Bressan et al2012 Choi et al, 2016.

Lastly, the stellar evolution output (e.@etf, surface gravity, metallicity) needs to be converted
to an observable spectral energy distribution (SED). Thisversion is performed by drawing
spectra from a stellar spectral library. Most generallghslibraries are based either on theoret-
ical models of stellar atmospheres or have been compiled @sset of observed standard stars
(empirical libraries). Theoretical spectral librariesy@Vestera et al2002 Munari et al, 2005
BaSel and SYNTHE libraries, respectively) have the adwgntd covering much larger ranges
of stellar parameters and possess broad wavelength cevetagthe other hand, empirical li-
braries (e.gSanchez-Blazquez et 22006 Prugniel and Soubirai2001 MILES and ELODIE,
respectively) are more limited in their coverage, but aredependent on the intricate physics

needed to perform the theoretical calculations.

With such complexity in the construction of simple singlellstr population (SSP) models at
hand perhaps it is surprising to find that most of the popukillas population models achieve
excellent spectral fit in the optical part of the spectra agnmost representative galaxies types.
Furthermore, in most cases the subtleties in regards tdthieecof stellar evolution tracks seem
to not have a very pronounceffect on the ability of SSP models to represent real galaxytspec

(e.g.Chen et al. 201QaGe et al. 2019however, also sedan and Han 2019

In particular, in this thesis we would adopt three sets disstenodel “templates” in our analysis.
In our Chapted we have made extensive use of fremonti et al(2004 models. To derive the
properties of the stellar population in Chapfawe have taken advantage of theomas et al.

(2011 models and to extract the kinematics and spectra we hadghséhe Medium resolution

INT Library of Empirical Spectra (MILES) models.

2.2.1.1 The Tremonti et al. Stellar Population Synthesis Mdels

Tremonti et al.(2009 devised a set of stellar population templates coveringvtaeelength
range between 3200 A and 9300 A with a resolution (FWHM & A) specifically tailored to
fitting spectra from the Sloan Digital Sky survey. The grodpgted theBruzual and Charlot
(2003 simple stellar population models and refined them to ceptoore complicated multi-
starburst star-formation history for tenfl@irent 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 metalliciig$s , 1, and 2.%2).



Chapter 2Methodology 30

2.2.1.2 The Medium resolution INT Library of Empirical Spectra Stellar Population
Synthesis Models

The Medium resolution INT Library of Empirical Spectra (MES) modelsVazdekis et al.
(2010; Falcon-Barroso et a{2011); Vazdekis et al(2012 2015; Rock et al.(2016; Vazdekis
et al. (2016 are a set of SSP models based on an assembly of empiridal $italaries. At
their most broad wavelength coverage the models span theleveth rangel11680— 50000

A and cover metallicities in betweenl.79 < [M/H] < +0.26 with ages starting at 30 Myr. In
the ultraviolet range some of these models utilise the Nextggation Spectral LibraryGregg

et al, 2006. The optical part of the spectra is based on the core MILE®ations with some
extension by the Indo-U.S. stellar libraryaldes et al.2004). Towards redder wavelengths and
in particular in the CaT region these models draw on the Clarfily spectra@enarro et al.
2001 with the further infrared extent making use of the Infrafiedescope 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 abance ratio ({/Fe]) and the multiple

different IMF they have been constructed with.

2.2.1.3 The Thomas et al. stellar population synthesis molie

The simple stellar population models Bhomas et al(201]) are based on a re-calibration of
the MILES stellar library. The basis for their synthesis he Maraston(2005 code. They
cover an extended range @f elemental abundancen([F€]=-0.3, 0.0, 0.3, and 0.5 dex) and a
multitude of further single elemental abundance for C, N, Mg, Si, Ca, and Ti. A big novelty
of these models is that they also provide the error estintated! widely excepted line-strength
indices for each set of models and stellar parameters. Esetimodels the Lick absorption-line
strengths were estimated through an empirical calibrgpi@cedure involving the change of
index strengths with respect to the corresponding provateliar parameters (i.€l¢¢+, l0gQ,
and [Fe/H]). The construction of such relations involves fitting a rabgk.g. polynomial) and
is therefore they are labelled “fitting functions”. Such dtions allow for some interpolation
into regions of the parameter space of stellar propertiasrttight not be so well represented
in the empirical stellar library. As an intrinsic advantagsditting function is assigned to each
absorption-line index and, therefore, can be more easiiged as an input for stellar synthesis
codes. Moreover, by performing a set of Monte Carlo simarfegtiwhere both the line-strength

indices and stellar parameters are perturbed (accorditigeterrors on the stellar parameters
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as of the empirical library) the fitting functions can be w&leated and folded back into the
stellar population synthesis code to put a constraint orsthgstical errors on the population
Lick absorption-line strengths. Then, by assuming thelt@supopulation line-strength indices,
ages, metallicities, and| Fe€] ratios should be normally distributed and the associapedagls

(standard deviations) in the obtained values are assuneitdormative 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 abisomdines

in Virgo Nebula (NGC 4594) imply the presence of some rotatloater, drawing on technolog-
ical developments more advanced techniques were proposgantify and measure the extent
of such rotation (e.gSimkin, 1974. Many diferent methods have been developed to extract the
line-of-sight velocity distribution (LOSVD) of the stell@ontent of galaxies from an observed
spectra (e.gTonry and Davis1979 1981, Rix and White 19923 with some of these methods
also developing the ability to simultaneously extract ttedla population content of the target

galaxies.

Throughout this work we have used tBappellari and Emselleif2004); Cappellari(2017) Pe-
nalized Pixel-Fitting (pPXF) to match the galaxy stellanttouum and estimate the LOSVD,
where the latter is described in terms of a velocity, velodispersion, and the higher “mo-
ment”h3 andh4 codficients (i.e. the Gauss-Hermite parametrizatran der Marel and Franx
(1993). This method draws on the comparison in pixel space of ealily combined set of
selected “templates” that are subsequently convolved thighmodel LOSVD to best match
the observed galaxy spectrum. The linear combination oftdraplates” is built through the
Bounded-Variables Least Squares (BVLS) algorithrawison and Hansgri974 and the rest
of the non-linear parameters are inferred by the widelyizatil MPFIT library (Markwardt
20093. To combat any potential imperfections in either the skytaction or spectral calibra-
tion pPXF allows for the addition of multiplicative Legerdpolynomials of a selected order.
Even though existing state-of-the-art spectral stellanalies and population synthesis models
provide a satisfactory basis to facilitate undergoing stigations into the properties of galaxies
they are not devoid of all flaws (e.Ge et al, 2019 Conroy, 2013 see for a review). To that ex-
tent, pPXF also allows for the insertion of additive Legenplolynomials of a given order. These

act to change the strength of individual absorption lineiwithe constructed model spectrum
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Ficure 2.3: An exampleGandALFfit to Sloan Digital Sky Survey spectra. Top panel: The

SDSS spectrum in black with the best-fitting model includemission lines in red and to

the stellar contunuum in dash-dotted green. Residualshangrsas black points. All fitted

emission lines are displayed in blue. The horizontal dashediesignates the one sigma level

of the residual. Bottom panels: Zoom-in sections of the spearound regions of interest
around the stronger emission lines.

and, therefore, limit the potential mismatch (“templatesmatch”) between the selected set of

“templates” and the observed spectra.

Even though pPXF allows for multiple component LOSVD assijio diferent stellar popula-
tion mix for the purpose of separating counter-rotatindglate@opulations in Chaptes a more

dedicated routine was adopted (see sedi@n?).

2.2.3 The Gas and Absorption Line Fitting Algorithm

To adequately account for any emission lines present ingbetsa we have used the Gas AND
emission Line Fitting GandALRF Sarzi et al.(2006 method. Figure2.3 shows an example
GandALFfit to a spectra. The procedure adopts the LOSVD extractedPFpbut also con-
structs a further set of Gaussian emission-line “templatesddition to the stellar “templates”.
Single Gaussian is used in the case of single emission lags [Hel] 15875.60). For more
complicated emission-line species (i.e. doublets or thigecBalmer series) a set of Gaussians

is constructed to reflect the intrinsic relative strengttheflines constrained by atomic physics.
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Next, similar to pPXF the stellar “templates” are broadebd prior extracted LOSVD and lin-
early combined utilizing BVLS to simultaneously find the beembination of emission-line and
stellar, convolved with the given LOSVD, “templates” whiieratively (non-linearly using/P-
FIT) seeking to infer the gaseous kinematics (i.e. the vekxcdind velocity dispersions of the
Gaussian line profiles) that best match the observed spatfith such a robust methodology,
provided satisfactory spectral calibration, quality oé tfit, and knowledge of the foreground
Galactic extinctionGandALFcan also successfully recover the extent by which both #le st
lar continuum and gaseous emission are modulated by theghlzsty dust contentGh et al,
2011). GandALFincludes a model for two simple dust screen components ctigitethe host
galaxy reddening. Th€alzetti et al.(2000 dust model is adopted for both components with
one of them #ecting the entirety of the spectrum, while the other onlyrikbular emission.
Corresponding best-fitting(B — V) values are non-linearly solved for simultaneously wité th
emission-line kinematics. Such a process, in compariseimiply masking the emission lines,
improves the overall quality of the fit. Having a model for le@&enission line allows us to safely
place our spectra on the BPT diagnostic diagram and lastydiueast, is informative of any

interstellar dust contents.

2.2.4 The Emission-line Diagnostic Diagram

Some galaxies display a myriad of emission lines. Theselaelies originate from the transi-
tions of excited ions and atoms within the interstellar medi They encode valuable informa-
tion for the physical conditions (e.g. temperature, presson abundances) of their gas source.
The most relevant sources of gas excitation in the contegaltzictic ISM includes the ioniza-
tion ultra-violet radiation released by young massivessarn in a recent star-forming episode,

active galactic nuclei, and shockagterbrock and Ferlan@006 for a detailed treathment).

Stars are born from interstellar matter in cloud complekes indergo gravitational collapse in

a process that involves the interplay of complex macro- amianphysics. A non-negligible
fraction of these stars posses high masse$7M), have very high surface temperatures (
25x 10°K) and, therefore, produce copious amounts of ultraviolettqis (for a review see
McKee and Ostriker2007). These photons transfer energy to the surrounding ISM aned ¢
spire to create a region, wherefdirent atomic processes lead to the generation of ionized-ga

emission, deemed as a nebula. Within such regions ubiguitotdydrogen (H) the photons
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Ficure 2.4: The most commonly adopted [N H$583Ha versus [O 111]15007Hg optical
(BPT) diagnostic diagram for the Sloan Digital Sky Survelagees with detected nebular emis-
sion (i.e. with AN > 3 in all four lines) analysed as part of t@d et al.(2011) value-added cat-
alog. The dashed green, solid blue, and dash-dotted oraregeshow the boundaries between
objects with star-forming (SF), composite(transit, TOgyfert, and LINERLIER emission
from Kewley et al. (2001), Katimann et al. (2003), and Schawinski et al. (2007), respec-
tively. Notice a cloud of of points rightwards of the starifing abundance sequence. These
objects were properly treathed®h 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 edt)apsorbed with all residual en-
ergy passed to the freshly unbound photoelectron. Throlegiren-electron or electron-ion

collisions the nebula strives to redistribute the newlyuliegl energy and retain a Maxwellian
velocity distribution with a particular equilibrium temyagure. These collisions are in the root of
some of the nebula‘’s most prominent emission lines. Hisadlgi, most of these lines of gaseous
nebulae were labeled as “forbidden” (i.e. they occur evespitie the parity selection rule). They
are emitted by collisionally excited ions (e.@*, O"*, andN™*) that may not be highly abun-

dant, but have low energy levels that are quite close to tbhargr one (i.e. low-lying energy
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levels). Similarly, photoionization and electron recaptaompete to balance. The number of
high energy photons, capable of phoionization, is propodi to the temperature and dependent
on the shape (hardness) of the spectral energy distribgti@m by the excitation source. The
process of recapturing an electron can result in an excited.sThese excited states then sub-
sequently decay to lower and lower energy levels eventuadghing ground state in a process
called recombination. Each electron jump from a higherlleva lower one involves the emis-
sion of a photon with a specific energy leading to the produactif the well-known H | Balmer
and Paschen emission line series. In the case of opticatlyribdium (low density limit, Case
B recombination) the intensities of these lines can be thireomputed from atomic physics
assuming an electron density and temperatu@stgrbrock and Ferlan@00§. Massive (or
hot) stars or regions of star formation are not the only fssienesis of ionization in regards
to extra-galactic objects. Another means by which the gserveir could gain energy and get
excited is the presence of an active galactic nucleus. @ggagcretion onto the SMBH should
result in the emission of copious amounts of very high engfggtons extending from the UV
to X-rays surpassing the energy budget available in stanifig regions and other gaseous neb-
ulae. Even though the exact spectral shape of the ionizingce@r the geometry of the system
of emitters in that particular case is still under debatesolagions (e.gkraemer and Crenshaw
200Q Kraemer et al.2009 and theoretical modelling (e.¢allman and Bautista2001) have
demonstrated that in the vicinity of an AGN, collisionallyc#ed forbidden emission lines need
be boosted as the high energy output would keep very higlrefetemperature with abundance
of ionization photons (e.doratkar, 1999 Groves 2007, for reviews). Moreover, either slow
(Allen et al, 2008 or fast shocksQopita et al, 2018 could also serve as excitation for the
ISM resulting in the emission of a multitude of nebular lindghe Baldwin—Phillips—Terlevich
(BPT) Baldwin et al, 1981 diagrams are one of the most widely adopted excitationndisiic
diagrams. One particular variation is based on the ratidhe&trong ([Ol11] 15007, H3, Ha,
and [N11]126583) emission lines. These were chosen such that theirlevegtes are in the op-
tical spectral domain for the nearby Universe and the lihas define the ratios [@I] 25007
and HB against [N11]116583 and H are close enough in wavelength such that no correction
due to reddening need be applied. Generally, these iooizéities of diferent species trace
particular zones of an underlying nebula, owing to thefifedent ionization potentials. In par-
ticular, for a nebula of given elemental abundance arisiomfeither an assembly of hot stars
or a star-forming region the number of photons capable akiog Oxygen depends on ratio
of the local ionizing photon flux and the local hydrogen din§ie. ionization parameter) and

the dfective temperature of the ionizing source as to a first-oaggaroximation the spectral
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energy distribution of most stars is that of a blackbody. réfae, the fraction of single ionized
Oxygen ions is expected to decrease with decreasing icmzétctor and source temperature.
Consequently, the size of the zone where double ionized &xyans O**) could exist would

also shrink yielding lower total [@1] 15007 emission.

On the other hand, for a source with identiciketive temperature, a decrease in the ionization
factor would lead to the formation of a progressively largene where singly ionized species
such as\N* would be ubiquitously found, until it completely overlap#tthe already present
ionizedH™* zone. Furthermore, naturally, an increase in tfieative temperature of the ioniza-
tion source would raise the fraction of available highesrgyg photons and would act to enlarge
the size of the partially ionized zon¥dilleux and Osterbrockl987. It has also been argued
extensively that theféective temperature of the ionizing source of a nebulae rmaigig from
regions of star-formation does not vary significantly, mgtéad there exists an observed anti-
correlation between the ionization parameter and stelktaliicity of an underlying ionization
stellar population. The stellar atmospheres of stars oétawetallicities would show less pro-
nounced line absorption in conjunction to having highelization parameter. Therefore, an
increase in ultraviolet photons would lead to the formatbma largerO™* zone and a smaller
N* one. Such a change in the ionizing structure of the nebulddvmecur at high ionization
factor values and, therefore, lower than solar stellar apheric metallicities pushing the ratio
of [O 111145007Hg to increase and, on the contrary, [N16583Ha to decrease. At low ion-
ization factors these line ratios change the opposite \Eagr{s and Dopital985 Dopita and
Evans 1986.

In contrast to nebulae from hot young stars within star-fagrgalaxies, nebulae originating
from an ionizing source with more ubiquitous X-ray photoagy( “harder” sources like AGN)
posses a very high ionization area in proximity to the soargé a much larger zone of partial
ionization, as highly energetic photons can penetrate wahmatedeep into any nearby medium.
Within this partially ionized area the ionization statusidferent atoms and ions can vary. Such
regions would generally also hold a fraction of single i@aid (i.e.N*), but is not the dominant
Nitrogen state, and a portion of hot free electrons. Ovevath decreasing ionization factor a
high-ionization line such as [@ ] 45007 would decrease in strength, whereas a lower-ionizatio

line (e.g. [NI1]116583) increases in strength.

The intensities of the [NI] 216583 lines within partially ionized regions, however, axpected

to be larger with respect todlin the case of AGNs in comparison to star-forming galaxies as
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collisional excitation in the presence of such hot freeteters boosts [NI] 16583 emission in
nebulae, where such extended partly ionized zones arenprdsSerthermore, enhancement in
the strength of the [NI] 16583 line strength has also been traced to abnormally higlodén
elemental abundances within the central regions of gadawieh an AGN (e.gHamann and
Ferland 1999 for a review). On the other hand, double ioniz8d" ions are produced in the
presence of high energy UV photons and are expected to bwastiby present predominantly
in the very inner regions of the nebulae close to the ioromasiource. There, the relatively
larger numbers of photons of the “hard” ionization soured ttan double ionize Oxygen would
also generally conspire to bring the [D] A5007HA ratio in the case of AGN comparable to the
one of highly excited star-forming regions (i.e. eithertwitigher ionization factors or higher

effective source temperature or bothg{lleux and Osterbrogkl987).

Therefore, within the BPT diagram the [@] A5007H3 ratio is a good indicator for the mean
level of ionization and the temperature within the emittmgdium, whereas [N] 16583Ha is

also quite sensitive to its metallicity. As previously rehtéhe fact that most local galaxies with
an AGN with only some very small exceptions appear to shoardolsupersolar ISM central
metallicities (e.gGroves et al.2006 further enhances the separation between star-forming and
other (like AGN) ionization mechanism&éwley et al, 2019 for a review). An example of
such a BPT diagram for all of th®h et al.(201]) value-added catalogue of SDSS galaxies is
shown in Fig.2.4. Using empirical and theoretical considerations the @agcan be shown to

contain at least four separate regions.

On the basis of a large sample of SDSS speaatfmann et al(2003 derived an empirical
relation (blue line in Fig2.4) that isolate galaxies where the ionization of the ISM gaere
voir originates purely from star-formation. Within thisrdarcation the galaxies form a tight
sequence (dubbed tlstar-forming abundance sequend¥). Its position and extenKéwley
et al, 2013 on the BPT diagram is primarily dictated by the expectedligras and spread in
metallicity of the ISM contents of the host galaxies (8glfiore et al, 2017 D’Eugenio et al.
2018. The region bounded by th€auffmann et al(2003 and the theoretically derivemhaxi-
mum starburst linef Kewley et al.(200J)(green dashed line in Fig.4) is commonly referred
to as thecompositg CO) ortransitionregion (TO). It sits on the root of the other “wing” of this
BPT diagram dubbed thmixing sequenceThe section demarcated by tdewley et al.(200])
and Schawinski et al(2007) (orange dashed-dotted line in Fg.4) lines hosts galaxies with
LINER or its non-AGN equivalent (LIER). Most commonly sucimission is ascribed to either

a low ionization nuclear region associated to low-lumihoAGN (e.g.Hernandez-Garcia et al.



Chapter 2Methodology 38

2016 Ho, 2008 for a review), the substantial residence of hot evolvedssm.g.Sarzi et al.
201Q Singh et al.2013 Belfiore et al, 2016 LIER), or shocksRich et al, 2014 2015 Alatalo
etal, 2016. All systems laying above th&chawinski et al(2007 andKewley et al.(2007) dis-
tinction lines are most likely Seyfert galaxies (SY). We \balso like to note the disconnected
cloud of points sitting to the left of the star-forming seqoe. These systems show anomalous
emission line ratios due to an over-imposed broad-lineoredh et al, 2015 a signature for

an underlying AGN.

2.2.5 Stellar Population Properties via Line-strength Fiting

Obtaining the stellar population properties on the basigtefgrated galaxy spectra has been
a long-lasting endeavour in extra-galactic astrophydi¢any different methods have been de-
veloped to recover a given host galaxy stellar populatianfsirmation history (e.g. equivalent
simple stellar population age) and chemical propertieg. (enetallicity and alpha-elemental
abundance). Many fierent methods have been developed for this purpose ramgingtfhiose
that aim to estimate a mass or luminosity-weighted stelig, anetallicity or other chemical
properties (e.g. the abundance of alpha elements) to tinageattempt to reconstruct star-
formation or chemical evolution history. These techniquesld draw, either from the fit to
the entire spectrum (e.@cvirk et al, 2006 Cappellarj 2017 Wilkinson et al, 2017, by in-
terpreting the strength of a selected set of absorptiors ljeey.Worthey et al. 1994, or fitting
only broadband data (e.beja et al, 2017).

