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Abstract

Even though relations between the central Supermassive Black Holes (SMBHs)
and their host galaxies have been extensively observed and studied, to inves-
tigate the details about the co-evolution of both of them remains as a key
problem to be solved in the galaxy formation and evolution scenario. In this
work we intend to exploit the state of the art spatially resolved observations
provided by the largest Integral Field Spectroscopy (IFS) survey of galaxies:
Mapping Nearby Galaxies at APO (MaNGA), to investigate more about the
co-evolution of the SMBHs and their hosts for a small sample of galaxies. We
selected eight galaxies from the MaNGA final sample that also have the best
constrained measurements of their central black holes (by dynamical methods
and reverberation mapping as well) available in the literature.

In this work we report results of a pilot study for our sample, in which
the IFS observations are carefully analysed by a self modified version of the
spectra and image modelling code BAGPIPES to obtain star formation and mass
assembly histories, among other results that allow us to start investigating the
co-evolution of the galaxies and their central SMBHs, in a spatially resolved way
which was performed defining a series of apertures that allowed us to study the
evolution of the galaxies at different radial regimes. In order to complement the
results, we perform a broad-band SED fitting analysis using the photometric
data of the NSA.

The results that we highlight from our work are: 1) seven of the galaxies
in our sample are classified as AGNs, two of them are consistent with Type 1
AGNs and for which we were able to infer indirectly a BH mass that is very
consistent with the mass provided by direct methods. The other five are con-
sistent with a classification of Type 2 AGNs. 2) Three galaxies in our sample
are still actively forming stars, two are consistent with being quenched and also
had their star formation activity peak at early epochs. Another two galax-
ies show a peak in their star formation history at recent epochs, which makes
them consistent with being late type galaxies with young stellar populations. 3)
For the quenched galaxies we propose that the central BHs may have been re-
sponsible for maintaining them quenched over several cosmic epochs. /) Three
galaxies are consistent with experiencing a compaction event, gas of low angu-
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iv ABSTRACT

lar momentum feeding the central region of the galaxy. 5) Two galaxies that
quenched earlier than z ~ 3 and are candidates to be the descendants of the
first quenchers. Since this work is a pilot study, it is our intention to extend
our results by using IFS data from other public surveys in the near future in
order to obtain a larger sample of galaxies, which will allow us to obtain more
statistically robust conclusions.
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Chapter 1

Introduction

The radius of the observable universe is estimated to be about 46.5 billion light-
years, from the current cosmological parameters in a ACDM model, and con-
tains about ~ 2 x 10'2? galaxies (Conselice et all 2016)). Most of the knowledge
we have about these galaxies comes from observing and interpreting their elec-
tromagnetic radiation, so we now know that they are mainly composed of stars,
gas, and dust. Besides of the baryon content of the galaxies, there is a large list
of evidences, both from theory and observations, that galaxies are hosted by
large gravitationally bounded structures of particles that interact mainly due
to gravitational forces (and more rare times very weakly with ordinary matter
and electromagnetic radiation) that are approximately in virial equilibrium and
between ~ 102 —103 times more massive than galaxies (Rodriguez-Puebla et al.,
2017) called dark matter halos (see |[Frenk & White, 2012, for a recent review).

According to the current paradigm of structure formation, galaxies are
formed and evolved within extended dark matter haloes, where multiple phys-
ical mechanisms are responsible for self-regulating star formation and thus set-
ting up their observed properties (for a review see Mo et all 2010; [Frenk &
White, [2012; |Somerville & Davél 2015)). As dark matter haloes and galaxies
have evolved, baryons were redistributed from an initial smooth distribution to
the complex variety of structures that we observe today.

Gas radiative cooling within the haloes regulates the inflow of cold gas to
galaxies. The subsequent formation of stars is regulated by a complex inter-
action between cold gas inflows and the gas heating outflows produced by the
stars, a process that depends on halo mass (for a recent discussion see Pandyal
et al., 2022)). In low-mass halos, the stellar feedback (mostly form Supernova
(SN) explosions) is able not only to heat the interstellar medium (ISM) but also
to expel large gas fractions from the galaxy. For dark matter haloes larger than
~ 1012 solar masses (Mg), galaxy formation theory predicts that there exists a
transition above which virial equilibrium reaches temperatures with lower bary-
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onic cooling efficiency (White & Rees, 1978, see also Dekel et al., 2019 for a more
detailed discussion on the possible existence of a ‘golden mass’). Nonetheless,
it is now well known that the cooling rate in massive haloes is still over-efficient
in forming massive galaxies compared to what it is observed in cosmological
surveys (White & Frenk|, |1991} Benson et al., [