The spectral decomposition (see S@2.6 we have adopted in modelling the individual contri-
bution of each kinematic component of our galaxies with ¢eurotation allows also to obtain
for each component a model consisting of the best linear gwatibn of SSP templates. In this
case, the most robust way to estimate the properties of thedwnter-rotating stellar popula-
tions is to draw from the observed line strengths of thesefiigag templates in order to obtain
luminosity weighted average age, metallicitZ (H]) and alpha-element abundance [ €]).
More specifically we have applied the methodologyMurelli et al. (2008 further improved
in Coccato et al(2011) where the observed line strengths are matched to the oma&isedt by
extrapolation of a fine grid of SSP models. This permits usferithe age, metallicity, and
alpha-element abundance. The method itself is basddedrert et al.(2003 where the best-

fitting combination of stellar population parameters isrekead for iteratively on a grid. This
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grid is further refined by linearly interpolating betweer fbrior points of the stellar popula-
tion parameters and the corresponding model line strengitisthe model line strength values

match the observed ones within the measurement errors.

2.2.6 The Spectral Decomposition Technique

The spectral decomposition techniq@ogcato et a).2011) allows for the robust separation of
any spectrum consisting of two pronouncedly distinct (eaunter-rotating) kinematic compo-
nents. This method disentangles the contribution of eaamponent to the spectra by taking
advantage of the characteristic spectral imprint (e.gumasetric or double trough line pro-
files) such a spectrum displays. This decomposition tecienig based on pPXF, but instead
of using the Gauss-Hermite parametrization for the LOSVisés two separate Gaussian line-
of-sight velocity distribution functions for both stelleomponents. Naturally, it also separately
constructs two unique sets of linearly (using BVLS) comdiseellar “templates” that get con-
volved with their corresponding Gaussian LOSVDs. Theirapzeters (velocity and velocity
dispersion) and the light fraction contributed by each ef tomponents are also non-linearly
optimized for using the standaMPFIT library. Because of the complexity of this fitting ap-
proach, it is common practice to normalize both the galaxgcsp and templates to unity to
obtain the fractional contribution to the flux within a giveravelength range of both compo-
nents in terms of a single parameter instead of assigningé&parate light fraction contribution
parameters. Identical to pPXF, multiplicative Legendrypomials of a pre-selected order ac-
count for any potential imperfections in the calibratiortied spectra and its modulation by the
presence of dust. Although such a fitting procedure is robuostigh, it is still necessary to test
the impact of varying the initial guesses for both kinematenponents (i.e. their velocities,
velocity dispersions and light fraction contributions)etasure 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 adfantige means by which to probe the
various phases of the interstellar medium (ISM). In pakicuhe Na 1158905895 Sodium
absorption doublet in the optical (NaD) has been shown wetis warm neutral component

(e.g.Heckman et a).2000 in external galaxies. It stems from Na in neutral state aswhbse



Chapter 2Methodology 40

1.0 1.0
= 0.8 0.8
5
L
2 0.6 0.6
o — 175 =0.1,bp =100 — 1 =0.1,bp=200
C0.4 To =0.3,bp =100 0.4 To =0.3,bp =200
EVT) — w=0sbp=100 "7 — 1 =0.5,bp=200
o T =0.7,bp = 100 T =0.7,bp =200
Z0.2 To =1.5,bp =100 0.2 To =1.5,bp =200
— 1 =3.5,bp=100 —— 1 =3.5,bp=200
— 7 =6.5,bp=100 — 7o =6.5,bp =200
0.0 0.0
5860 5880 5900 5920 5860 5880 5900 5920
AlA] AlA]

Ficure 2.5: The changes in the shape of the Sato et al. (2006) modtlddNaD absorption
line spectral profile used in our analysis with respect togilien input parameters.

Sodium has a relatively low ionization potential (5.13989 the presence of the NaD absorp-
tion feature indicates that cold to warm gas resides in tieedif-sight between an illuminating
source and the observer. Historically, within our Galddgger(1919 first observed an extra

set of NaD lines towards two stars and proposed that theydamdinate in the ISM. Drawing

2
1/2

or P%/z states to th§§/2 state. Furthermore, the ratios of the optical depths fdn bainsitions,

from atomic physics, this feature arises from the an eladiransitioning from either th@

measured by the centroids of the lines, has been theotgtstawn to be 1 2 for the the blue-er

and red-er line in the doublet respectiverdv et al, 1999 Morton, 2003.

Most generally, absorption excess in comparison to thefiigag stellar continuum model in

the NaD absorption feature of external galaxies would cegunultitude of overlapping clouds
absorbing light from the extended stellar background lgghirce. The line profile of such an
excess NaD absorption feature would be a function of varbfiisrent factors (e.g. the geom-
etry of the cloud comple, its line-of-sight velocity disution, or the thermodynamic state of
the gas). To simplify the very complex nature of the probldrfitbng such excess absorption
we work under the assumption that these individual cloudgtermalised (i.e. both their con-
stituents and as an assembly obey the Maxwellian velocd#lyiblition), that the fraction they
effectively cumulatively cover the extended background |ggrce (i.e. the covering fraction)
is itself independent of the clouds’ velocities, and thatitidividual Na D absorption lines gen-
erated by each of the clouds are not saturated. In such alesgdess NaD absorption profile
(Fig. 2.5) after normalization by the best-fitting model stellar éontim is given bySato et al.

(2009:
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Ficure 2.6: SDSS colour images (top row) and example fits for the Negfion (bottom row) for

five of our galaxies. Lower panel: The best-fitting model jsresented in red. The contribution

of the best-fitting stellar continuum and nebular emisssoshiown in green dashed-dotted and

continuous, corespondingly. The black dots representatdual of the fit and the horizontal

dashed lines its associted standard deviation. The vedattéed lines mark the rest-frame

position of the NaD lines and the best-fitting excess NaD lerefidisplayed in blue. Adopted
from Sarzi et al(2016).

Q) = 1 - Cf{l _ exp[ _ z.roe—(/l—/lbme)z/(/lb|ueb/C)2 _ Toe—(/l—/lred)z/(/lredb/c)z]} (2.1)

whereC; is the covering factor of the absorbing cloud complexijs the optical depth at the
centre of the red NaD linelpe, Ared are the red- or blue- shifted wavelengths of the two NaD
lines, andbp = V2onap is the Doppler parameter. The red- or blue- shifted cetitralvalues
andbp yield the quantity of interest here, namely the velodity,p and the widtho-nap Of the
NaD lines. Figur€.5shows the line profile resulting from the change of both @ptlepth and

covering fraction for a fixe&Wnap and widthoyap.

Within this framework neutral interstellar material (aaded by the excess NaD profile) that is
been entrained within an outflow, observed against theastedickground of the host galaxy as
part of a multiphase galactic wind (e Qupke and Veilleux2013 Cazzoli et al. 2016 would
display negative velocity with respect to the host galaxsteyic one (e.gRupke et al.2005a
Chen et al. 20108. Conversely, red-shifted excess NaD profile would be imtiie of in-
flowing material (e.gRubin 2017). As outlined before we assume a single velocity distrdouti
for the absorbing gas clouds along the line of sight. Howetés may not necessarily correctly
reflect galaxies where both a significant “systemic” popoiabf absorbers, settled in the galaxy
plane, and a population of outflowing clouds coexist. Inipalar, this can be most problematic
when looking at objects from an intermediate inclinatioglar{Chen et al.2010h. While such

an approach would tend to underestimate the outflow velatigalaxies that are viewed from
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Ficure 2.7: The signal-to-statistical-noise/¢8l) in the stellar continuumS(Ncon) against
equivalent width of the Sodium NaD lineEY\ap) gray-coded by the amplitude-to-noise of
the Sodium linesA/Nnap) for our SDSS samples (see Chdj. Top left panel: with imposed
A/Nnap threshold limit of A/Nnap >3 and E(B-V)-0.05 for the control sample. Top right
panel: with imposed/Nyap threshold limit ofA/Nnap >4 and E(B-V)}>0.05 as of our reported
analysis for the control sample (see Ch4j2.2. Bottom left panel: with impose#/Nnap
threshold limit of A/Nnap >3 and E(B-V)-0.05 for the Seyfert 2 sample (see Ch4j2.]).
Bottom right panel: with imposed/Nnap threshold limit ofA/Nnap4 and E(B-V)>0.05 as of
our reported analysis for the Seyfert sample.

intermediate inclination angles, using a single NaD véyoprofile will suffice to capture the
kinematic behavior of the cold gas across a large sampldaiga and should be robust enough

to estimate and compare the fractions of objects that cdsfaay gas outflows in this work.

To define a detection threshold for an NaD absorption exagsshave run our NaD fitting
procedure through a large number of simulated spectrainglotédy adding random noise and an
artificial NaD absorption profile to the best-fitting stelfapulation model. By exploring how
well the input NaD parameters and, in particuMsp andonap, are recovered as a function of

the observed amplitude-to-noisd/N), A/Nnap ratio between the peak amplitude of the NaD
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profile and the input noise level, we have concluded thateat/Nnap > 4 values are required
to secure unbiasedyap andonap measurements. Still in keeping with the emission-line lissu
of Sarzi et al.(2006, we note that ouA/Nnap > 4 threshold translates into a lower detection
limit for the equivalent width (EW) of the NaD lines at any givsignal-to-residual-noise ratio
in the stellar continuum of the SDSS spectra used in ChdgterN, where residuals are taken
from our GandALFfits). For our sample, the mean signal-to-residual noigeN(Ss ~ 26, so
that the median EW of the detected NaD interstellar lines 1s8 A with a scatter o~ 0.8 A
(Fig. 2.7). For an illustration of the typical quality of our fits to tidaD line profile we refer
the reader to Fig2.6, which shows SDSS spectra of a quality that is also typic#hefsample
objects of this study.
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Data

3.1 The Sloan Digital Sky Survey

3.1.1 Overview

The Sloan Digital Sky SurveyYprk et al, 20001 is a consortia of large surveys carried out
with a dedicated 2.5 m telescope at the Apache Point Obseyvg8PO) in New Mexico Gunn

et al, 2006. It provides both imaging and spectroscopy. Its data prtsdare made available in
multiple phases and delivered in a self-consistent seguehdata releases. The most current
data releaseAguado 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,§08res degreésin five bands
(ugriz)(Fukugita et al.1996 Smith et al, 20023. As part of the survey images are taken with the
Sloan Digital Sky Survey Photometric Came@ugn et al. 1998 and reduced and calibrated
using an automated dedicated pipeliheigton et al, 2001 Pier et al, 2003 Padmanabhan

et al, 2008 that also detect objects and extract their photometripgnttes. The measurements
undergo quality assessments (ewgzi€ et al, 2004 and are released as science-ready data
products. Most relevant for our work is the image cutoutiserNieto-Santisteban et ak004)

that we have utilized to recover the color-composite imayesented afterwards.

Ihttpsy/www.sdss.orfgr15scopg
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3.1.3 Fiber Spectroscopy

The Sloan Digital Sky Survey telescope is equipped with twdtirobject fiber-fed spectro-
graphs. Each fiber is attached to a specially prepared phtg plhere the holes correspond to
the expected sky position of a pre-selected object. As pgaheoLegacy spectral survey they
obtained more than 1.5 million spectra of pre-selected erb#sis of imaging galaxies as part
of: magnitude-limited sample of galaxieSttauss et gl.2002 Main Legacy SDSS sample),
near-volume-limited sample of galaxieSigenstein et al2001, Luminous Red Galaxies), and
a magnitude-limited sample of quasaRighards et a).2002 Quasar). After Data Release 9
the galaxy component of the spectroscopy survey was alsanebgal to higher redshifts with
a sample of galaxies observed through the (e)BOSS subvaygon et al.2013 2016. The
spectra of the Legacy survey was fed to the spectrographighr640 fibers. Each fiber had a
diameter of 3 that subsequently gets split into two channels by a beattespli < 6000 A and
1> 6000 A, red and blue, respectively) and gets converted bysango a spectra that conse-
quently is reconstructed to span from 3800 A to 9200 A sampiéiula fixed step of 69 km=
and with instrumental resolution ranging from 1850 to 22@rf the red to the blue end. For
the following (e)BOSS survey the spectrographs were imgntavith a new set of grisms and
cameras and fed through 1000 fibers with smaller diametet’ offBere the recovered spectra
wavelength range was also larger (3650-10,400 A) with weigmi of 1560-2270 in the blue
channel and 1850-2650 in the red chani@&hée et a.2013. The spectra for Data Release
7 was re-reduced, re-calibrated, and re-measured withrrevith thespectro2dandspectrold
pipelines Btoughton et al.2002. The spectra for the (e)BOSS survey were re-reduced and re-
calibrated again adoptirgpectro2d but all the classification and emission- and absorptioe-li

measurements were done using the methods outlinBdlton et al.(2012).

3.1.4 Imaging Catalogues: Galaxy Zoo

Galaxy Zoo (intott et al, 2008 was a large “citizen science” project that tasked the ggner
public to morphologically classify SDSS objects flagged akxges. The final science data
product of the project is a catalog containing nearly 900 ,@@laxies split into early-type, late-
type, or unknownl(intott 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 imadagton et al,
2004 with the SDSS g, r, and i filters as a basis that provides wythauhic range and facilitate

the identification of faint galaxy features. The volunteeese prompted to morphologically
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asses the galaxies into elliptical, clockwigavise spiral, anticlockwig&-wise spiral, other spi-
ral galaxy (e.g. edge-on), merger, or gatefactdon‘t know. Their votes were then weighted
and corrected for some known classification biases Bagiford et al. 2009 and assembled in
a final catalog of SDSS object IDs, sky coordinates, numbeotafs placed, debiased type like-
lihoods for each classification, and three tags (spiraptedal, and uncertain) that were placed
to reflect an agreement of the vote fraction greater than Tl8oughout this work we have

adopted these tags as a proxy for the morphological typerdbD$S sample galaxies.

3.1.5 Spectroscopic Catalogues: OSSY

TheOh et al.(201]) value-added SDSS catalogue (hereafter OSSY) analyzestail the spec-
tra of 664,187 galaxies spannind® z< 0.2 from the Data Release 7 of the Sloan Digital Sky
Survey Gtrauss et al2002 Abazajian et al.2009 to provide key quantities such as the value
of the stellar velocity dispersion and the strength of nabamission lines. As a first step the
stellar kinematics were extracted using pPXF, adoptinge¢h®lates offremonti et al.(2004

in conjunction with the MILES stellar templates masking thgions potentially occupied by
ionized-gas emission. Subsequently, the group @anflALF to extract the nebular emission
and clean the spectra from ionized-gas emission lines arkdée line strengths of a multi-
tude of stellar absorption lines. The group performed géim quality control for each step of
the analysis to eliminate bad data, safeguard against timgfiand secure the robustness of the

adopted analysis approach.

3.1.6 MaNGA: Mapping Nearby Galaxies at APO

The most current data releaskgliado et al.2019 DR15) of SDSS has made available 4824
integral-field cubes as part of the Mapping Nearby GalaxiesPD (Bundy et al, 2015 here-
after MaNGA). MaNGA is an optical fiber-bundle integral-flainit (IFU) spectroscopic survey
that aims to deliver nearly 10000 galaxy observation witletao 17 independent IFUs, each
fed through a tightly-packed array of optical fibers. Thesdividual IFUs are hexagonal and
vary in size with the largest one accepting 127 fiberd {82iameter) and the smallest one hav-
ing as an input only 19 fibers (22n diameter). For each plate there are twd' 1fbur 177,
four 227, two 277, and five 32 diameter hexagonal optical bundles that provide the fedideto
spectrographsy@an et al, 2016. The sample of galaxies, selected for observation, antFide

setup were chosen so that a spatial coverage between 1.5 &fettive radii with a typical
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sampling of 1-2 kpc is expecte®fory et al, 2015. The data reduction from the raw output of
the spectrographs to the final data product cubes is camiedith the MaNGA Data reduction
pipeline (aw et al, 2016. Each data product cube cover$600-10300 A. Theféective spa-
tial resolution in the reconstructed MaNGA cubes variesiadoa full-width-at-half-maximum
of 2.54” with a spectral resolution that is a function of both wavgterand spatial position with

a median value of 72 kn1$.

3.2 MUSE: The Multi-Unit Spectroscopic Explorer

The Multi-Unit Spectroscopic Explorer (MUSE) is an inteldiald spectrograph currently mounted
on the Unit Telescope 4 (Yepun, UT4) part of the Very LargeeSebpe (VLT). The Multi Unit
Spectroscopic Explorer (MUSE) is a second-generation sfie optical integral field spectro-
graph operating in the visible wavelength range with sugediial resolution. It is an assembly
of 24 identical modules composing of an advanced slicectspgraph, and a high pixel density
(4k) detector. These modules are individually fed by a secge®f optical systems responsible
for derotating and splitting the field of view (FOV) into 24bstields. MUSE operates in two
modes: narrow and wide field. The narrow one spans 7.5x7se@rwith spatial sampling of
0.025 arcsec. The wide-field mode is with a larger field of vigwl’), but with worse spaxel
size of 0.2 by 0.2’. The large number of spaxels adjudges MUSE as a Vvéigient “light
bucket”, therefore, empowering a variety of scientific imgs 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 viadt@anism to “quench” the pro-
cess of star formation in a short timescale and explain tgsition of galaxies from the blue
cloud to the red sequence and the bimodality in the SFR ofdpelption of local galaxies (e.g.
Schawinski et a).2014 for a review). Furthermore, winds energized by an AGN oreuchnu-
clear starburst have been used as a mechanism to estaldishaamtain the strong correlation
between the mass of the central SMBH and the bulge of the latestigs (e.gGebhardt et a).
2000 King and Pounds2003 Murray et al, 2005. Generally, it is now understood the gaseous
contents of a galaxy could undergo a sort of a duty cycle ohadriggering of diferent star-
formation bursts or AGN can lead to the gas being pushed awaytflow and subsequent
cooling and gravity could bring back the previously explieaterial back in an episode of an
inflow (e.g.Kim and Ostriker2018. Furthermore, expulsion of gas out into the curcumgatacti
medium could not, nevertheless, be enough to stifle itsfetaration. Star formation can be
rejuvenated as gas can be acquired from multipféedint sources including the intergalactic

medium, satellite gas and feedback material ([Bugman 2017, for a review).

One dficient way to identify galaxies that are going through an outfphase is to look for
the presence of interstellar Na158905895 absorption that is blue-shifted with respect to

the systemic velocity of the galaxy. Indeed, the low-iotia potential of Sodium makes the

48
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detection of blue-shifted NaD lines an unambiguous sigeatd neutral interstellar material
and also neutral hydrogen. The ISM traced by NaD must be shateshielded from non-
ionizing radiation as excess in regards to the galactitastebntinuum NaD absorption is often
associated with high extinction by dudfeilleux et al, 2005. Blue-shifted NaD absorption
features could stem from ISM that is entrained within an outf(e.g. Rupke et al. 20053.
NaD has also been observed as part of a multiphase winds héthitl of integral-field unit
observations (e.drupke and Veilleux2013. Furthermore, in conjunction with red-shifted NaD
and modelling techniques the line (i.e. P-Cygni) and serfagghtness profiles of those lines
can provide a way to assess the morphologies and sizes ofjalattic-scale wind€rochaska

et al, 2011 Scarlata and Panagi2a015.

Studying the NaD absorption feature has been routinely aseal probe of outflowing gas in
galaxies with various properties using either long-slttefior integral-field spectroscopyeck-
man et al(2000 focused on a small sample of infrared-bright starbursixjats. There the NaD
lines were found to be both blue- and red- shifted. The outfigunaterial traced in absorption
was found to span kpc-scales in these galaxies where thewdutllikely driven by intense
star-formation that can be associated with a merger. Sudhestwere further extendeR(pke
et al, 2002 to show that outflows are ubiquitous among such galaxiesteaich non-negligible
fraction of the gas could be ejected into the intergalacgcliomm. In larger samplRupke et al.
(2005ah) detected cool winds in almost all of their infrared-lumiisogalaxies. Drawing on the
size of their sample the group was able to confirm some of theréhically expected wind and
host galaxy properties (e.g. increase in velocity with @asing host SFR). Similarljyartin
(2005 2006 focused on a sample of IR-bright galaxies that showed wigkesl winds traced by
NaD absorption to highlight that the cool winds in there gida were likely momentum con-
serving and driven by ram pressure possibly exerted by thiterheind phase and found some
hints that radiation pressure could also play a role in ghiogethe wind. The NaD absorption
feature has also been used to probe winds amongst the maeeafgalaxy populationChen
et al. (20101 used stacked spectra to trace outflows within nearby etamihg galaxies. They
reported that NaD absorption due to ISM was predominantindoin galaxies with large dust
extinction, higher star-formation rates and mass. Howearhaps surprisingly, for the galaxy
stacks with blue-shifted out-flowing NaD no distinct coatedn was reported between the line
centroids and the host star-formation rate unlike in thesad individual objects. Instead, a
strong correlation was reported with respect to the widtthefblue-shifted NaD lines. Using

data from the SDSS;oncas et al(2019 further confirmed these observations complementing
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that outflows in face-on galaxies have expected P-Cygnilpsadind that excess NaD absorption
is found to have similar characteristics irrespective efB#PT classification. However, no clear
evidence of ionized-gas outflows was present amongst theglypstar-forming galaxies and
signatures of multiphase winds were found only in systentk am AGN.Bae and Wo@2018
performed a similar comparison but on an object-by-objesid No significant dierence with
respect to ionized-gas emission-line classification wpsnted in the kinematics of the inter-
stellar NaD. Moreover, no link between the kinematics ofittrézed-gas and neutral outflow
components was found pointing out that within most of thadexdes the primary driving mech-
anism at least for the cold wind component is star-formagiod not the AGNRoberts-Borsani
and Saintongg2019 again on the basis of a stacking analysis further strengtherevious
conclusions and added that the cool outflows in the genetakgaopulation have somewhat
low mass outflow rates in comparison to other gas phases ahththmass-loading factor for

the winds has a nearly constant value of 0.1 for normal nestdoyforming galaxies.

Individual systems that exhibit large-scale winds, trabgdhe NaD absorption feature, have
also been studied extensively with the aid of integral-fielidervations. Davis et al.(2012
showed that the strong cold-gas outflow component of the Al@xen wind of NGC 1266 can
extend out to~ 400 pc. The geometry and extent derived for the outflow fronh Ida D ab-
sorption and CO observationélétalo et al, 2011 have been shown to agree well. The cool
NaD and CO traced wind was found to be embedded into a moredede~ 1.5 kpc) ionized-
gas ISM phase with higher velocity. A sample of six ULIRGshngignatures of mergers was
studied byRupke and VeilleuX2013 with the aid of IFU observations. They report that the the
outflows in such systems are multiphase with bipolar momuiyoknd extent up to a few kpc.
The presence of an AGN within these galaxies was shown tottebijher outflow velocities.
The velocities of the wind ionized gas phase were correlaidtdthe ones observed in the neu-
tral one. Complimentary study was conducteddazzoli et al (2016 using spatially resolved
observations of nearby IR luminous galaxies verified soreeipus conclusions. Namely, NaD
outflows are widely found to be conical in morphology and ageeroften found among galax-
ies at higher inclinations. The velocities of the winds scaith the level of star formation
and that the cold component is likely entrained and acaelérhy interaction with the hotter
component. Moreover, the winds in these galaxies carryrafgignt amount of mass and some
non-negligible portion of it is expected to escape the ga#ioinal potential and provide negative
feedback to the star-forming process. Most receRlypke et al(2017) reported few kpc-scale

winds in all of his sample consisting of 10 galaxies with pdwleAGN. Their galaxies were
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shown to exhibit mass a large range of outflow rates and witaties and can suppress the

host galaxy star formation.

However, such AGN-driven winds are not as well understood. ¢arrison et al. 2018 as

their multiphase large-scale galactic counterparts ptesaongst the population of star-forming
galaxies have been routinely studied (Rapke 2018 for a review). Even despite this huge
effort, the dominant driving mechanism (whether AGN or stad)usehind the formation of the

winds that can quench the star-formation process it isrgitliclear (Wylezalek et al.2018.

In this chapter we measure the incidence and kinematicsterfsiellar NaD absorption in one
of the largest samples of nearby Seyfert 2 galaxies drawn fre Sloan Digital Sky Survey
Abazajian et al(2009, and compare these results with similar measurementsnebtan a

carefully selected control sample designed to match oufe®e¥ galaxies in redshift, lumi-

nosity, size, light concentration, apparent flatteningowoand, when available, morphological
classification into early or late type objects. We use thimgarison to quantify whether the
frequency of kpc-scale cold-gas outflows increases in 8% with a view to understanding

the impact that the central engines of Seyfert 2 galaxies bawtheir hosts.

4.2 The SDSS DR 7 Seyfert 2 and Control Samples

Both of our Seyfert 2 and Control samples are based on SDSS [PB7our measurements
of NaD line strength and position, we re-analysed the SD®Btsp that were used for the
construction of the OSSY value-added catalogue. The velatitensity of emission lines, as
measured in OSSY, was also used to select our core Seyfem@esand classify the nebular
emission of our control objects by means of standard BPTnaistic diagramsBRaldwin et al,

198)).

For measuring total luminosities and colours we obtain ibsode-reddened, K-corrected mag-
nitudes from the SDSS DRY7 in the u- and r-band, that are basetieobest-fitting de Vau-
couleurs or exponential model magnitudésodelMag. The K-corrections are taken from the
kcorr value for the u- and r-band listed in the SDBBotoztable O’Mill et al., 2011), whereas
for computing absolute magnitudes we use the luminositiadce returned by theCosmoDI
functions in the SDSE funBAS Hibrary (Taghizadeh-Pop2010 and the SDSS redshift listed
in theS pecObjAltable. All necessary isophotal measurements for meastirencadial extent,

flattening and concentration of the SDSS galaxies are takemthe SDS3$hotoObjAlltable,
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Ficure 4.1: The result of our control matching procedure. Pang|d¢a (e), (9), (i), (k) show
the distribution of our Seyfert 2 and control samples in alfgmeters used in the matching
process - redshift (z), absolute r-band magnitudeg) ( isophotal semi- minor and major ratio
([b/a]), Petrosian radius containing 50% of the lightefroR0), Petrosian radius containing
90% of the light PetroR0), and the dference in the absolute magnitude in the u- and r- bands
(U —R). The remaining panels (b), (d), (f), (h), (j), (I) presem fractional diference between
the aforementioned parameters for the galaxies in the @lsample and the Seyfert 2 galaxy
they match, normalised by the value of the correspondingrpater for the Seyfert 2. We
achieve a good overall matching between the Seyfert 2 andatgralaxy distribution, with the
slight exception olU — R where our matching procedure produces sliglfiedénces near the
peak of the colour distribution.

in particular, the r-band values for tr@AandisoBmeasurements of the major- and minor-axis
radii and thepetroRO0 andpetroR50 entries for the Petrosian radii enclosing 90% and 50% of

the Petrosian flux.

Finally, in this work, we consider only the OSSY catalogugeots that were visually inspected
by the Galaxy Zoo citizen-science projetirtott et al, 2011). Since around 94% of the OSSY
catalogue objects were covered by Galaxy Zoo, the requitefea visually-classified mor-

phology does not significantly reduce the final sample of ®2B objects from which we select

the Seyfert 2 and control samples that underpin this study.
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Ficure 4.2: Some SDSS colour images for Seyfert and control gadaxieur study. The

image in the first column is the Seyfert 2 galaxy in questiohjlevthe next five columns

in the corresponding row are the five closest-matched cbgalaxies. The top two rows

show morphologically matched early- and late-type objeetspectively. All other rows show

the results of our matching procedure when morphologidtdréa cannot be used due to an
“uncertain” classification in Galaxy Zoo for the Seyfert inestion.

4.2.1 Seyfert 2 sample

As a starting point for selecting a sample of Seyfert 2 hokbxges, we look for objects in the
OSSY catalogue which had emission-line amplitude-toeoédios greater than 3, for both the
[Om]A5007 and [Ni]216584 forbidden emission lines and for thertdnd H3 recombination
lines. Such a detection threshold allows us to safely plaemton the so-called BPB&ldwin

et al, 1981 emission-line diagnostic diagrams and, more specificaltythe one introduced
by Veilleux and Osterbrock1987 that combines the [N]/Ha and [Om]/HA line ratios. We
adopt the empirical demarcation Kauffmann et al(2003 to separate these galaxies into ones
where the gas ionization is driven by star-formation (SRKivdg and ones potentially driven
by AGN. Furthermore, by applying thigewley et al.(2001) maximum theoretical star-burst

division line, we diterentiate a class of galaxies with a superposition of AGNstadformation
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activity (TO for “transition”). Finally, the rest of the ession-line galaxies with plausible AGN
emission were divided on the basis of the empirical criterii@veloped inSchawinski et al.
(2007. This allows us to isolate Seyfert galaxies (Sy) from g@sxvith central low-ionisation
nuclear regions (LI). We make such a distinction becaust garely in SDSS galaxies such
a central low-ionisation emission can be ascribed to truiglear emission powered by AGN
activity, and instead is more often due to extended lowsation emissionRarzi et al. 201Q
Cid Fernandes et al201Q 2011 Yan and Blanton2012 Singh et al. 2013 Belfiore et al,
2016.

As a result of this selection process we arrive at an inigahgle of 10,983 Seyfert galaxies.
Since many of these Seyfert objects could potentially disfroad-line regions (BLR) and a
featureless AGN continuum that would considerably conapdimur NaD measurementsdr-
doso et al. 2017, we further restrict ourselves solely tmrrow-line Seyfert 2 galaxies, by
excluding the Type 1 Seyferts identified ®h 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 outfflowe will compare our NaD

analysis of the Seyfert 2 sample, to an identical analyses@arefully selected sample of control
galaxies. Following a procedure similaniestoby et al(2007), we proceed by finding, for each
Seyfert 2 object in our sample, five control galaxies thatcéwsest to the Seyfert in question in

the following quantities:

1. Redshiftz from the SDSS DR7 pipeline.

2. Absolute r-band magnitud®j),, K-corrected and de-reddened for the Galactic extinction,
as described above. This is done to match galaxies as clasgipssible in their total

stellar luminosity.

3. Apparent flatteningy/a, using the r-band isophotal minor- to major-axis ratio. uiral

galaxies, this quantity provides a useful measure of iatim.

4. The radius containing 90% of the Petrosian fleg{roR0, which, when combined with

our zmatching, enables us to match galaxies in their intringie.st his also ensures that
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the SDSS spectroscopic measurements encompass rougtdgnteefraction of galaxy

light in our Seyfert 2 and control galaxies.

5. The radius containing 50% of the Petrosian flagtroR50, which, when combined with
our PetroRB0 matching, allows us to match galaxies in their degreegbt koncentration.
In the absence of a robust visual classification, this, toesertent, provides a proxy for

the galaxy morphologyShimasaku et gl2001; Strateva et a]2001).

6. u—r colour, based on theiM, and M; absolute magnitudes. Combined with dJ
matching, this allows us to pick objects with comparableitpwss in the M, vs. u—r
colour-magnitude diagram, therefore selecting galaxiigis similar star-formation rates

and star formation histories.

To find the best control objects for each of our Seyfert 2 gatawe decided against minimising
the sum of the absoluteftirences in each matching parameter (az).as done for instance in
Westoby et al(2007) and opted instead to consider suctietiences in relative terms (i.4z/2)

and weighting them as follows:

_|Az/z| |AMr/Mr|+|A[b/a]/[b/a]| |A petroR90/ petroRo0)
0.05 0.1 0.05 0.1
|ApetroRs0/ petroRs (| N |A(My = Mp)/(My— M)
0.05 0.1

(4.1)

This allows us to find matching control objects more pregisglthe higher- and lower- end
of the Seyfert 2 distribution for each of the previous parrss and to assign a relative-error
meaning to our adopted weights. The weights themselveshergen following an iterative
process. Very broad initial constraints (i.e. asking atbpaeters to be not so precisely matched)
were initially imposed and further tightened, guided by $pecific number of available control
galaxies for every Seyfert, in our parameters of interedi] aur matching procedure achieved

the relative best match across all six adopted parameters.

For each of our Seyfert 2 objects, we compute for all OSSY galaxies, and then pick the
five objects with the lowesiC as control counterparts for the Seyfert in question. Duting
process, if a Seyfert 2 object had a robust “super-clean'atyaZoo classification and was

classified either as a spiral or an elliptical, we proceeddthd the best five control galaxies as
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done above, but while considering only OSSY objects thaevatso robustly classified to be of
the same morphological type. This selection process sesu#t4,123 unique control galaxies,
because not using the whole set of possible controls andrdisg the ones already adopted
could introduce systematic errors in the matching proaessilting in a biased control sample.
Fig. 4.1 shows how our matching process returns control galaxigh, peirameter distributions

that closely match the corresponding distributions for ®eyfert 2 sample (panels a, c, e, g, i,
and k). Fig.4.1also shows how the values for these parameters for the fitebaisol galaxies

are generally within 5 to 10% of the ones of their parent Stgfebjects (panels b, d, f, h, j, and
), broadly consistent with the weighting applied in Eq..(The only exception in this respect
concerns our colour matching, since ther 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 sétat by presenting SDSS colour
composite images for 5 randomly selected Seyfert 2 galdleéiscolumn) and their respective
five best controls (columns to the right). In F2the top two rows are Seyfert 2 galaxies that
are classified by Galaxy Zoo as an elliptical and spiral rethgely. Conversely, the last three
rows show how our matching process returns control galdkegslook similar to our Seyfert 2

objects even when the morphology of the latter was classifstincertain” by Galaxy Zoo.

To conclude the description of our control sample, we emphabkat while it includes objects
that are similar to our Seyfert sample galaxies in all resgeeept for the central nebular activity,
this does not mean thatftkrent manifestations of AGN activity do not occur in our coht
sample objects. Whether AGN are present and could launélowstin our control sample will
not dfect our analysis, however, since our prime goal is to asgoenthether cold-gas outflows
are launched mordigciently in objects with unobscured, optical AGN activitydeSeyfert-host

galaxies) than in similar object with other kinds of cen@etivity (including passive systems).

4.3 Results

We begin by discussing the incidence and kinematics of Na@rstellar absorption in our
control sample, while also defining the NaD blue-shift thdd that identifies outflowing sys-
tems (84.3.1). We then compare these results with what is observed in eyie8 2 sample
(8 4.3.2. However, before conclusions can be drawn from such a cosgpr it is important

to first consider the incidence of interstellar NaD absorpin both the control and Seyfert 2
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Emission class all with NaD NaD outflows
Seyfert 2 9859 561 (5:35%) 53 (9.513%)
control-total 44123 2174 (4'971%) 352 (16.209%)
control-SF 6710 587 (8%; 2%) 92 (15.713%)
control-TO 5895 567 (987%) 147 (25.953%)

control-LINER 859 105 (12:23%) 27 (25.752%)
control-NE 30659 915 (2/81%) 87 (9.511%)

TasLe 4.1: Breakdown of our Seyfert 2 and control samples, acogrtth whether or not
interstellar NaD absorption was detected (third columm,dbjects with A/Nnap > 4 and
E(B-V) > 0.05, see 8.2.7) and furthermore if it likely traces outflows (fourth colupfior
objects also with\V = Vnap -V, < —100 km s, see §4.3.1). Control galaxies are further
subdivided according to their emission-line classifioatither as star-forming regions (SF),
composite AGNstar-forming activity (TO), low-ionisation - possibly tyunuclear - emission
regions (LINER), or displaying little to no emission (NEkieentages in the third column refer
to the fraction of objects with interstellar NaD absorptart of the number of objects in each
of our subsamples (second column) and percentages in thia fmlumn refer to the fraction
of NaD-outflowing objects with respect to the number of ot§eath detected NaD interstellar
absorption (third column). The confidence intervals on theentage fractions are calculated
following Gehrels(1986 using Poisson error, except in the cases of small numbegstiia
(N < 300) where we adopted the bimodal distribution ones.

samples. Tabt.1shows that the fraction of Seyfert 2 objects where NaD itedies absorption

is detected (5.8:3%) is similar to that of control galaxies (491%).

Such a remarkable similarity, combined with our carefultoarsample construction, allows us
to directly compare the NaD kinematics in our two samplestandflect on the importance of
AGN feedback. In particular, this finding goes against trguarent that the AGN in Seyfert
2 galaxies would substantially ionise its surroundingsctSonising action of the AGN would
reduce the incidence of NaD interstellar absorption amangSeyfert 2s and thus limit the
usefulness of the NaD lines as a tracer of cold-gas large-scdflows only to objects with a
faint AGN, which may not be able to provide much energetidbeek, as reported for instance
by Villar Martin et al.(2014) for their sample of bright type 2 quasars. Instead, suchagitty is

in fact not surprising having in mind that, in general, thstgalaxies of Seyfert activity are not
outstandingly dierent in their total amount of molecular gas reservoirs thargeneral galaxy
population (e.gMaiolino et al. 1997 Saintonge et al. 201ZRosario et al. 201,8however, also

seeVito et al. 2014.

4.3.1 Control Sample

Tab.4.1shows that the majority (69%, or 30,659 out of 44,123 ob)eaft®ur control galaxies

exhibit no or very weak nebular emission, with most remajnaijects being almost evenly
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Ficure 4.3: Kinematics of the NaD absorption component relatiiéosystemic properties of
the galaxy, for our control and Seyfert 2 sample, where tlsenked NaD excess can be safely
attributed to interstellar absorption. Top leftyap — o (Ac) versusVnap — Vi (AV) for our
control sample, colour-coded by the dust reddeiifig— V). Only galaxies withA/N > 4 for
the NaD absorption and witB(B — V) > 0.05 are shown (see text for more details). Top right:
Histogram showing the distribution of the velocitffsetsAV = Vyap — Vi« for all the control
galaxies shown in the top-left panel. The dashed line indgthe median of the distribution,
and the dotted lines correspond to thir levels containing 68% of th&V distribution. The
red line shows the best-fitting Gaussian to the underlyisggiiution and emphasises the pro-
nounced tail of galaxies with AV < —100. Bottom left: An identicalo- vs. AV diagram as in
the top-left panels, but now for our Seyfert 2 sample. Bott@ht: An identicalAV distribu-
tions as in the top-right panels, but now for our Seyfert 2 amThe 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%) reabeinission, plus a minority (3%)

of galaxies displaying LINER-like emission. Ta#.1also shows that the incidence of interstel-
lar NaD absorption is around 9-12% for control galaxies wightected ionized-gas emission,
dropping to just 3% among quiescent objects, which is ctergisvith the weak or absent neb-

ular emission in these systems.

To understand the kinematics of interstellar NaD absampiioour control sample, we start
by considering the top left panel of Fid.3, where the velocityWnap and velocity dispersion
onap Of the NaD absorption is compared to the galaxy’s systenlmcity and central velocity
dispersion Y, ando, respectively. The colour-coding indicates the reddenmgluost, E(B —

V)). In thisonap— 0« VersusVnap — Vs 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 Istlg positive)
VnaD — Vs« (AV) and negativernap — o« (Ao) values is followed by a long tail of galaxies
with increasingly blue-shifted and broad NaD profiles, with progressively negativaV and

increasingAo values.

The bulk of the objects witlAV ~ 0 consists of control galaxies where the NaD profile traces
material that is likely settled in a dusty disk which is dyneatly colder than the stellar bulge
(thus corresponding tao < 0 values), or of highly-inclined systems where it would bedna
detect possible outflows. Conversely, detecting outflowddereasingly blue-shifted NaD lines
is facilitated by looking at more face-on galaxies, whereabrNaD profiles are also expected
since the line of sight intersects a multitude of cold-gasids moving at dierent velocities
within large-scale bi-conical galactic windBi(jita et al, 2009 Krumholz et al, 2017. Visual
inspection of our control galaxies combined with using tindination values derived from the
axis ratio of late-type galaxies (51% of our control sampt&)firms that the observekb- vs AV
anticorrelation is mainly driven by galaxy inclination. i§hrend is supported by the systemat-
ically higherE(B—V) values among lowAV objects, as would be expected for nearly edge-on
dusty systemd{nterborn and Ryder2008 Masters et a).20100. We proceed to address when
NaD outflows are likely to occur in our control galaxies, bydsting the distribution of values
for their NaD velocity dfset AV), as shown in the top right panel of Fig.3. The AV distribu-

tion is skewed toward negative values (with a statisticalnsiess value of —1.42) and has a
pronounced tail of objects with blue-shifted NaD intedstebsorption profiles. Yet, as stated
before, the bulk of the control objects in Fi4.3 showsAV ~ 0 values, so that a Gaussian fit
to the entireAV distribution captures well the distribution of the majpriif these galaxies and

allows us to isolate the tail of control objects that have Naufilows. Observing that the control
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Ficure 4.4: One-dimensional Gaussian mixture model with two conepds of the retrieved
ascribed to ISM NaD velocities for both the Seyfert 2 and carsamples. Top leftVnap— Vs
(AV) histogram along with the best-fit Gaussian mixture modehstizd and dotted-dashed
lines show the first (“bulk”) and second (“tail”) componengspectively. Top right: The prob-
ability that a giverAV is drawn from each Gaussian component as functiok\boitself. Note
that in order to be confident that&V is drawn with a probability greater than 95% (marked
by the horizontal dashed green line) from the second Gaugis&e loosely referred to as the
“tail’) AV has to be lower than100 km s*(vertical dashed red line). Bottom left: An identical
to the top-left panel histogram along with the best-fit Garsmixture model, but now for our
control sample. Bottom right: An identical to the top-rigianel probability distributions, but
now for our control sample. Note that the required 95% ciiéjitriteria gives a very close
AV separation threshold to the one adopted for our Seyfert pleam
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galaxies withAV < —100 km s (the ~ 16" percentile of the overalAV distribution) already
lie outside the region occupied by 90% of the objects endlbsethe fitted Gaussian (which has
a standard deviation of 45 km'y, we consider thiaV threshold to be a conservative estimate
for the start of the tail of blue-shifted NaD control objed&irthermore, we performed a simple
Gaussian mixture modeling to probabilistically assignmatrieved ISM NaD velocity distribu-
tions for both the Seyfert 2 and control samples utilizing $Shikit-learn Python package
(Pedregosa et al2011) following (lvezic et al, 2014 see their Chap. 4.4.3) to two Gaussian
components (the first of which is loosely referred to as “bakd a second one as a “tail”,
respectively). In this Gaussian mixture model the datassmed to be comprised of two Gaus-
sians, each one characterised by a mean, covariance, amdlization factor. Therefore, the
probability of having a given velocity drawn from a Gaussiamture model given a set of those
Gaussian parameters can be expressed as the sum over ther mfisdbcomponents of the mul-
tiple of the normalization factors of each Gaussian withglven mean and covariance. Each
velocity should belong to a component so the sum of the nazatadn factors for all constituent
Gaussians should add to unity. However, the probabilityavirig a given velocity drawn from
a Gaussian mixture model given a set of those Gaussian pemanoan be interpreted using a
concept deemed “hidden” variables. The Gaussian compeaeathen interpreted adi@irent
“classes”, to designate that each velocity intrinsicajoimgs to only one of the specific individ-
ual Gaussian components. Under this interpretation thesssauto which each velocity belongs
can be labeled (“class label”) with such a hidden variab&t th involved in its generation by
the data. Generally, the class labels to which each veldatgngs are not known, however
the probability that for each velocity is generated by oné¢hef classes (“responsibility”) can
be obtained using Bayes's theorem. This expression nitumabrporates the fact that it less
likely for a velocity that is further away from the mean of tBaussian component to be asso-
ciated with that particular component. To seek the set dffitieg parameters (including the
best set of label classes) instead of a maximum likelihodidhation the package draws on an
expectation-maximization algorithrémpster et al1977 in order to avoid directly estimating
the intrinsically complex objective function that is assbed with our Gaussian mixture model.
The algorithm works under the assumption that the respitibsilor each velocity is known and
fixed in each of its iteration. The algorithm starts with a @edssumed responsibilities. The
approach of evaluating new responsibilities at each stepgoaatly reduce the complexity of
evaluating the necessary likelihood function and the vafaethe Gaussian mixture parameters
can be estimated in a simplified way. This executes a “maxiticz” step the aim of which is

to drive the minimization of the fit likelihood function towgs a local minimum. It is followed
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by an “expectation” step, where the initial responsilatiare again updated knowing that they
represent the probability of each each velocity being gardrby a given label. The process is

repeated until convergence is established.

Prompting for a high degree of credibility (95%), we can confthat all objects witlAV <
—100 km s (our threshold for “outflowing” objects, derived by simplytifig single Gaussians
to the overall Seyfert 2 and control sample ISM NaD velocistributions) could be assigned to
a second component, deemed to be, in our case, the “taileéafample NaAV distributions.
This is illustrated in Figt.4where we show the best-fitting model and its separate besafis-
sian components for each of our samples. We note that thtepsaeturned best-fit Gaussians
to the “bulk” of both Seyfert 2 sample and our control one heiglentical to the ones obtained
by simply fitting a single Gaussian to the overall ISM NaD il distributions as outlined
in the text. Consequently, we deem galaxies with < —100 km s* as being likely to host
cold-gas outflows, which are expected to be on kpc-scalenhghat at the mean redshift of our
sample ¢~ 0.1) the 3’ SDSS fibers subtend a region 5.5 kpc across. Previous dpeesblved
observations of such galactic winds do, indeed, confirmrti@gt often their spatial extent is at
kpc-scales (e.gMartin, 2005 Rupke et al.2002 2005h Rupke and Veilleux2011;, Cazzoli
et al, 2014 Rupke and Veilleux2015 Liu et al, 2015.

Among the control galaxies with detected NaD interstellasaaption, around- 16.2% (Ta-
ble 4.1) display NaD profiles blue-shifted by more than 100 krh svhich amounts te- 0.8%
of the control sample and is consistent with the overall owtftietection rate found iato
et al. (2009. Interestingly, we find that NaD outflows are not found mastmonly in the
star-forming objects (which host 16% of outflowing objects)stead, outflows seem to be pro-
duced more ficiently in galaxies with either central composite AGMNir-forming or LINER-
like emission (in 25% of the cases). Outflows are also tragagliiescent control objects with
NaD interstellar absorption (10% of the cases) that gelyedaplay weak emission and where
reddening prevented, in particular, the detection ofuO As such, the upper-limits on the
[Om]/HB line ratio indicates the presence of star formation or casitpcdAGN'star-formation

activity in most of these quiescent objects.

To study the role of star formation in driving outflows andthar ascertain when it most likely
powers them, it is instructive to look into the infrared (IRninosity of our control sample. For
instance, it is well established that more than 50% of allihous infrared galaxies or ultralu-

minous infrared galaxies have blue-shifted NaD profilegcative of outflowing gasHleckman
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et al, 200Q Rupke et al.2002 2005ab; Martin, 2005 Cazzoli et al. 2016 and that in turn,
the average contribution of the AGN to the observed totabimeltric IR luminosity amounts
on average to 25% (with the exception of Seyfert 1 emissizndalaxiesNardini et al, 201Q
Kilerci Eser et al. 2014).

To estimate the IR luminositied (r) of our control galaxies with NaD interstellar absorption,
we employ theEllison et al.(2016 catalog of predicted infrared luminosities for galaxiestie
SDSS DRY7, selecting only objects where the expected ertbeininfrared luminosity estimate
is less than 0.1 dex. Among our control objects with intdiestéNaD detection, 1519 (70%)
havelLr values fromEllison et al, and around 30% (461) of these havg > 10'L,, that
would identify them as LIRGs or even ULIRGs. The fraction bjexts withL;g > 10*L,, is
substantially higher for objects with NaD outflows, beinguard 55% (148 objects out of 268),
whereas for the bulk of our control objects that hake~ 0 km s the fraction of objects with

Lir > 10'L,, drops to 25% (313 out of 1251).

A higher incidence of ULIRGs amongst our Na D-outflowing control objects is corsiswvith
many of them being powered by star-formation, even thoudi 8@ out of these 148 NaD-
outflowing and IR-bright control objects display centrabakar emission dominated by Hll
regions (i.e. star-forming). This may suggest either tirauen-nuclear star formation is driving
the outflow or that shocks in the outflow lead to a more comphaission-line spectrum, which
could be recognised as LINER-like or composite AGtar-forming emission, as found in 56%
of our NaD-outflowing and IR-bright objects (e.Rich et al, 2014 2015 Ho et al, 2014
for ULIRGs and normal galaxies, respectively). In fact, cdtsomay also help explain why,
more generally and not in just/LIRGs, NaD outflows are often associated with composite or
LINER-like emission in our control galaxies, which can aeoobserved in the NaD kinematic
analysis of theleong et al(2013 sample byPark et al(2015 see their Fig. 4) and some of the
MaNGA survey galaxiesWylezalek et al.2018.

4.3.2 Seyfert 2 sample

As noted above, the fractions of Seyfert and Control objeatis interstellar NaD absorption
are very similar, which is important, as this allows us to pane the cold-gas kinematics and,

in particular, the incidence of NaD outflows in our two sansple
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We proceed by studying the kinematics of the interstellaDMaes in our Seyfert sample. The
bottom left panel of Fig4.3, which shows the sam&o vs. AV diagram that we previously
discussed for our control galaxies, indicates that amomgseyfert sample there is also a pop-
ulation of galaxies with blue-shifted NaD interstellards(e.g. withAV < 0) that are likely
tracing outflowing material. Th&V distribution for our Seyfert 2 sample (bottom right panel of
Fig. 4.3) shows a skewed distribution (with a statistical skewnesdl.22), similar to that ob-
served in the control sample, with a tail of objects with < —100 km s extending away from
the bulk of the systems that have nearly zero or slightlytpesiV values. Compared to the
control sample, however, the tail of objects with blue4gluifNaD profiles is less pronounced, as
it contains 9.4% of all Seyfert 2 galaxies with interstela D absorption (compared to 16.2%
for the control galaxies), corresponding to 0.53% of theraV&eyfert 2 sample (i.e. those with

and without Na D absorption).

Given that the overall incidence of NaD-outflowing systemsimilar to that found in our con-
trol sample, it is important to recall that our sample of 9&&Yfert 2 galaxiesféers a represen-
tative view of the Seyfert 2 population within the footprioftthe SDSS survey. Finding only
53 of such objects with kpc-scale cold-gas outflows alreadygests that optical AGN activity
cannot be important in driving galactic winds that may leadubsequent quenching of star-
formation in the nearby Universe, even accounting for tleétfeat some more NaD-outflowing
systems may have remained undetected in inclined SeyfetaXigs. In fact, the role of AGN
feedback may be even smaller considering how well conneé®ggtert 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 giam

To further quantify the importance of AGN feedback we checthé radiative power output
of the AGN, i.e. its bolometric luminosity as traced by théimstion-corrected luminosity of
the [Om] emission line Lamastra et al.2009, correlates with the velocityftset AV of the
interstellar NaD absorption. This is shown in Fg5, where we find a modest tendency for
galaxies with higher values of [@] luminosity (logLo.;) to display blue-shifted interstellar
NaD profiles (indicative of an outflow) more often. The fractiof NaD-detected Seyfert 2
galaxies wheré\V < —100 km s indeed increases from3*3%% or ~9*3%, for objects with
low to intermediate [@1] luminosities, to~19j€13% for the most luminous (top 16% percentile)
Seyfert 2 nuclei. Outflows are not predominantly found inhsbdght AGN (where we find

~ 32% of the outflows), however, and inclination biases cam la¢gsexcluded as we do not find -
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Ficure 4.5: Dependence of the AGN bolometric luminosity, as tramgtbgLo) calculated
using the extinction-corrected [@] flux provided by the OSSY catalogue, on the velocity
shift AV = Vnap— V«. The horizontal dashed-dotted lines indicate théo) 16% and 84%
percentiles of the lobjo ;) distribution. In each of the three lagy ) regions defined by these
+1o logLjo .y limits, the vertical dashed and dashed-dotted lines shewndian and thelo
values for the velocity shiftaV, respectively. Finally, the gray vertical dotted linesicade our
AV = -100 km s threshold for identifying Na D outflows, as derived from oantrol sample
(see text in .3.1). Only at the highest lobjo .,y end does thaV distribution becomes more
skewed, with a tail ofoutflowing objects. These objects cosepthe most luminous 20% of
Seyfert 2 galaxies, and 32% of all Na D-outflowing Seyfert ots.
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Ficure 4.6: Ao vs. AV for Seyfert 2 galaxies with interstellar NaD absorptiomigr to the

one in Fig.4.3 but now showing the objects colour-coded with IR luminogiggimates from

the catalogue dEllison et al.(2016). Blue and red points indicate galaxies with IR luminositie

above and below thiejr = 10'L,, threshold i.e. LIRGs and ULIRGs respectively. Among the

outflowing Seyfert 2 galaxies (i.e. those to the left of theygvertical dotted line that marks

ourAV = -100 threshold for identifying Na D outflows, se48.1) 60% would be classified as
LIRGs or ULIRGs.

at least for Seyfert 2 in late-type galaxies (which are 38%hefSeyfert 2 hosts) - a correlation

between axis ratio and [@] luminosity.

If the weak trend shown by Figk.5 could still be interpreted as evidence for AGN feedback in
our NaD-detected Seyfert 2, one also has to keep in mindhbduminosity of the [Qu] line in

AGN is found to correlate with the star-formation rate of bwst galaxy LaMassa et al2013.

To check whether star-formation is possibly also driving taD outflows observed in our



Chapter 4The insignificance of Seyfert 2 activity in driving cold-ggdactic winds 67

: T I T T T I T ! T I T T T I T :

- . \ .

- ©® SF radio sources 3

300 r  ® AGN radio sources : ]

C \ N

: | ]

C [ .

200 - | =

: | ]

C ) \ N

- s ]

100 | -

—~ - \ .

w : » ]

E : 5

O 3

o C N

< r 7]

F ‘

—-100 =

: | ]

r \ N

-200 | ]

C \ ]

C | 7

: | ]

- \ -

_300 C 1 | 1 1 1 | 1 l 1 | 1 1 1 | 1 ]
—-400 —-200 0 200

AV (kms™)

Ficure 4.7: Ao vs. AV for Seyfert 2 galaxies with interstellar NaD absorptiomitar to
the one Fig4.3 and Fig.4.6, but now showing radio sources tHaést and Heckma(2012
associate with either AGN activity (red points) or star fatian (blue points). Among the
ten outflowing Seyfert 2 galaxies whose radio emission wassdied in this way byest and
Heckmanonly one is considered by these authors as being poweredéytaal AGN.

Seyfert 2 sample, we draw again from the workidlison et al.(2016 and look for the inci-
dence of LIRGs or ULIRGs among our Seyfert 2 galaxies. Thilkustrated by Fig4.6, where
we present the samer vs. AV diagram for the NaD-detected Seyfert 2s as in Eig,. but now
highlighting objects witi_jr above and below g = 10*!L,, which is the LIRG threshold. The
Ellison et al.catalogue providek|r estimates for 308 (55%) of our Seyferts with NaD interstel-
lar absorption, and of these, around 28% (88) afecently IR-bright to be classified as LIRGs
or ULIRGs. Among objects witlh|r estimates, the fraction of NaD-outflowing Seyferts (i.e.
with AV < —100 km s1) with Ljg > 10'L,, is substantially higher than for Seyferts that show lit-

tle or no evidence of cold-gas outflows (i.e. with' > —100 km s1), with these fractions being
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60% (17 out of 28) and 25% (71 out of 280), respectively. Thiedence of LIRGs or ULIRGs
among NaD-outflowing Seyfert 2s is thus nearly twice as thatight AGNs (32%), suggest-
ing that circumnuclear star formation could indeed be dgvinany of the outflows observed
among our Seyfert 2 galaxies. In fact, this possibility aggpeeven more likely when consider-
ing that the fraction of IR-bright Na D-outflowing Seyfert Bsalso remarkably consistent with
the corresponding value for the NaD-outflowing control ot§g55%, $.3.1).

To further probe the relative role of AGN and star-formatiolriving Na D outflows, we appeal
to ancillary radio data for our galaxies. In particular, vmeptoy theBest and Heckma(R012
radio catalogue of SDSS galaxies, where the presence of eatssion in each galaxy is linked
to either star-formation activity or a radio-AGN, using ithstellar-population properties, the
ratio of the radio-to-optical-emission luminosity andstard BPT diagnostic diagrams. Fg7
again shows thao vs. AV diagram for our Na D-detected Seyfert 2 galaxies, wheredlmiced
points now indicate whether the radio emission is dominbgestar-formation or AGN activity.
The Best and Heckmanatalogue includes 97 (19%) of our Seyfert 2 sample withrgtedar
NaD absorption and, out of these objects, the radio emissiascribed to a radio AGN only in
17 objects (18%). Most importantly Fig.7 shows that, among the ten radio-detected Seyfert 2
that also exhibit an NaD-outflow, only one is classified asdior&GN by Best and Heckman
Radio-AGN Seyfert 2 galaxies, in fact, generally show neadro or even slightly positive
AV values, consistent with the results $érzi et al.(2016, and also with what we find when

cross-correlating thBest and Heckmaaatalogue with our control sample.

In summary, only a few dozen Seyfert 2 galaxies show kpeesvald-gas outflows among the
large sample of almost 10,000 SDSS galaxies that we havgsaaal Furthermore, although
nearly a third of these outflowing systems feature some ofrtbst luminous of our Seyfert 2
nuclei, both the IR luminosity and the nature of the radiossioin in our Seyfert 2 galaxies
indicates that star-formation may be powering an even hi¢faetion of the NaD-outflows

observed in the Seyfert 2 population.

4.4 Conclusions

Using SDSS DR7 data and the value-added catalogu&hdadt al.(2011 2015, we have se-
lected a nearly complete sample~010,000 nearbyz< 0.2) Seyfert 2 galaxies, and investigated

the kinematics of their cold-gas medium at kpc-scales,aa®tr by interstellar NaD absorption
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lines. In order to set a detection threshold for possible-geals outflows and draw conclusions
on the incidence of AGN-driven outflows in the nearby Unieenawe have also measured the
properties of the interstellar NaD absorption in a cargfalected sample of 44,000 con-

trol galaxies that match our Seyferts in redshift, lumihgssize, light concentration, apparent

flattening, colour and morphological classification. Ouimrasults are as follows:

e The incidence of detected NaD absorption across our Se¥/fand control samples are
similar, being 5.7% and 4.9% in the two populations respelsti This is particularly
important, as it allows for a direct comparison between thlel-gas kinematics found

across these two galaxy populations.

e Out of 9859 Seyfert 2 galaxies, only 53 show evidence of lqadescold-gas outflows.
Even accounting for inclination biases against the deiaaif Na D-outflowing systems,
this result strongly suggests that optical AGN activity mainbe important in driving

galactic winds capable of possibly quenching star-foromaiin the nearby Universe.

e The overall cold-gas kinematic behavior traced by the Natergtellar absorption in
Seyfert 2 and control galaxies (as shown in thgp — o« versusVyap — Vi diagrams)
is rather similar, and the presence of an optical AGN doedaost the fraction of NaD
outflows compared to the control sample, where such outfloevdileely driven by star-
formation. In fact, the incidence of NaD outflows among Sey®s is actually lower,

being 9.5713% of NaD-detected objects, compared to 1§36 for the control sample.

e Consistent with previous studies, many NaD-outflowing 8dy2 galaxies are some of
the brightest AGN (lodjo . > 423 erg s1). However, this only accounts for 32% of the

outflows detected in Seyfert 2s.

e On the other hand, ancillary radio and IR data of our Seyf@vailable for 19% and
55% of the objects with interstellar NaD absorption) sugg#ésat star-formation is likely
to be the bigger contributor to the observed NaD-outflows.oAgithe NaD-outflowing
systems with radio or IR measurements, around 90% show eadiigsion consistent with
being powered by star formation rather than AGN activity] 86% show IR luminosity
consistent with a LIRG or ULIRG classification. That a simileehavior is observed
across our control sample further indicates that star fdamas 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 outflowshis work reinforces the conclusions
of recent studies (e.dcaviraj et al, 2015h Sarzi et al. 2016, which have suggested that the
long time delay between the onset of star formation and thgering of the AGN hinders the
ability of the AGN to strongly regulate star formation adiv In essence, the gas reservoir is
greatly depleted before the AGN is triggered, so that the Ag€&t$ largely to mop up residual
gas in the system, rather than influencing the bulk of the fstamation episode. It is worth
noting again that, since these papers have studied gataxigisle clusters, this scenario operates
in low-density environments (which, nevertheless, hostutast majority of galaxies) at low
redshift. Since performing similar NaD analyses at highshéftl is complicated by the low
signal-to-statistical noise in the stellar continuum vdrey similar conclusions at higher redshift

is currently infeasible.

While our results, combined with the recent literature,gasgs that optical AGN activity may
not play a dominant role in quenching star formation in tharbg Universe, future integral-
field observations, possibly assisted by adaptive optieg; sied further light on the relative
role of AGN and star formation in powering the kpc-scale egdd outflows found in Seyfert 2
galaxies. It is worth noting, in this context, that therf(Pluminosity distribution of our Seyfert
2 sample extends to the more typical values observed in Bdy$ystems. Hence, even though
the measurement of NaD outflows in these objects is gendrathpered, either by the presence
of a non-thermal continuum, or by a real absence of neutrdiuBoalong the line of sight, it
appears unlikely that Seyfert 1s could power many more kptescold-gas outflows, just on the
basis that their engines could possibly be more powerful tha AGN probed in this study. On
the other hand, it also remains to be established how frélyuiie ionised-gas outflows often
found in nearby Type 1 AGN (e.@Perna et a).2017) really extend to kpc scales, again, for

instance, through the use of integral-field spectroscomy Gresci et al.2015.

Integral-field observations may also clarify the impact lmbcks on the nebular emission that
is observed in most of the NaD-outflowing galaxies in our cansample, which very often
shows composite AG/star-forming activity and LINER-like emission. Indeedskfocks do not
always contribute to the observed nebular spectrum (azigdbe in the study oHo et al,
2014, this may leave some room for AGN, possibly during a verycobsd phaseRerna et aJ.
2017 Harrison 2017, to contribute to the outflows observed in our control sangpid also in

the more general galaxy population.

A further avenue of exploration is the role of mergers in igigvinflows and outflows of cold
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gas. Deep surveys like the Stripe 82 and, in particular, natasets that are both wide and
deep (e.g. DECaLS and those further downstream like L®&Fi€C et al, 2008 Abell et al,
2009 Schlegel et a).2015 Blum et al, 2016) are capable of revealing faint tidal features due
to recent interactions (e.gaviraj, 2014ha). Such data can be combined with the NaD analysis
presented here to elucidate the role of merging in triggeglactic-scale outflows in the nearby

Universe.

Nevertheless, to conclude, the results from this studyesigfat galactic-scale outflows at low
redshift are no more frequent in Seyferts than they are ifla&imon-active galaxies, that such
optical AGN are likely not direct dominant contributors hetquenching of star formation in the
nearby Universe and that star formation may be the principeér 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 fotredized counter-rotation have been
extensively studied before. On the one hand, “countetingtapopulation of stars can be found
within some massive slow-rotator early-type galaxies (E)f @here most often a KDC is usu-
ally present (e.gEfstathiou et a].198Q 1982 Franx and lllingworth 1988 Jedrzejewski and
Schechter1988 Franx et al. 1989. They are found to be rare amongst the early-type galaxy
population ¢ 7%), however such features seem to be abundant witi2% of slow rotator
systemsKrajnovic et al, 2011) and even more rare-(2%), in particular, amongst just the fast
rotator populationEmsellem et a).2011). The stellar populations of galaxies with larger-scale
KDCs are of old ages and have mainly negative metallicitgigrats (e.gMehlert et al, 1998
Davies et al.2001, Emsellem et a).2004 Kuntschner et al.201Q McDermid et al, 2019 in
conjunction to the higher mass elliptical galaxy populatié-urthermore, these KDCs seem to
be of comparable age to the host galaxy as suggested by thecalsf evidence for substantial
stellar population age gradients (eMcDermid et al, 2006 Kuntschner et al.201Q McDer-
mid et al, 2015 Krajnovic et al, 2015. Generally, the light profiles of KDC host galaxies

are thought to be similar to the ones of the overall slowtootapopulation of similar stellar

72
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mass (e.gCarollo et al, 19973ab). However, the light profiles of galaxies with noticeable €®
found in some slow rotators can also show the presence df@ulliphotometric exponential or
low Sérsic indices photometric subcomponents. This can #tem the more complex orbital
families that can be present in non-axisymmetric galaxgipidl systems often also displaying
kinematically distinct coresKrajnovic et al, 2013. Even, despite continuoustert the origin

of the KDCs observed such systems is still poorly understdde nature of apparent angular
momentum vector of KDCs with respect to their host galaxylmaargued to be an indication for
an external formation mechanism. Earlier studies fstathiou et a.1980 Kormendy 1984,
noting on the fact that the light profile of NGC 5813 can be wetiresented by two photomet-
ric sub-components, prompted investigation as to wheti@C&are not embedded remnants
of smaller galaxies. This “core-within-a-core” formatisnoenario (e.gFranx and lllingworth
1988, however, contradicts the observation that galaxies WIIICs have negative metallicity
gradients and compatible stellar population propertiethasore should be more metal-poor
than the rest of the galaxy if externally acquired. More sc@s for the formation of KDCs
include the disruption of a satellite galaxy during a minaerger (e.gFranx et al. 1989. In
such an encounter, the distinct angular momentum of the Kilxésibecause of the specifics
of the merger encounter (orbital configuration) and, inipaldr, because of the orbital angular
momentum of the satellite. The merger of spiral galaxieg. @ois et al, 2011 can also pro-
duce slow rotators with KDCs. Furthermore, KDCs can, in galheriginate from acquired gas
that settles at the bottom of the gravitational potential subsequently form stars (eBender
and Surmal992. The picture that KDCs are the remnants of past mergersaifeciyed by the
observation that did not find any deep photometric evideaag €hells) of a past merger event
provided such features are long lived (eJgdrzejewski1987. More likely, the KDCs could
have formed at earlier epoch, as supported by the old spafaulation associated with them, by
a hierarchical merging of small systems, possibly invauviyas (e.gBender and Surmd992.
Such larger-scale KDC systems are intrinsicallffedient from the ones with smaller scale (few
hundred pc) KDCs. Such small-scale size KDCs are assocwtbdyounger stellar popula-
tion ages and some interstellar medium. They are thoughtrto Hlue to recent accretion of
gas followed by a period of star-formation. Their preserscexpected to be visible only for a
limited time period, when the integrated light of the galésput-shined by their newly formed
young stellar population to dominate any measurement madkeospectraNlcDermid et al,
2006. Finally, KDCs may not even be physically distinct embetideuctures, but actually an
observational fect from the observed in projection mass imbalance of thgrpde and retro-

grade smooth population of stars in short-axis tube orhitsinva triaxial galaxy (e.gde Zeeuw
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and Franx 1991, Statler 1991). Support for this hypothesis has been gained by some recent
dynamical modelling #ort (e.g.van den Bosch et al2008 Krajnovic et al, 2015.

On the other hand, a small fractiend% (Krajnovic et al, 2011) of galaxies can also host em-
bedded counter-rotating discs (eRubin et al, 1992 Rix et al, 1992. Such 2r systems are
typically found within lower mass galaxie€éppellari et al.2013 than their early-type coun-
terparts with KDCs. The multiple kinematic components iesén galaxies have been revealed
through the complex line-of-sight velocity distributiootheir stellar content, often clearly ex-
hibiting two peaks (e.gPizzella et al.20140. Evidence that such embedded discs with high
angular momenta are present also comes from dynamical hmgo@.g.Cappellari et al.2007,
Mitzkus et al, 20170. The relative masses, sizes, shapes, and stellar papulatbperties of
the two counter-rotating stellar discs would generallytatie the appearance of the velocity field
(i.e. positions and amplitudes of the velocity dispersieaks) of their host galaxy. One case
of equal mass discs is NGC 4550 as confirmed by such modelliaggellari et al.2007) and
observations@occato et a).2013. Again using modelling, the mass was found to be approxi-
mately split 30 to 70% in between the two counter-rotatirsgslin NGC 4473Cappellari et al.
2007. Most often, the two components are associated with sigtipulations of dierent prop-
erties and a large amount of ISM as traced by ionized gas emigSoccato et a).2011 2013
Johnston et 812013 Coccato et a) 2015 Pizzella et al.2014a Mitzkus et al, 20173. Galaxies
with counter-rotating components do not appear to live ifedent environments (considering

both satellites and companions of similar size) as dematestibyBettoni et al.(2007).

In this chapter we would explore the properties of two gasGC 448 and NGC4365 known
to be hosting & stellar velocity dispersion structure and a KDC, respettiand attempt to use
the counter-rotating stellar features in these galaxy asx@ygor their assemblyKatkov et al.
(2016 independently studied NGC 448 and extracted a long-gittspm along the galaxy ma-
jor axis to perform a thorough investigation of the properidf the two kinematically decoupled
components. Our second galaxy NGC 4365 was also extensibsigrved with theSAURON
integral-field spectrograptD@vies et al. 2001) and comprehensive dynamical modelling by
means of the&Schwarzschild1979 orbit superposition method has shown that the KDC is not
necessarily a true kinematically decoupled structurejfsiéad appears to be an artefact due to

the triaxial nature of NGC 436%#&n den Bosch et al2008.
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5.2 Observations and Data Reduction

The spectroscopic observations were carried out with theéSHlhtegral field spectrograph.
Observations were taken in November and December, 2014 (8483, and on 12 February,
2015 (NGC 4365), in service mode during grey time and photdmeonditions. The seeing
was about 1, as measured from the ESO meteo monitor. MUSE was configanredde-field
mode, without adaptive optics, and in nominal-wavelengtde) this setup ensured a field of
view of I'x 1/, a spatial sampling of 02 x 0 ”’2 per pixel, a spectral coverage of 4800-9300 A,

and a spectral sampling of 1.25 A pix&l

The observations were organised in several exposures 6fd#6ervals with @set sky expo-
sures of 270 s in between. Scientific exposures were ditigredl” and rotated by 90with
respect to each other to minimise the instrumental sigeaitithe diferent spectrograph on the
combined data cubes. The total exposure times are 42 m ahd@. NGC 4365 and NGC 448,

respectively.

The basic data reduction (bias subtraction, flat fieldind,\@avelength calibration) was carried
out using the MUSE ESO pipeline version 1.6\®d(lbacher et a).2012. We also utilised
the Zurich Atmosphere Purge (ZAP) sky subtraction proced8oto et al. 2016 to remove
any residual sky features left over by the main MUSE ESO dadaction pipeline. The ZAP
code implements a sky-subtraction method based on a psincgmponent analysis comple-
mented with data filtering and segmentation that allows sbflux preservation with negligible
or no impact on any astronomical source line profiles. Theseprocedures were executed
through their ESO Reflex environmerfiréudling et al.2013 implementations. In the case of
NGC 448, the ZAP cleaning was done by directly evaluatingsttyeon the object cube itself.
For NGC 4365, we used the dedicated sky exposures as theygalexpied the whole field of
view, therefore leaving no spaxels dominated purely by #yesggnal. As a subsequent step
we ran theCappellari and Copii2003 Voronoi binning algorithm aiming to achieve a signal-
to-noise ratio (AN) of 90, evaluated considering the whole MUSE spectral veagth range.
We consider the mean of the spectrum as the signal, and tke asithe square root of the
mean of the variance returned by the MUSE ESO pipeline. Eurtbre, to suppress any of the
low-signal levels in the outer parts of the observed field GidN448 we chose to apply a further
elliptical mask aligned to the galaxy position angle (PA)wa semi-major to semi-minor axis

ratio of 1.5 on the MUSE reconstructed white-light imagehvatsemi-major axis of 190 spaxels,
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TaeLe 5.1: Photometric components in NGC 448 and NGC 4365. Theciisimn gives the

description of the fitted photometric component. Secondroalis the integrated magnitude

of the photometric component returned ¢yl fit (see Sect. 3). The third column provides

the estimatedfective radius in arcseconds. The fourth column outlineb#w-fitting Sérsic

index. The fifth column is the semi-minor to semi-major axatio of the best-fitting model.
The last column is the position angle of the best-fitting Bepeofile.

Name mag Re n bya PA
KDC (NGC448) 19.32 1.04 1.16 0.89 -52.9
KDC (NGC448) 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) 9.10 390 0.98 0.75 427

thereby minimising theféect of the outer regions with very low/!$ on the size of the bins in

sections of higher Bl. 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 capaleiitof MUSE by analysing the galaxy
images obtained by collapsing the datacubes along wauelefigpe purpose is to identify the
presence of photometrically distinct components and coenteeir properties with those of the

structural components that we would identify via the spEstiopic decomposition (see

§5.5.3. In this way it is possible to i) establish a direct assacrabetween photometric and
kinematic components; and ii) to use the photometric inéiiam as priors in the spectroscopic
decomposition to constrain the flux of the components. Theaigphotometric priors in the

spectroscopic decomposition to improve the accuracy okitnematics and stellar population
measurements has been successfully applied in several @geCoccato et a).2014 2015

Sarzi et al.2016 Tabor et al.2017).

The photometric decomposition is performed using the tmoedsional (2D) fitting algorithm
galfit (Peng et al.2002. We use the reconstructed images rather than independgrivex
images in order to have the same conditions (e.g. seeindyaigground contamination) as the
spectroscopic data. Indeed, the purpose is not to retriemagrate parameters of the structural

components (e.g. seeing-corrected scale radii), but tairlgood fitting surface brightness
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Ficure 5.1: Photometric decompositions for NGC 448 (upper panal) MGC 4365 (lower
panel). Each plot shows: the surface brightness profile uned$rom the reconstructed images
(diamonds), the best fit model (magenta) as obtained froncah&bination of the structural
components that are associated to the main galaxy (bluepehd kinematically distinct core
(KDC, labelled as “secondary component”, in red). In theecaBENGC 448, the KDC is

assumed to include two subcomponents (dashed red lines).
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profiles that contain the same observation@éas as the spectra, in order to eventually use

them as constraints in the spectral decomposition.

In our decomposition, all components are parametrised S&tsic profiles, which allows for
the behaviour of both disk and spheroidal structures to bapsulated. Our fits include only the
minimum number of components required to reach a good féctiejg additional components
that would contribute only a relatively small fraction oetktellar light (e.g. less than the 5%
freedom that we already allow in our spectroscopic decoitippsvhen adopting photometric
priors, 8§ 5.1). For NGC 448, we identified three Sersic corepts and for NGC 4365 we
identified two. We also note that fits based on one Sersic coemianever lead to satisfactory
models for the observed surface-brightness distribuiiomarticular in the regions where we
observe a KDC signature. Tablel summarises the properties of our identified components,
whereas in Figs.1we compare their surface brightness radial profiles wits¢hmeasured on

the reconstructed images using the iraf task elligselzejewski1987).

As regards NGC 448, we would like already report here thastime of the first two photometric
components in NGC 448 is likely associated with the kinematiunter-rotating component,
whereas the third photometric component is in fact ascribéoe main galactic stellar kinematic
component. We also note that within the MUSE field of view, pbhotometric model agrees
well with what was predicted bifatkov et al.(2016 on the basis of their innermost first three
components, consisting of a Sersic and two exponentiallpsofiindeed, even though their
fourth and most extended Sersic component is responsible % of the total light of NGC 448,
this halo component does not contribute much light withie BMUSE field of view, dropping

already to less than a 6% fractional contribution at a radfu)”.

As for NGC 4365, we note that although a single core-Sersiéilercan match well the light
profile in the KDC region of this galaxyFerrarese et gl2006, here we performed a two-
component decomposition for the purpose of testing whetiese would then match the results
of a spectral decomposition. As discussed below, we find mdeage 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 twio distinct stellar structural com-
ponents in these galaxies we used the Penalized Pixeld-{@iappellari and Emsellen2004
and the Gas AND emission Line Fitting&rzi et al. 2009 methods to recover the velocity,
velocity dispersion, and thk3 andh4 codficients of the Gauss-Hermite parametrisati@m
der Marel and Fran1993 of the line-of-sight (stellar) velocity distribution arahy potential
ionized-gas emission line properties in each Voronoi bihe PPXF procedure uses a model
that is parametrised in terms of Gauss-Hermite functionshie LOSVD, and a set of linearly
combined template spectra to best match the observed gaeecgrum in pixel space. An im-
portant requirement for the extraction of an accurate LOS¥that the spectral resolution of
the templates provided to build the observed galaxy spectmatches the instrumental one.
The spectral resolution was measured by fitting a high-uéisol solar spectrum template to
the twilight spectra, after having combined them followithg same sequence of the science
observations, similar toSarzi et al, 20183. The measured instrumental FWHM 824, its
variation across the field of view and the wavelength rangedd A. The adopted method en-
sures the measurement of théeetive instrumental spectral resolution, which includethtihe
instrument properties and data reduction steps. With tbessiderations in mind we adopted
as template spectra théazdekis et al(2012 MIUSCAT) stellar population synthesis models,
spanning the broad 3465-9469 A wavelength range based oBithaedi et al.(2000 stellar
isochrones with-0.71 < [Z/H] < +0.22, Q06 < t < 18 Gyr, and with a unimodal initial-mass
function with a power-law slope céecient of 1.3 Galpeter1955. This stellar population syn-
thesis model template library with a constant FWHM resoluif 2.8 A was retrieved through
the on-line portdl. Prior to performing both pPXF an@andALFfits, the spectra of both our
template library and observations were logarithmicallpirened to a common velocity step of
55.17 km s, Due to the higher spectral resolution and relatively higt & the CaT absorption
lines we extracted the kinematics of NGC 448 within the 88800 A spectral region. A first
degree additive polynomial and a third-degree multipieapolynomial were used to account
for template mismatch, any imperfections in the sky sulitagorocedure, and potential inac-
curacies stemming from the spectral calibration process.N&C 4365, we instead opted to

extract the kinematics by creating an optimal template ttcinlhe summed up spectrum within

Ihttpy/www.iac.egproyectgmilegpagegvebtoolgtune-ssp-models.php
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Ficure 5.2: The one-componentkinematic maps for NGC 448. Top Oéfe retrieved velocity

field. Top Right: The velocity dispersion field. Bottom Lefthe map of thé3 Gauss-Hermite

codficient in the parametrisation of the LOSVD. Bottom Right: Thap of theh4 Gauss-
Hermite codficient in the parametrisation of the LOSVD.

a central circular aperture by performing an initial pPXFTihis template and a high-order ad-
ditive and multiplicative polynomial (15th and 15th degresspectively) were later adopted to
similarly extract the one-kinematic-component maps tghopPXF andsandALFwithin each

\Voronoi bin.

Figure 5.2 presents the 2D kinematic maps for NGC 448 extracted by peifigg the proce-
dure described above. We observe abrupt changes in theialired the velocity field (upper-
left panel) with a maximum rotation amplitude ©f140 km s*. There is a pronounced anti-
correlation between the velocity aihd codficient in the outer regions of the galaxy, plausibly
due to the presence of an extended disk component thatgatedenoticeably dferent manner
to that of the main stellar body. Moreover, within the innental part, this anti-correlation per-
sists even after the velocity field switches direction. Wficm the classification of NGC 448

as a “2r" galaxy (top-right panel), because of the two pronouncadmegtric df-centre peaks
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Ficure 5.3: The one-component kinematic maps for NGC 4365. Top: dfe retrieved ve-

locity field. Top Right: The velocity dispersion field. BottoLeft: The map of thé&3 Gauss-

Hermite codicient in the parametrisation of the LOSVD. Bottom Right: Thap of theh4
Gauss-Hermite cdicient in the parametrisation of the LOSVD.

of ~ 230 km s? in the velocity dispersion map. The behaviour of HeGauss-Hermite co-

efficient used to capture symmetric departures from purely Sanud OSVD profile indicates

that at the positions where the velocity dispersion is ahigbest values the LOSVD has pro-
nounced, extended “wings”. Taken together, such kinenmfwaviour in NGC 448 is found

to be symptomatic of the presence of an embedded centraisictilly counter-rotating disk

(Rubin et al, 1992 Rix and White 19923 Bertola et al. 1996 Cappellari et al.2007 Vergani

et al, 2007 that from these maps appears to span at leds” in its radial extent.

In Figure 5.3 we show the 2D kinematic maps for NGC4365. The velocity fieidper left
panel) displays a clear “four-part counter-rotating” mulomgy because it possesses four max-
ima at diferent amplitudes and positions and the velocity field hastindtive “S-shape” twist

(Statler 1997). The central velocity extrema have an amplitude~d80 km s, whereas in
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Ficure 5.4: Fits to the CaT spectral regions for bins of approxitye@earcsec roughly along

the major axis of the centre of the NGC 448 field where the twtirdit kinematic components

have an absolute velocityfiierence 0f~212 km s. The best-fitting models are in green. The

contributions of the counter-rotating and main galaxy congnts are shown in blue and red,

respectively. The green points signify the residual fromfidting 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 iallem(~ 55 km s1). The velocity
dispersion (upper-right panel) is centrally peaked withaximum value of~ 270 km s1. The
h3 codficient (bottom-left panel) strongly correlates with the etved velocity pattern where
we also observe a kinematically distinct behaviour for teleeity field. Such correlation is less

pronounced in the outer parts.

5.5.2 The kinematic decomposition procedure

To derive the individual properties of the twoffdirent structural components, we followed a
procedure identical to that @@occato et al(2011). This so-called kinematic decomposition
method takes advantage of the characteristic spectralrit{prg. asymmetric or double trough
line profiles) of a spectrum, which constitutes two overlagpstellar populations of éierent
kinematics. The method builds on pPXF in that it aims to mdldelobserved spectra and there-
fore to also achieve a separation of two possible stellarkatic structural components in every
spatial bin, by constructing a unique set of linearly coreditemplates for each component con-
volving it with a separate Gaussian line-of-sight velodtgtribution function. To account for
any potential inaccuracies in the spectral calibration teddfects induced by the reddening
from dust on the spectra similarly to pPXF, our procedurgéslmultiplicative Legendre poly-

nomials of a pre-selected order assumed to be identicabfbrdbmponents. We avoid the use of
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additive Legendre polynomials, because they could praflyubias our line-strength measure-
ments Cappellarj 2017). Given the complexity of this fitting approach, a useful giification

is achieved through the normalisation of both the galaxgtspend templates to unity. In this
way we are able to obtain the fractional contribution to th& Within a given wavelength range
of both components in terms of a single parameter insteadsifang two separate light frac-
tion contribution parameters. Due to the surprisingly goalibration in both our chosen set of
templates and MUSE spectra, we found that such an arbitharige of normalising wavelength
range does not influence any of the forthcoming conclusiomschose for simplicity to nor-
malise all templates and MUSE spectra with respect to thearmevels. The main workhorse
minimisation procedure within both pPXF and our kinemagcamposition method is the in-
teractive data language (IDL) implementatidvigrkwardt 2009h of the Levenberg-Marquardt
least-squares curve-fitting algorithm that is sometimesdoto converge, not necessarily to-
wards a global minimum. We experimented with switching ithathe slower, but potentially
more sturdy, downhill simplex (AMOEBA) methodNélder and Meadl1965 with little to no
success in line with th€appellari(2017) finding that the minimisation algorithm does not no-
ticeably influence the inferred pPXF results. Even thougtfitiing procedure is robust enough,
it is not necessarily immune to completely unreasonable aeinitial guesses for the veloci-
ties of the two kinematic components. Therefore, we tedtedrmpact of varying the initial
guesses for both kinematic components (i.e. their vestiéind velocity dispersions) in our

decomposition model until we were convinced of the genealdlity of the results obtained.

5.5.3 Two-component fit

As described above, such a kinematic decomposition proeeallows us to simultaneously
and independently retrieve the properties of the kinen@iimponents, namely their velocity,
velocity dispersion, fractional contribution to the fluxgfit fraction), and best-fitting stellar
population template. Here, we focus on the individual phatrsic 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 neapdhkition of
maximum velocity diference, where both components contribute almost the sawiofr to

the overall light (at~ 9”). In the case of NGC 448, the line profiles are clearly doulelaked,
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Ficure 5.5: Spectral flux maps and profile averaged over the numbspaels for NGC 448.
Left panel: Reconstructed surface-brightness map of thateo-rotating component. Middle
panel: Reconstructed surface brightness map of the maip@oemnt. Right panel: Radial
profile for both kinematic components, taken through a pselitlapproximately aligned with
the semi-major axis. The black, orange, and blue solid lihestrate the photometrically
derived total, the counter-rotating, and the main compbfier contributions, respectively.
The blue triangles and the orange diamonds show the fluxibatitm derived for the counter-
rotating and main components, respectively, as derivealitiir our fitting procedure without
imposing any constraints.

highlighting the complex nature of the underlying stell@®%VD. Figure5.5 shows the recon-
structed brightness maps averaged over the number of spaixkebth kinematic components.
The light profiles taken along the photometric major axiswsliwat our kinematic and photo-
metric decompositions agree remarkably well with eachroffight panel of Fig.5.5), so that
the more (primary) and less (secondary) extended photanwamponents can be confidently
attributed to the main and counter-rotating kinematic congmts, respectively. In this respect,
we presently assume that the innermost photometric conmpdedongs to the counter-rotating
structure, consistent also with the conclusions Kditkov et al, 2016, although our data do
not allow us to rule out that more central light could be asstjalso to the main component.
This limitation, however, does noffact our main conclusions. Further adaptive-optics-assist
MUSE observations may help in understanding the kinemafié¢GC 448 in the very central

few arcseconds.

We chose to discard all bins where either the fitting routilteret converge or the fractional
light contribution of the counter-rotating component wasslthan 15%. This somewhat arbitrary
choice is motivated by the observation that the light of #ssiextended kinematic component
experiences a sharp rise at a radius-df9” along the pseudo-slit extracted from the IFU data,
where its contribution to the total flux indeed drops belod50.Furthermore, we retrieved the
amplitude of the strongest CaT line and compared it to thel lefithe residual noise evaluated

by computing the robust standard deviation of the residBek(s et al.199Q their Eq. 9).
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The turn-df where the amplitude of the line drops below three times taual noise level

coincides roughly with our adopted light fraction threshol

Nevertheless, because we did not impose any prior on th@éakpatent of both of our kine-
matic components, the decomposition within the regionsralsor zero velocity dierence in
between them erroneously detected a higher light fracti@ne of the components. Figuses
shows the two-dimensional (2D) kinematic maps for NGC 44Be Uipper-left panel gives the
retrieved velocity for the counter-rotating kinematic qmnent. Both kinematic components
rotate with comparable velocities and a maximum velocityktode for the counter-rotating
component of~ 120 km s? at a distance of 11" from the centre of the galaxy. Its velocity
dispersion is significantly lower (mean, of ~ 40 km s1) in comparison to that of the main
stellar body ¢ 60 km s1), strengthening the idea that the counter-rotating corepbis indeed
adisk. Driven by the excellent correspondence betweerigheprofiles of the photometric
components determined in Secti®@ and those of the kinematic components, we decided also
to impose the light contribution we obtained from photomatto our kinematic spectral model
allowing only a small adjustment of at most 5%. In Fig7 we show again the reconstructed
surface brightness maps of both components and corresmindneir major-axis profiles. We
consider again, as for our previous estimate, that we céabhgldetect the counter-rotating
component when its contribution to the total flux is higheartt0.15. In the bins where this
condition was met (left panel of Fi.7) the mean absolute ftierence between the fixed pho-
tometric fractional contribution and the one retrieved by previous analysis is 7.5%. This
difference is higher predominantly within the very centraloagiwhere the velocity tlierence
between both kinematic components is rather small andliger®st likely did not originally
allow a very robust kinematic decomposition. Even thougim@xhe photometric contributions
is not strictly necessary, because of the complex naturerdtioematic decomposition method
it relieves some of the parameter degeneracies. This, i) tasults in a more consistent pa-
rameter estimation. Moreover, in doing so we need not imposeewhat fiducial criteria to
separate the Voronoi bins which contain both kinematic comepts from the ones where just
a single one is present. Instead, as such a criteria, we\siadgalpted the light fraction above

which we deem the detection of the counter-rotating comporediable.

We now describe the kinematics obtained by imposing thegohetric decomposition, which
we adopt in the remainder of our further analysis. Fighu&shows the velocity and velocity
dispersion maps for our two kinematically distinct compase We have replaced all bins where

we recovered the fractional contribution of the countéating component to be less than 15%
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Ficure 5.6: The extracted kinematic maps without imposing anyrpram the fractional light
contribution for NGC 448. The bins are selected such thafrémional contribution of the
counter-rotating component is greater than 15%. Top-laftei The velocity field of the
counter-rotating kinematic component. Top-right pandie Velocity dispersion map for the
counter-rotating component. Bottom-left panel: The vigyofteld of the main kinematic com-
ponent. Top-right panel: The velocity dispersion map fertihain component.

within the main stellar one with our previous single kineiti@bmponent fit. The results that
we obtained folding the photometric decomposition infdiioraback into our kinematic de-
composition also agree to a high degree with the ones whesgsiteft as a free parameter. The
mean absolute fferences between the kinematics extracted with and witincotporating the
photometric decomposition arell km st in velocity and~ 12 km st in velocity dispersion.
The velocity amplitudes for both components are again coafypa with the counter-rotating
component reaching a maximum of125 km s* at a distance of 12”. The main component
has a maximum velocity amplitude ef135 km st in the outskirts of the field along roughly
the major photometric axis. The counter-rotating disk congmt has a lower velocity disper-
sion and a mean value ef46 km s with a maximum of~ 75 km s in the very centre and
a minimum of~ 30 km s. The main component has higher velocity dispersion with aimme

value of~ 86 km s1.
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Ficure 5.7: Spectral flux maps averaged over the number of spaxdlpafile fixed to the
one recovered by the photometric decomposition for NGC £48.panel: Reconstructed sur-
face brightness map of the counter-rotating componentdMiganel: Reconstructed surface
brightness map of the main component. Right panel: Raddllerfor both kinematic com-
ponents, taken through a pseudo slit approximately alignéide semi-major axis. The black,
orange, and blue solid lines illustrate the photometiycaddirived total, counter-rotating, and
main component, respectively, flux contribution. The bhignigles and the orange diamonds
show the flux contribution derived of the counter-rotatimgl anain components as derived
through our fitting procedure without imposing any constisi

We report an absence of ionized-gas emission in NGC 448.04dth the [OIll], HB, [N 11],

and Hr emission lines should normally reside in the 4700-6715 Ael@wth range, none
of them had a dficient amplitude-to-noise retrieved through d@sandALFfit to surpass the
detection threshold of 3. Furthermore, neither thi€atkov et al.(2016 long-slit spectrum,
nor theMcDermid et al.(2015 ATLAS®P observations with SAURON showed the presence of
such emission lines. The lack of gas is further enforced bylithits put on the H mass (log
M(H2) < 7.74 [Mg]) of Young et al.(201]) based on IRAM CO & 1-0 and J= 2-1 emission
observations. In addition, the galaxy is not detected ifRIRST 1.4 GHz survey, excluding the
presence of strong-enough star formation, that could ses\an ionizing sourceNyland et al,
2017).

5.5.3.2 NGC 4365

We also applied the kinematic decomposition technique tdCNI365. Figures.9 shows a
spectrum of NGC 4365 as an example of our attempt at perfgrsuch a decomposition in the
CaT region. Unlike the case for NGC 448, our kinematic andghetric decompositions did
not return light fractions consistent with one another. &ber, the retrieved kinematics were
found to be very highly dependent on the choice of the setitihiguesses. Furthermore, the
derived fractional light contribution did not display anyrsistent profile when left free to vary.

Our photometric decomposition shows an excess of lightinparison to a pure Sérsic fitin the
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Ficure 5.8: The extracted kinematic maps with the fractional ligbmtribution fixed to cor-

respond to the photometrically derived one for NGC 448. Ting hre selected such that the

fractional contribution of the counter-rotating componisrgreater than 15%. Top-left panel:

The velocity field of the counter-rotating kinematic compot Top-right panel: The velocity

dispersion map for the counter-rotating component. Botkeftnpanel: The velocity field of

the main kinematic component. Top-right panel: The vejodispersion map for the main
component.

central regions of the galaxy (SectiéM). The presence of this exponential-like photometric
component, however, is most likely due to the structuresiéal from the orbital families that
can be found in galaxies of triaxial intrinsic shape, as jmesly found for some of the non-
barred slow-rotator early-type galaxies with KD®sgjnovic et al, 2013, and not those with
a truly kinematically decoupled structure. Even though Waim a somewhat satisfactory fit
to the spectra for some of the Voronoi bins using our decoitippsprocedure, the velocity
and velocity dispersion fields we recover for the twiietient components are highly irregular.
The highly non-symmetric LOSVD profiles in the centres of soallipticals, such as the one
present in NGC 4365, have previously been shown to be weltimdtby a superposition of
two Gaussian forms of fferent width (e.gFranx and lllingworth 1988 Bender 1990 Rix and
White, 1992h. Nevertheless, this finding alone, and especially witlzontatching photometric
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Ficure 5.9: Fits to the CaT spectral region of NGC 4365 for bins apipnately 10.5 arcsec
away from the field center in the regions where we expect & laeipcity diference between
the two suspected kinematic components.

signature, is not gticient to provide enough evidence for the presence of a philjysaecoupled

kinematic component.

5.6 Line-strength indices and stellar population propertes of NGC 448

In this section we present the line-strength maps and sfEjaulation properties of the individ-
ual kinematic components (i.e. counter-rotating disk amghrstellar body) of NGC 448 where

our kinematic decomposition technique successfully recay their presence.

5.6.1 Line-strength indices

Our initial choice to extract the kinematics only in the lied CaT spectral region for NGC 448
did not prevent us from obtaining the Lick absorption litieesgth indices as defined byorthey

et al.(1994. We re-fitted the NGC 448 spectra in the 4700-6715 A wavelerange, where
one finds the strongest stellar absorption lines definindgfeMg b, Fe&270 Fe5335 Fe5406
Fe5709 Fe5782 NaD, TiO;, and TiQ, using the prior two-component kinematics as an initial
guess for our kinematic decomposition. A small adjustmént20 km st in velocity, +20
km st in velocity dispersion, ang0.05 for the light fraction in the counter-rotating component
was allowed in order to accommodate any expected change iextihacted kinematics. Gen-

erally, the kinematics obtained in twofluaiently distant wavelength domains (e.g. 4800-5380
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A and 8480-8750 A) could fer. In a varying mixture of stellar populations witHigirent age,
the fraction of young stars, outputting their light predoamitly in the blue end of the spec-
trum, and older stars, dominant at the red end, could giwetdsnon-negligible~ 5 km st
differences in velocity and velocity dispersion and variatisrbig as~ 0.02 in theh3 andh4
Gauss-Hermite cdkicients @Arnold et al, 2014. This is especially relevant when dealing with
possibly kinematically decoupled structures such as thoser investigation and also observed
by Mitzkus et al.(20173. The kinematic decomposition we utilised in modelling gpectrum
of our galaxies returns the best-fitting linear combinatdribrary templates. We proceeded
to extract the aforementioned line-strength indices omth€occato et al(2011) carried out
extensive verification by means of Monte Carlo simulatiantest the ability of the best-fitting
linear combination of templates to capture the underlyitgljes population properties under
different $N levels and kinematic behaviours albeit with spectra oleiusing VLTVIMOS.
The systematic error levels were found to be negligible wa$pect to the ones driven by the
S/N. We have no reason to believe that the kinematic decompogitocedure would behave
differently in our specific case of applying it to MUSE spectra.ciiwdely estimate the error
on the measurements of the line-strength indices, we adi@pt®nstant noise level equivalent
to V2 of the resistant standard deviation (“robust sigma”) ef difference between the spec-
tra and our best-fit model and the procedure outlinedChydiel et al.(1998. Furthermore,
we also evaluated the combined [MgFe] Mg b(0.82- Fe5270+ 0.28- Fe5335) and(Fe) =
(Fe5270+ Fe53395 /2 indices Thomas et a).2003 Gorgas et al.1990. Both are considered

to be good proxies for the total metallicity. In particulivigFe] has been demonstrated to be
only weakly dependent on the alpha-element-to-iron aburelaatio, and the ratio of the My
to (Fe) for old stellar populations is found to correlate reliablithwthe total fr/Fe] enhance-

ment (Thomas et a).2003.

Figure 5.10 shows the strength of these indices for the bins where tlagiveellight fraction
of the counter-rotating component is higher than 15% anld bomponents have velocity shifts
relative to the galactic systemic one greater than 30 ¥mith the correspondinghomas et all.
(2011 SSP model over-imposed. Within the mean errors the sfablanlation properties of both
kinematic components show discernibléfeliences. The strength ofgHor both components
is comparable, however, the two kinematic components shoateworthy diference in their
[MgFe] strengths. The two components are alffigset with respect to each other(iRe) versus
Mg b space with the counter-rotating component having highlelegathat cover as large a range

as seen in the main stellar one, suggestive of a distincebnden thed/Fe] abundance ratios
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of the two kinematic components.

These observations are further strengthened by inspett&é®D maps presented in Fiyl1for
some selected line-strength indices of the counter-rgaind main components, respectively.
In these maps, regions where the counter-rotating compaserot 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 outconoaro$ingle-component fitting
procedure. The fact that we observe a smooth transition &tensuch a combining procedure

further validates the basis for our separation.

The right panels of Fig5.11 show the profiles of the median values obtained by consigerin
the bins contained within an elliptical aperture defined byfqrming a fit with theiraf task
ellipse tothe reconstructed white image. The velocity amplitudénefkinematic components
is taken to be- 30 km s as a way to safeguard against any bins where the kinematorges
sition might not have fully converged. The error bars arduatad by computing the resistant
standard deviation within the apertures. At a first glano#h Iirigs.5.10and5.11show that the
stellar-population properties of the two kinematic congrus are indeed fierent. Moreover,
they both show evident radial gradients in [MgFEé&Jlg b/(Fe), and NaD. The counter-rotating
component has a lower Miy/(Fe) ratio indicating that its stellar population is less eneidh
in a-elements. Its metallicity as traced by [MgF&j also systematically higher than that of
the counter-rotating component. The bottom row in Big.1 presents the map and median ra-
dial profile for the fr/Fel]-insensitive NaD. We notice that this index behaves siryilto the
[MgFe] one. However, due to its higher strength within the main comemt we could quite
clearly separate the presence of a second disk and a halamoemtp as already suggested by

the derived [MgF€]and expected ubiquitously in SO galaxi€uérou et al.2016.

5.6.2 Stellar population properties

To translate our line-strength measurements into estsriatehe stellar population age, metal-
licity and alpha-elements abundance for both the main amdteorotating components, we
applied the technique d¥lorelli et al. (2012 and Coccato et al(2011) using the single-age
models ofThomas et al(2011) and the observed strength for th@,Hg b, FE&5270 Fe&335
Fe5406 Fe5709 and F&782absorption features. FiguBel2 presents maps for the age, metal-

licity, and alpha-elements abundance of both stellar carapts in NGC 448 as well as radial
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Ficure 5.10: Equivalent widths of the composite Lick indices for §81@48 for all bins where

the two kinematic components have velocity amplitudes érighan 30 kmst. TheThomas

et al.(2011 model prediction is over-imposed. The blue diamonds §ighe main component
and the red filled circles indicate the counter-rotating. artee crosses show the mean error.

profiles for the median value of these parameters evaluateltiptical annuli. The main compo-
nent is significantly older (median age-ef7.7 Gyr) in the very central region (up te3”along
the major axis) and more metal enriched/(fl] of ~ 0.06) in comparison to other regions. With
this distinction, the ages of the two kinematically disticomponents are comparable to each
other further away from the centre. The counter-rotatinggonent is very metal rich (median
[Z/H] ~ 0.15) and has a steeper gradient with values as large(e4 falling to as low as~ 0

in its outer parts. On the other hand, over the extent of th@tes-rotating component the main
component has a median metallicity ©0.05. The alpha-enhancement of both components
is observed to anti-correlate with metallicity; for the maomponent it ranges from 0.05 in
the central region te- 0.1 outwards. The counter-rotating component shows a hintreverse
a-element abundance gradient. The values are very closddpiSthe centre and rise to match

the ones observed for the main component further away.

Overall, our stellar-population measurements for the timematic components of NGC 448
do not compare very well with the results atkov et al.(2016. Along the major axis, the
stellar metallicity and age derived I§atkov et al.(2016 are systematically lower and higher,
respectively, than our own values, for both the main and ttnotating components. It is
difficult to comment on these ftitrences, since the analysis Kétkov et al.(2016 is based
on different stellar-population models and analysis techniques durs, namely the NBURST

spectral-fitting technique oChilingarian et al.(2007ab) with the PEGASE.HR SSP models
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Ficure 5.11: Line-strength index maps and radial profiles for NG8.44ft panels: 2D maps

of the index strengths of the counter-rotating componehig Mg b/(Fe), [MgFe], and NaD

from top to bottom, respectively. Middle panels: Same 2D snaghe index strengths, but for

the main component. Right panels: The index radial profd&my elliptical annuli as for the

counter-rotating (red) and main stellar (blue) kinematimponents. The error bars represent
the resistant standard deviation of the measurementswétgiven 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 alplement abundances.

On the other handvicDermid et al.(2015 use a similar modelling approach to ours, based
on line-strength measurements, but only consider the tgakaxy spectrum inside circular
apertures without attempting to characterise the twoastplbpulations of NGC 448. Nonethe-
less, theMcDermid et al. (2015 measurements and results can serve as a test for our mgdelli
approach. Indeed, when applying our technique with the oredsstrength for the B Mg b,
Fe5270Q and Fé&335indices thatMcDermid et al.(2015 measure inside oneffective radius
(11”) and using therhomas et al(2011) models, we find stellar age, metallicity, and alpha-

element abundance values that are consistent with what danfthe same region with our own
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Ficure 5.12: Single stellar population properties for NGC 448 wered by fitting the Thomas

et al. models. Left panel: 2D maps of the age, metallicityl arelement-to-iron abundance

([a/Fe]) for the counter-rotating component. Middle panel: 8age, metallicity, anchf/Fe]

maps for the main stellar kinematic component. Right paRetial profiles of the best-fitting

ages, Z/H], and [o/Fe] of the counter-rotating kinematic component (red) dredrhain one

(blue). The error bars were evaluated by taking the registandard deviation of the values
within a given annulus.

line-strength measurements. In the same rejloBermid et al.(2015 finds older stellar ages
when using th&chiavon(2007) models, suggesting that the choice of stellar-populatioaels

lies at the heart of this discrepancy.

In Fig. 5.13 we plot the EZ/H] versus /Fe¢] for both kinematic components. We note that
the retrieved values forZH] and [o/F€] for both of our kinematic components are shifted
towards higher metallicities and lowet [Fe] in comparison to the trend observed in the solar
neighbourhood (green dashed lieWilliam and Rich 1994 implying a diferent chemical
enrichment history than the Milky Way. No identifiable exjget“knee”, carrying information
for the star-formation ficiency (McWilliam, 1997 is present in theZ/H] against {r/Fe] di-
agrams, where we have plot the expected schematic mod&insldy, 1979 in accordance to
other early-type galaxies (e.@valcher et al.2015. Furthermore, we could not identify any
bifurcation in the Z/H] against fr/Fe€] trends of these kinematic components with respect to
their [a/F€] in analogy with the Milky Way disc (e.dNidever et al.2014). Instead, both of our
kinematic components resemble just their levgequence as we are observing a mix of stellar

populations within our galaxy. We can also compare #ydH[] versus fr/Fe] patterns of our



Chapter 5The Kinematically Decoupled Components in NGC 448 and NG85 43 95

0.4 0.4

e Counter-rotating e Main Component
= Tinsley (1979) model schematic
= = Solar neighborhood [McWilliam & Rich (1994)]
= = Thick Disc [Nidever et al. (2014)]
0.2 4 %o o
-

0.3 1 = 0.3 4

[a/Fe]
[a/Fe]

Ficure 5.13: Left panel: The4/H] vs. [e/Fe] relation for the counter-rotaing disc. Right

panel: The Z/H] vs. [a/Fe] relation for the main galactic component. Overplottes the

schematic of thdinsley (1979 model (thick black line), the abundance relation for thkaso

neighborhood (dashed green line), and the abundanceorefati the thick disc fronNidever

et al. (2014 (dashed magenta line). Schematic for the Tinsley modelti@mdi for the solar

neighborhood adopted froWalcher et al(2015 andMcWilliam (1997), repectively. The blue
error bar represents an estimate for the errors in our memsunts.

kinematic components with the expected trend for the MilksgspMhick disk using the fiducial
line from (Nidever et al. 2014 to also speculatively assign thé/H] against {r/Fe| patterns
of our kinematic components to the two classes of early-galaxies defined byalcher et al.
(2015 as both of our components should have non-negligibleimaaif intermediate and old
stellar populations. Due to the predominantly lowefHe] (and according to the argument in
Walcher et al(2019 intermediate age stellar population) both kinematic congmts are more
similar to their mergeyaccretion (ACC-ETGSs) early-type galaxy class. Finallyysidering the
large uncertainties associated with our measurements we that our comparison is mainly
qualitative rather than quantitative and a more elabonaddyais can be performed with higher
quality data that could potentially further elucidate tlenfiation mechanisms in of our kine-

matic components.

5.7 Discussion and conclusions

The true nature of the kinematically distinct componenishsas the ones observed in our two
galaxies, is best studied using IFU spectroscopy, comipibisth photometric and kinematic
information. Nevertheless, it is intrinsicallyficult to reconstruct the formation mechanism for

the retrograde stellar populations observed in these twyp-Bge galaxies.
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5.7.1 NGC 448

Counter-rotating kinematic components can generallyiraig from processes that are either
external or internal to the host galaxy. The dominant foromathannel for the assembly of
stellar counter-rotating kinematic components is mosro#ttributed to the accretion or repro-

cessing of gas and subsequent in situ star forma@amgini, 2014).

On the one hand, fresh gas could be captured through a damiior merger. External gas
can be acquired from the companion in a retrograde fashidnsaof considerate quantity (i.e.
more than what is already present within the more massivaxgpit does not become com-
pletely dissipated and swept up by pre-existing gas withémhore massive host galaxy and a
subsequent star-formation episode results in a populafiogtrograde stars. This was recently
illustrated through the aid of extensive merger numerigaufations byBassett et al(2017)
and previously addressed Byakar and Rydei(1996 1998. They demonstrate how similar
gas-rich minor mergers are likely to result in an SO galaxglidmot change the morphological
properties of an SO progenitor. Usually, the resultant-pustger products of such simulations
contain some appreciable gas reservoir. However, ovel@ICM48 is surprisingly devoid of
gas, contrary to other observed galaxies harbouring couotiting stellar disks. We confirm
the absence of ionised-gas emission in our IFU spectra,eatopsly reported byKatkov et al.
(2019 in their long-slit spectrum. This indicates that there ésamgoing substantial residual
star formation. With these considerations, we cannot uiguobisly use the coexistence of a
gas reservoir and a counter-rotating disk as evidencentleed gas accretion and subsequent in
situ star-formation formed the truly kinematically dectagpstructure. One possible way to rec-
oncile such a formation scenario with our observations otstulate that the gas has been fully
consumed and processed to stars. As a consequence, thimgesdent star-formation episode
should have left a sub-population of young stars predomipéielonging to the counter-rotating
disk. However, we do not detect any significaint 0.1 Gyr) difference in the ages of the stellar
populations of either the main galaxy body or the decoupiadrikatic subcomponent. In this
case, the flat age radial profile and very sharp negative le@tagradient could be the result
of a rapid outside-in formation. Still, using the recovesdpha-element abundance and Eq.(4)
from Thomas et al(2009 implies that the counter-rotating disk stars formed tgioan ex-
tended period of star formation that lasted at least 10 Glyer&fore, the observed low [F€]
values in combination with the high metallicity similar teetmain galactic stellar body age of

the counter-rotating component ardidult to reconcile in a purely closed-box system. The low
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[a/F€] values could instead be present due to accreted gas nhabatidnad already been iron
enriched to lower down thex| Fe] ratio. Alternatively, star formation could have proceéde
both of the kinematic components (disk and main stellar bgéyerating a noticeably large (
1% in mass) and young € 2.5 Gyr) stellar sub-population. This in turn would impaat tne-
strength luminosity-weighted age estimates and metiadigishifting the age of the main stellar
body towards smaller age estimates and the metallicityekihematically decoupled disk to-
wards that of its oldest stellar sub-population (&grra and Trage2007, Sanchez-Blazquez
et al, 20149. A more thorough analysis of the stellar population prépsr allowing for mul-
tiple simple stellar populations instead of just one as is wWork, and using higher-resolution
spectra, could dtice to either confirm or rule out such a speculation. As anratese to a gas-
rich merger,Thakar and Ryde(iL.996 1998 studied the possibility that the gas can fall in from
the environment surrounding the galaxy through either at siigrolonged period of accretion.
These numerical simulations produced counter-rotatisgsglialbeit most often resulting in pro-
files of a non-exponential nature, such as the one we recowvérd counter-rotating component
in NGC 448. Another possibility is that the galaxy was oraiy formed through filamentary
gas accretion from two distinct cosmological filaments,umtforming the two distinct kine-
matic structures under a special spacial configuratidgorry et al.(2014) studied this process
in a cosmological simulation of the formation of a disk gglaXhey concluded that a natural
consequence of such a formation scenario would be a disabte age dierence in the two
distinct kinematic components. As previously pointed ¢hits is not found to be the case for

NGC 448.

A further puzzle results from the likely interaction with aspected companion galaxy (LEDA
212690). A tidal stream was observed byc et al.(2015 and also pointed out bitatkov
et al.(2016. They note that the galaxy is in tidal interaction with a ptuslogically disturbed
companion. From the colourftiérence available as part of tBeic et al.(2015 survey, we can
only speculate that the age of the stars constituting tfa tidl is similar to that of the stellar
population of NGC 448. If the two galaxies are interactirfggrt the redshift of the suspected
companion LEDA 212690 was possibly wrongfully inferred~a8.074 as part of the CAIRNS
survey Rines et al.2003. Another more exotic possibility is that the counter-tioig disk was
assembled through the direct accretion of stars from a coimpalt is however extremely un-
likely that such a formation scenario would reproduce theeoled metallicity gradient for the
counter-rotating disk. There is no strong physical reasoritfe stars to be accreted preferen-

tially in a spatial configuration that would produce a cowntgating disk with higher metallicity
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than that of the main galaxy body and with a strong gradienirthier observations of LEDA
212690 would unequivocally rule out some of the previousgntioned external-formation sce-

narios for the counter-rotating disk.

As opposed to the external acquisition of gas and a subseiquetu star formation, the counter-
rotating embedded stellar disk could be the product of armat formation mechanism. The
internal separatrix formation scenariévans and Collett1 994 would be very unlikely in the
case of NGC 448. Even though the two components have verjasigatéllar population ages,
the counter-rotating disk is less extended than the maiaxgabody, contrary to the predic-
tions of such a formation mechanism. Furthermore, the otenproperties of the two stel-
lar populations are quite flerent in opposition whereas the stars forming the coutating
disk should share the same star-formation history as ttexgakKantharia(2016 argued that
counter-rotation in general could also stem from the exghaof angular momentum in close
galaxy encounters. As pointed out previously we observeidgb” between the two galaxies.
Nevertheless, we do not see any drastic misalignment initieriatic rotation centres of the
counter-rotating embedded disk and the main galactic bodyvee report a dierence in the
chemical properties of the stellar populations of the twtekaatic components. Also, the two
counter-rotating structures seem to share the same ax@aifon according to the accuracy
of our velocity measurements (i.e. we do not observe an abuifiset between the heliocen-
tric velocities of the two kinematic components). As therafmentioned angular momentum
exchange due to a close fly-by scenario would largely resuthé two components sharing
different rotation axes we conclude that it is unlikely to be thgi of the separate stellar

population kinematic components observed in NGC 448.

5.7.2 NGC 4365

Even though we retrieved a second photometric componemiighrour photometric decompo-
sition (see, Secb.4) and also obtained a good spectral decomposition in somardfaronoi
bins (see, Secb.5.3.3, we did not obtain adequate consistency in our photomatrit kine-
matic decompositions to support the presence of two trutpdpled kinematic structures. It is
well established by means of simulations that the KDCs insimasarly-type ellipticals could
be a product of a galaxy merger. To complement the findingeo™H_ASP, Bois et al.(2011)
produced an extensive set of such merger simulations sga@niong range of possible mass

ratios (1:1 to 6:1), initial conditions, and orbital paraers in order to discern the origins of the
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two main classes of early-type galaxies on the basis of thsultant angular momentum. They
report that the majority of the slow-rotator merger produattheir simulations possess a dis-
tinct KDC. Additionally, a major merger of two disk galaxiegen when initially both following
prograde orbitssatsi et al.2015 could also produce a KDC in the resultant elliptical galaxy
merger product. However, both these KDC-formation chaawmeluld result in a noticeable age
difference compared to the main stellar body. As previouslyddynDavies et al(2001) and
reiterated byvan den Bosch et a[2008, the ages and properties of both the KDC and the rest
of the galaxy have the same magnesium-to-iron abundanios extd virtually the same ages
implying that the KDC formed at least 12 Gyr ago or is indeedaggation dfect. Furthermore,
NGC 4365 does not even show symmetric velocity dispersi@akgand therefore does not re-
semble a typical @ galaxy considered to host truly decoupled counter-ragaginuctures. Even
in the presence of such features, for the case of NGC 3&Epovic et al.(2015 did not infer
that the KDC arises from two counter-rotating disks. Indtéeough detailed modelling, as also
previously done for NGC 4365 byan den Bosch et a{2008, Krajnovi¢ et al.(2015 found
that also in NGC 5813 the KDC is likely not due to two dynamiicalecoupled components. It
was found to most plausibly be the result of the complex eatiirthe orbits in such massive

ellipticals.

To qualitatively verify these previous observations wedh@#itted our spectra taking advantage
of the capabilities of the IFU-analysis pipelineBittner et al.(2019 in the broader wavelength
range of 4800 to 6500 A. We used the standard MILES SSP litfiazdekis et al.2010 and
the routines oKuntschner et al(2006§ and Martin-Navarro et al(2018 that are already in-
cluded to derive the strengths of the most common line irsdécel obtain the properties of the
equivalent single stellar population. Similar to SB.1in the upper panels of Fig.14we
show our derived selected line-strength indices maps. dordance to the previous study of
Davies et al(200]) using the SAURON spectrograph we find similar trends withim index
maps and stellar population properties. The middle andnight panels show the spatial distri-
butions of the previously discussed [MgFahd(Fe) composite line-strength indices. The first
panel shows the map of thedslabsorption strength index providing a good proxy for théaste
population ageCervantes and Vazdeki2009. The strength of this index is roughly uniform
thought the previously investigated SAURON region. Theeentral region£ 10”), where we
observe some of the higher values of H3eGauss-Hermite cdicient (see Fig5.2) and part of
the core of the “S-shape” velocity field twist, we report réghalues of the composite [MgFe]

index implying a peak in the stellar population metallicitythe very center with decreasing
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Ficure 5.14: Top left panel: The stength of the3glindex. Top middle panel: The map of
the strengths of the [MgFaJomposite index. Top right panel: The measured composi@xin
Mg b/(Fevalues. Bottom left panel: The retrieved stellar age. Buttiddle panel: The

single stellar population metallicityZ} H]. Bottom right panel: The retrieved|[Fe].

values further outwards. On the other hand, in the centtpbmewe find lower values of the

Mg b/(Fe) ratio hinting the presence of@&element abundance gradient. These trends can be

directly observed in the maps of the retrieved single steltgpulation properties (bottom panels

of Fig. 5.14).

5.7.3

Conclusions

We investigated two early-type galaxies, NGC 448 and NG(48tat show central kinemat-

ically distinct cores. Using the kinematic decompositieshnique byCoccato et al(2011)

we separated the individual contributions of two distincieknatic components with the aid

of integral-field observations of NGC 448. This latter ggldsosts a counter-rotating stellar

kinematic structure with an angular size of at least,A&hich is considerably more extended

(~ 1.5 times) than the regions with irregular stellar kinewgtiBased on the observed nearly

exponential photometric profile and the kinematic inforimatwve extracted, the distinct com-

ponent is very kinematically coldv( /o, >> 1), and therefore likely has a disk morphology.
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The disk counter-rotates with similar velocity to that oétmain stellar body. The stars of
the counter-rotating disk and the main body have compamipe However, the two distinct
kinematic components have chemicallyfeient stellar populations. The stellar population of
the counter-rotating disk displays a steeper metallicigdgent and is slightly less enriched in
alpha-elements than the one constituting the bulk of thaxgalln contrast to all other galax-
ies with embedded counter-rotating disks we do not obserigeece for any interstellar gas
as traced by its ionized-gas emission. Although this piitilss from unequivocally linking
the formation of the counter-rotating disk to a past gasedmnr event or a “wet” merger, our
analysis points to two likely formation mechanisms for toemter-rotating stellar disk. Either
it formed as result of a gas-rich merger after which the gasrwir was exhausted in a period
of outside-in star-formation, (provided that this gas resie was prior iron-enriched and just
acquired in retrograde orbits) or it derived from two simnkous star-formation bursts, one of
which gave rise to the counter-rotating disk, whilst theeotfeshaped the chemical properties

of the main disk.

We find no clear signature in the integral-field observatiohSBlIGC 4365 for a true kinematic
decoupling. The KDC in this galaxy likely stems as previgusliggested 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 thougbtta common occurrencB€rtola

et al, 1988 1992. As the gas is externally acquired it can show some form périatic
misalignment. It has been established using integral-Belectroscopy that up te 40% of
the galaxies with an ionized-gas component show such misaknt (e.gSarzi et al. 2006
Davis et al, 2011). One manifestation of misalignment is counter-rotatitircan occur either
between the gaseous and stellar, stellar and stellar, @nire ¥ery rare cases gaseous-versus-
gaseous galactic componen@ofsini, 2014). Focusing, in particular, on SO gaseous counter-
rotation with respect to the galaxy stellar body has beersored in~ 32% (Bertola et al. 1992
Kannappan and Fabricar#001, Pizzella et al.2004. The fraction of galaxies with counter-
rotating gas is quite high in isolated SO galaxies with up 18&670of their 12 sample objects
showed counter-rotating gas component that they deem té éeernal origin Katkov et al,
2014. Stellar counter-rotation, on the other hand, seems torbech rarer phenomenon. SO
galaxies with more thar 5% of counter-rotating orbits occur in onty 10% of such systems
(Kuijken et al, 1996. For late-type galaxiePizzella et al.(2009) reported thats 12% and

< 8% of their sample of dierent morphological type spirals had counter-rotatingegas and
stellar discs, respectively. In another sample of 38 gataa limit of at most 8% of all spirals
were shown to host gas-stellar counter rotating compor(&asnappan and Fabricar001).
This picture is suggestive of the scenario where small atsoohexternally acquired gas in
some gas-poor SO galaxies subsequently forms stars, vghigreaore gas-rich spirals such
newly acquired gas can be swept away by some pre-existing @Qasnter-rotating disks in

102
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spiral galaxies can be formed only if the amount of exteynatiquired gas exceeds that of pre-
existing gas Pizzella et al.2004. Testing whether this hypothesis is indeed true and muttin
constraints on the properties of galaxies with present teptrotation can be informative of the

overall process of galaxy assembly.

Capturing the process of gas accretion can be achieved asimgiad of absorption-line probes
(e.g.Rubin 2017, for areview). The ISM red-shifted Na D absorption linesépreviously been
reported to be indicative of inflowing gas in some star-forgnand passive galaxieSgto et al.
2009. The group reported nearly equal number of galaxies witlk-{hnd red- shifted NaD line
profiles with velocities greater than 50 km&om the systemic velocity~ 16% and~ 15% of
their objects, respectively) which they deemed to be owd-ianflowing. Most of the inflowing
objects were found to belong to the red sequence, whereléewmitvere predominantly reported
in objects in the blue cloud. The inflows were also often assed with either Seyfert or LINER
activity as traced by some of their emission-lines. Moreokeug et al. (2010 reported the
detection of inflows in a sample of AGN galaxies, with chagastic Seyfert emission lines and
IR luminosities typically found in normal galaxies. A ratharge fraction of these galaxies had
interstellar NaD line-profile centres shifted by more tharkt sas high as 140 knt$. Such
features were present #137% of their sample in comparison to onlyl1% having blue-shifted
lines indicative of outflows. Nevertheless, no strong deleece of the velocity of the inflowing
gas with respect to galaxy properties, such as mass, IR asitynand inclination was deduced.
The rather large inflows in these galaxies were interpreiduzbtsuggestive of material located
in the inner regions of the galaxies instead of being furthaward. A big ¢ 38%) fraction
of their galaxies with inflows displayed some nuclear motpgical features (e.g. dust spirals,
bars, or rings) that can be creating torques strong enoughause the gas to loose its angular
momentum and fall inwards (e.§ombes2008. Similar fraction of those galaxies were found
to have a close companion and, therefore, possible intenacthe in-flow rate of these galaxies

was also reported to beffigient to power the strong AGN central engine.

The MaNGA survey (see, Se@.1.6 presents several advantages for moving forwards with
the investigations we addressed in the previous few chapiteparticular, the large number of
galaxies surveyed by MaNGAfters a clear opportunity to explore the demographics of gedax
(see Appx8) that host a KDC and show a two peaks in their velocity digparBelds. MaNGA
data comes with somewhat inferior spectral quality andiapsampling compared to MUSE.

Therefore, we do not expect that the level of detail of our NB¥8sults would be surpassed for
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single objects. Nevertheless, in some future work we wottthgpt to perform similar analysis

as the one we have demonstrated in Clseqm a few pre-selected MaNGA galaxies.

On the other hand, as regards to cold-gas outflows the spat@it of the MaNGA data and their
similarity to the SDSS spectra would allow us in the futureexplore with a similar analysis
to our Chap4, whether NaD outflows have an extended structure that istheconical. We
could also check if their occurrence is really connectedd¢erdral AGN or to a more extended
nebular activity powered by star-formation formation. Tatt extent, we have explored the

ability of MaNGA to resolve and trace the presence of cold IGAd.

6.2 Samples

6.2.1 Seyfert 2 galaxies in MaNGA

We have cross-referenced our sample of Seyfert 2 SDSS galaxih overly strong interstellar
Sodium absorption (see chap®@rto find whether these objects were observed as part of the
ongoing IFS MaNGA survey. Within our sample of 9859 Seyfeda?axies we found nine
objects that were already observed with MaNGA as part of DESDR15. We present these
matches in Tab6.1 Unfortunately, none of our Seyfert 2s that showed sigestaf cold-gas
outflows fell within these galaxies. Our NaD analysis, on ¢batrary, was indicative of the
presence of either relaxed cold gas (@& ~ 0) or inflow (our AV > 0). In a few of those
objects the amplitude-to-residual-noigg¢rN of the excess NaD absorption-line profiles was

more pronouncedA/rN > 7).

6.2.2 2-sigma and KDC MaNGA galaxies

To select galaxies displaying extraordinary stellar kin&os, reminiscent of embedded counter-
rotating structures, we draw on the work@faham et al(2018. The group aimed to measure
the stellar angular momentum of a large sampl€800) of MaNGA galaxies. Through care-
ful inspection and using kinemetry analysk&rgjnovic et al, 2006 they highlighted potential
galaxies with double-peaked stellar velocity dispersiod eentral kinematically distinct cores.
We obtained the MaNGA DR15 cubes for theiro*2and KDC galaxy host candidates and
re-examined them with the aim to pre-select a sample of geddar a future kinematic decom-

position study. We refrained from directly performing tlaere procedure as outlined in Chéap.



TasLe 6.1: The DR15 MaNGA galaxies part of our sample of Seyfert ZBRBmple.

DR7 SDSS ID RA (dec.) DEC (dec.) pIateIFU mangaidA/NNaD,fiber AVNaD,fiber AO—NaD,fiber
588015507678887987 45.95462 -1.103742 9193-12701 1@3744 -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 1-82173 -8.56 40.95 68.36
587729653422555416 249.5573  40.14681 8588-12704 1-13564 -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 sisgiemand absorption lines in the
CaT spectral regions among those cubes. We would aim to ttiesasky contribution using the
ZAP procedure, similar to what we have done for our MUSE dadiaction, prior to any future

analysis.

6.3 Methodology

To perform some preliminary analysis on our two MaNGA sample adopted the Galaxy IFU
Spectroscopy Todl(Bittner et al, 2019 GIST). The GIST data-processing pipeline is a flexible
and easily configurable framework for the analysis of irégield data due to its modularity.
It is capable of the fast extraction of both stellar and gasdanematics and stellar population
properties using pPXF (see Ch&p2.2 andGandALF(see Chap2.2.3 with ongoing devel-
opment to incorporate kinematic decomposition (see CBa&hg, owing to Python's parallel
computation capabilities. In addition, it provides a datkd graphic user interface routine, fa-
cilitating the inspection of each fit, for the purpose of datalysis quality control. GIST also in
addition to the pPXF build-in full spectral fitting method fobtaining stellar population prop-
erties is capable of retrieving the most widely adopted-$itrtength indices and their associated
SSP properties using the methodd<oitschner et al2006; Martin-Navarro et al(2018. We
have modified this data-processing pipeline to handle MaNfatacubes. More specifically,
we have implemented a new data-reading routine and havegooai it following some of the
prescriptions oMWestfall et al.(2019 and recipes outlined by the SDSS t€anWe decided
to adopt a signal-to-statistical noise of 7 per Voronoi bid @onfigured GIST to exclude bins
that are below the isophote wi®/sN < 0.5. The preliminary analysis of all of our galaxies
was performed using the MILES SSP templates provided asopéne analysis pipeline. We
have fitted the MaNGA spectra in the region between 3500 A 808 A adopting a  order

multiplicative polynomial for the purpose of our pPXF figin

Ihttpsy/abittner.gitlab.igthegistpipelingdocumentatiofintro/introduction. html
2httpsy/www.sdss.orgirl¥mang#manga-datavorking-with-manga-dafa
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Ficure 6.1: The stellar and gaseous kinematics of the SeyfenaRga9193-1270g¢alaxy.

Panela: Stellar kinematics as indicated by the the label in the apgfecorner of the panels.

Panelb: Velocity fields for the ionized-gas of as traced by ldnd [O IIl] (upper and lower

panel, respectively). Panel The retrieved velocity, velocity dispersion, and optidepth of

the interstellar NaD excess. The Overlayed contours shewetonstructed 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 oulitylo trace cold gas by looking
for the presence of interstellar NaD absorption. We woultu$ospecifically on our results

for one pre-selected by us as part of our Seyfert 2 sample bseinced in MaNGA galaxy -

“manga9193-12701".

Figure 6.1 shows the outcome of our analysis for “manga9193-12701”is ghlaxy hosts a

prominent dust lane as visible in the composite SDSS imaggbyathe bending of the isophotes
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obtained from the reconstructed of the datacube surfag@tbess (shown with dashed lines).
Its stellar kinematics show regular rotation with no distifeatures in the higher Gauss-Hermite
momentsh3 andh4 (Fig. 6.1, panel a). It also possesses an extended gaseous diskeashiyac
the ionized-gas kinematics of thextnd [Oll1] emission lines (Fig6.1, panel b). In addition,
we have also extracted the kinematics and optical deptheoéxicess NaD absorption profile
previously adopted in this thesis (Fi§.1, panel c). Such NaD excess seems to be system-
atically red-shifted as indicated by our previous analysisthe basis of SDSS fiber spectra.
Moreover, its spatial distribution, up to a high degreencile with the position of the host
galaxy dust lane. Such behaviour is not surprising and has peeviously demonstrated. For
example, the equivalent widths of interstellar Sodium ghtson towards stars in our Galaxy
have been shown to follow a well defined empirical relatiothwespect to the inferred extinc-
tion due to dustRPoznanski et g81.2012. However, some recent works focusing on the dust
contents of other galaxies, and in particular FCC 1@ia€ne et al.2019, did not manage to
detect substantial interstellar NaD excess absorptimn4rofiles. Instead, the presence of in-
terstellar NaD absorption was clearly visible as a “bumpthe derived attenuation curves both
in FCC 167 and in the dust lane of another galawiaéne et al.2017, NGC 5626). Perhaps
more surprising is the systematic redshift, with respedhégalaxy stellar systemic velocity,
of our ISM-attributed NaD profile. Such red-shifted absmmptfeatures have been previously
utilised as proxies for in-flowing gas (e.Bubin 2017, for a review). On the other hand, it is
worthy noting that cold-gas, traced by interstellar NaDaapson, have already been shown
not to in-fall, but counter-rotate with a largéfgset in velocity Westmoquette et al2013. The
unequivocal association of our observed red-shifted ISNDMN&sorption profiles to an inflow
of cold gas would be a step forwards in understanding the amesims that have been theorised

to fuel an AGN (e.gCombes2008 2012 for a reviews).

6.4.2 2-sigma MANGA galaxies

We have performed a preliminary analysis of the availabl&SIDR15 MaNGA galaxies, high-
lighted to have counter-rotating kinematic components, gfghe Graham et al(2018 sample.
These included 24 ‘@ candidates and 14 galaxies with a signature for a cenéieDC. We
present our preliminary results with additional commentseiach of those galaxies in App&.
Out of the 14 KDC candidates we managed to confirm the trueepoesof a kinematically

distinct cores in 8 objects. Moreover, we find that 3 galakiage ionized-gas emission that
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Ficure 6.5: Same as Fig. 6.2

is either misaligned, concentrated in the same region aKiig, or appears to rotate in a di-
rection perpendicular to the kinematically distinct comeot. In regards to the 2 galaxy
candidates, we confirm the presence of counter-rotatiohenvélocity fields of 11 out of the
total 24 objects. The velocity dispersion maps of 5 have araeuble peak signature. We also
discerned a singular central velocity peak in 2 of the castéswisible counter rotation. Nebu-
lar emission is present in 5 of those 24 galaxies. The sizkigisample allowed us to confirm
some previous conclusions drawn on the demographics apepies of galaxies with present
counter rotation, namely that such objects are probably emeer than previously reported by
Krajnovi¢ et al.(2011) on the basis of the ATLA® survey. However, some recent work has

highlighted the importance of obtaining high spatial ratoh observations in order to properly



Chapter 6 Further Steps with MaNGA 113

10 [HBo manga-8604-3701][MgFe]/ ‘ IMgb) < Fe>'
B
g 0y
=]
=
w
<4
710 L
. 1.00/4.20] 2.50/3.80] . 0.90/2.20
10 0 10 0 10 0
10 B, manga-8253-1902][MgFe]/ ' TMgb/ < Fe >
]
o
Q
5 0y
1
S,
©w
<
_10 L
. | 2.30/3.70] _ 1.80/3.00] ~1.00/2.40
10 0 10 0 10 0
Aq [arcsec] Aq [arcsec] Aa [arcsec]

Ficure 6.6: Same as Fig. 6.2

identify potential KDC or a central velocity twist (e.giaene et al.2018. Furthermore, we
can qualitatively confirm the observed dichotomy in thelatgdopulation properties of galaxies

with counter rotation pointed out byicDermid et al.(2015.

Below, as illustrated in Figs. 6.2, 6.3, 6.4, 6.5, 6.6, 6W8, qualitatively would focus on the
line-strength maps of B and composite indices Mg/(Fe) and [MgFe] that where found to be
good proxies for the single stellar population equivaler@sa metallicity, andd/Fe] abundance

(see Secb.6.]) on each of the galaxies, where our analysis produced motabults.

manga-7815-1901

The region with decoupled component has higher metalltbigy the one seen out of it. Some
the region could also possibly have alpha-elemental almaedénat is lower than the one of the

rest of the galaxy. We could not distinguish any trend in tnengjith of Hbo.

manga-8133-12703
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Ficure 6.7: Same as Fig. 6.2

Higher metallicity is likely associated with the region btkinematically decoupled compo-
nent. No noticeable age or alpha- elemental abundartieretice can be anticipated.
manga-8138-6102

We anticipate the SSP in the very centre associated withitleeratically decoupled component
is younger than the rest of the galaxy that also possibly distinguishably higher metallicity.

We cannot draw ant reasonable expectations for the algmaegit abundance.

manga-8143-1902
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The stellar population in the zone of the kinematic compoilikely of higher alpha-element
abundance. However, we could not put any reasonable assungut any of the other stellar

population parameters.
manga-8143-3702

We anticipate no dierence in the ages of the stellar population in the zone dfitteamatically
distinct component and the host galaxy. The central regidheogalaxy is likely characterised

by a stellar population with high metallicity.
manga-8149-1901

We expect the stellar population of the galaxy where therkaté&c component is present to have
higher metallicity, older age, and lower alpha-elementalralance in comparison to the main

galaxy body.

manga-8241-6104

The quality of our data did not allow us to draw any predic$ion
manga-8253-1902

The zone where kinematical decoupling is present is pgssibhigher metallicity and has

smaller alpha-element abundance than the rest of the galaxy
manga-8319-12703

We predict the stellar population has similar age througltioe galaxy. However, we expect
higher metallicity and alpha-element abundance in théastebpulation for the zone where the

kinematic component is present with respect to the resteohdst galaxy.
manga-8335-1901

We could not draw any predictions on theffdrence in the properties of the zone with and

without kinematic decomposition.
manga-8335-6101

We anticipate younger stellar population in the region whae distinct kinematic component
is present. However, the metallicity and alpha-elemenairobment 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 populationthe zone with the kinematically

distinct component in comparison to the host galaxy.
manga-8461-3701

We could not draw any predictions for thefférent 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 teegurce of the distinct kinematic
component, is likely characterized with higher metalicihd alpha-element abundance in com-

parison to the host galaxy.
manga-8606-3702

We anticipate the central region of this galaxy consistsldémwostellar population with higher

metallicity and alpha-element abundance in comparisohdadst of the galaxy.
manga-8612-6103

The region, where we can observe the kinematically disttoatponent we anticipate a stellar
population of older age, lower metallicity, and lower alggtaindance compared to the host

galaxy.
manga-8615-1902

We expect the stellar population in the central region of galaxy, where we can notice kine-
matically distinct component, to have younger age and lonaallicity stellar population with

respect to its host galaxy.
manga-8626-12701

This system exhibits a very strange kinematic and photomles#haviour. We anticipate some

problem with the data reduction.

manga-8728-12703



Chapter 6 Further Steps with MaNGA 117

The stellar population in the central region of the galaxyere a kinematically distinct compo-
nent is present, likely has younger age, higher metalliaitg higher alpha-elemental abundance

with respect to the rest of the system.
manga-8980-3701

We anticipate the stellar population in the center of thevgalto have higher metallicity in

comparison to the outskirts.

On the other hand, the absence of ionized-gas emission ige fieaction of these galaxies is
puzzling and casts some doubts on the preferred scenaribddormation of counter-rotating
structures (i.e. the acquisition of external gas in redgrorbits as pointed out in the review of
Corsini(2014). Furthermore, we find that the ionized gas, when deteatede often co-rotates
with the main galactic body (in 1 of the KDC galaxies and 3 &f tBo" objects) in comparison
to co-rotation with respect to the kinematically distinotrgoonent (1 of the KDC host galaxies
and 1 of the "2 systems). Even more interesting is the occurrence of ngisadl ionized gas
distribution in one of the KDC hosts and the presence of ragleinission that shows rotation

perpendicular to the kinematically distinct componentne of the KDC and “2” systems.

6.5 Summary and Future Work

Using some preliminary analysis in this section we have ooefil some previous findings in
regards to the demographics and properties of galaxiesabilerved counter rotation. Only
more thorough analysis involving kinematic decompositiasuld further elucidate the nature
of these objects and will be the scope of a future paper. &ilpilwe have tentatively confirmed
the presence of in-flowing cold gas in one of our Seyfert 2)getaalready observed as part of
the MaNGA survey. This confirms the validity of our analysésfprmed in Chap4 and allows

us, as part of a future study, to focus on obtaining spatraliplved view of galactic in- and out-

flows.
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Conclusions and Further Work

7.1 Conclusions

This thesis has attempted to probe the importance of twoepthcesses that can influence
the population of galaxies and its individual members inldwal Universe. In Chapt we fo-
cused on the importance of Seyfert 2 AGN activity towardsdtieing of cold-gas large-scale
galactic outflows, proposed as one manifestation of AGNaekl. We find that only a very
small fraction of the galaxies with such optical AGN showa@psion-line signatures of galac-
tic winds. Moreover, in the cases with optical Seyfert 2\digti suggestive of the presence of
out-flowing cold gas, ancillary observations indicated tha primary driving mechanism was
not the AGNSs, but star formation. Such observations reggf@ome recent suggestions in re-
gards to nearby galaxies, that the somewhat long delay betwee triggering of the central
AGN and an associated episode of star formation leaves disagly depleted gas reservoir
for the AGN itself to couple to and directly influence. Ingted largely just acts to remove or
heat that residual gas and, therefore, not directly inflaghe process of star formation. Con-
sequently, the quenching of local galaxies is very likele do either the exhaustion of their
star-forming gas reservoirs or winds driven by star-forarat On the other hand, in Chab.
we studied two galaxies that appear to host counter-rgtaiructures that are often linked to
the acquisition of external gas or mergers. In one of thelxigs (NGC 448) we managed to
separate the contribution of each counter-rotating corapim our integral-field observations.
Aided by this decomposition we could identify the embeddednter-rotating component is a
disk. We showed that the stellar populations of each of timepmments have similar equivalent
ages, but are chemicallyftierent, albeit this did not allow us to directly associatedhigin of
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this counter-rotating disk to either a past "wet* merger @aa accretion event. We found no
evidence for a distinct truly counter-rotating componenvur second galaxy (NGC 4365). The
observed counter-rotation in the velocity field of the steline-of-sight velocity distribution
there is very likely simply a projectionfiect due to the complex orbital configuration of that
galaxy. Finally, in Chap6 we have drawn on the large volume of a recent integral-fietd su
vey (MaNGA) to verify the analysis used in our study of the artance of AGN feedback and
confirm some previously known observed demographics angkpties of galaxies that display
stellar counter-rotation. However, we report somewhatfi@etion of galaxies that simultane-
ously have ionized-gas emission and counter rotation. & pesliminary results conflict with
previous studies that have more commonly identified couotetion with the presence of a gas
reservoir, detected through ionized-gas emission, andsoase doubt on the hypothesis that

counter-rotating structures form predominantly by exaégas acquisition.

7.2 Further Work

This thesis has probed the importance of AGN feedback anderein the formation and evo-
lution of galaxies. Nevertheless, we could perform somegtementary investigations to shed
further light on the role of these two processes within tHexgapopulation and in its individual

members, both locally and at higher redshifts. We proposéalfowing future projects:

e To better understand the multi-phase nature of AGN-drivgflavs in the local Universe
we could apply the methods developed throughout this tlteaising on the samples of
AGN galaxies such as the WiFeS Siding Spring Southern Seyfectroscopic Snapshot
Survey (S7) AGN SurveyScharwdachter et al2016 Thomas et aJ.2017, where the
presence of deep NaD absorption such as the one investigateslin Capt4 has been
already notedopita et al, 20159, and the Close AGN Reference SurvéyuSemann
et al, 2017, CARS). In particular, we would be very interested in deryvmore stringent
estimates for the mass-loading factors such winds have a®wd potentially constrain
the masses entrained in the cold and warm-to-hot ISM phasagh the absorption and

ionized-gas lines.

e Moreover, future surveys performed for higher redshifagas with multi-object spec-
trographs such as MOONEirasuolo and MOONS Consortiyra01§ would open the

possibility to perform similar analysis through stacking the NaD absorption feature.
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We could try to put a similar constraint on the ability of AGtddrive large-scale cold-gas

outflows as the one we have done in this thesis.

e The origin and evolution of the fierent kinematically distinct components such as the
ones we have studied in Chap.s still not well understood. Partially, this is due to
fact that they are usually studies on an object-by-objesisbd he wealth of information
gathered by the new generation IFU surveys would be peréedhé identification and
compilation of larger samples of such peculiar objectsaggnting in some respects the
extremes of the process of galaxy merging. Automatisingtbeess of how such galaxies

can be split in their distinctive components is thereforgreiat importance.
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Appendix A

In this appendix we give a brief overview of some importaatdees that we were able to discern
among the galaxies that display counter-rotation in thepdauof Graham et al(2018. Figures
8.1,8.2,8.3, 8.4, and 8.5 show some of our preliminary tegal the sample of galaxies with
suspected "2" and KDC signatures. We have omitted the galaxies where wilamt achieve

a satisfactory fit or our Voronoi binning procedure produbgets with exceptionally large sizes.
These figures consist of various panels. The separatedspdisplay the ionized-gas kinematics
of Ha. The top left corner holds a label that shows the particukasarement label. The bottom
right corner displays the corresponding scale of our adbptéor-coding. In multiple places of

the panels we have labeled he our adopted identificationegbdinticular object displayed.
Below we provide some brief comments on the-"Zandidate galaxies:

manga-7815-1901The stellar velocity map of this galaxy clearly shows a regen direction
of rotation. We could also tentatively see the presence ofuglocity dispersion peaks. The
galaxy shows some ionized gas that appears to rotate pécpardo the direction of rotation
of the main galaxy body and the counter-rotating component.

manga-7962-9102-

manga-8138-6102We can clearly distinguish the presence of a distinct kistisrcomponent
in the velocity field of this galaxy. Moreover, it has a velgcdispersion map that is pro-
nouncedly double-peaked. We also detect strong emissiomifsnized gas that counter-rotates
with respect to the kinematically distinct component. Tleeyvcentral region of this galaxy
shows enhanced strength of the Fe5015 index.

manga-8143-1902This galaxy possess a clearo*2signature in its velocity dispersion maps.
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There is also some evidence for the presence of a distingbaoemt in its velocity maps. The
region overlapping with the kinematically distinct compaih appears to have higher Fe5015
index strength. We cannot discern any features iflgdine-strength index map.
manga-8143-3702We can clearly see two peaks in the velocity dispersion nidpi®galaxy.
Moreover, there is a clear abrupt flip in the direction of tiota displayed by the velocity field.
We have also detected the presence of ionized gas emissibagpear to co-rotate with the
main galaxy body. The central region of this galaxy showg peonounced 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 velatigpersion
map. Its velocity field shows a non-abrupt change in the tioe®f rotation. The region oc-
cupied by the kineamtically distinct component have loWgrand higher Fe5015 line strength
index measurements.

manga-8333-1902—

manga-8335-1901 We could clearly identify an abrupt flip in the direction @ftation in the
velocity field of this galaxy. We also see an increase in usfadispersion indicative of two
velocity dispersion peaks. In the region occupied by the&mtically distinct component we
report higheHg 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 vglddspersion
map. We instead report a central peak. The line-strengibéadhre hard to interpret.
manga-8461-3701 We can clearly see the presence of a central counterfigtagigion. The
velocity dispersion seems to be more centrally peaked tbabld-peaked. We could not con-
clusively interpret the line-strength index measurements

manga-8551-6101—

manga-8604-3701We can clearly see an abrupt change in the direction ofiootas displayed
by the stellar velocity map. However, we cannot conclugiveder the presence of two peaks in
the velocity dispersion field. The central region where tipeiil the velocity occurs we measure
lower HB and higher Mg b line strength index.

manga-8551-6101—

manga-8604-3701We can clearly see an abrupt change in the direction ofiootat the cen-
tral region of this galaxy. However our velocity dispersimeasurements did not allow for its

safe identification as '@“. The region occupied by the kineamtically distinct comennshows
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somewhat loweHg and higher Mg b indices line-strength measurements.
manga-8606-3702We could clearly identify both an abrupt flip in the directiof rotation and
"20* signature in the velocity and velocity dispersion mapsadidition we detect the presence
of ionized gas that appears to counter-rotate with resjgettiet kinematically distinct region.
Our line-strength measurements are indicative of the poesef older population that is more
metal enriched and alpha-element abundant than the mairygabdy overlapping with the po-
sition of kinematically distinct component.

manga-8615-1902 This galaxy shows a velocity flip and a clear signature af*.2 More-
over, it displays some ionized-gas emission that appeacsuater-rotate with respect to the
main galaxy body. The regions where the kinematically nicstcomponent resides appear to
have higheHg and Fe5015 line-strength index values, whereas our maps lslieer Mg b
strengths.

manga-8618-1901—

manga-8714-9102—-

manga-8980-3701This galaxy shows a velocity flip in its central region. He&e our analy-
sis showed its velocity dispersion map is not reminiscefi2of’, but is ordinarily peaked in the
galaxy central region. Moreover, the higher Fe5015 indee-ftrength spatially overlap with
the very central high velocity region. We cannot reliablienpret the Igline-strength measure-
ment.

manga-9026-1902 Our inspection and analysis of the datacube showed themesf a sec-
ond galaxy in the field of view. We were not able to conclusivestablish two peaks in the
velocity dispersion maps of this galaxy.

manga-8980-12703We did not manage to identify this galaxy asr2

We provide some brief comments on the galaxies that werdigigbd to show a KDC below:

manga-8133-12703The velocity map of this galaxy is indicative of a KDC. Hovweeyour re-
sults could not unequally interpret any of the line-strengieasurements.
manga-8149-1901 This galaxy hosts a small KDC. We could also identify a catsh region
with enhanced Mgb line-strength.

manga-8155-1902—

manga-8241-6104The velocity maps of this galaxy indicate the presence oD&KHowever,
our fit to the outer regions of this galaxy were not satisfaceven despite our attempts to ex-

tract stellar kinematics with ffierent Voronoi binning configurations.
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manga-8259-12705—

manga-8319-12703This galaxy shows a clear signature of a KDC and has a chnpaéked
velocity dispersion map. We were not able to discern anyndisteatures in our line-strength
measurements.

manga-8335-6101 We detect the clear signature of a KDC in the velocity maphaf galaxy.
Moreover, we could identify the presence of ionized-gasssian that spatially overlaps with
the KDC. The KDC appear to also have a younger stellar pdpualais traced by the highéts
line-strength in the regions where we detect ionized gadfam#&DC itself.
manga-8592-12705-

manga-8612-1901—

manga-8612-6102—

manga-8612-6103 This galaxy shows a clear velocity twist in its central megi It also has a
clear central velocity dispersion peak. Moreover, at tlggore of the twist we see a dip in the
strength ofHg indicating the presence of older stellar population.

manga-8626-12701 This galaxy shows very complex surface brightness pro§iléraced by
the isophotes. It appears to have a twist in its central redioalso shows a dip in its velocity
dispersion map at the position of highest surface briglstnébe spacial region of the KDC is
characterised by higher Fe5015 and Mg b line strengths doitlydower H3. Perhaps more
interesting is the distribution of the ionized gas. It shahesar 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. It®aig) dis-
persion field is centrally peaked. The region overlappinthwhe KDC shows loweHp line
strengths indicative of older stellar population. Moreptee very central region of this galaxy
shows an enhancement in the strengths of both Fe5015 and iMiickes. This galaxy also pos-
sess ionize-gas that appears to be misaligned with regptet semi-major photometric axis.

manga-8728-6104—
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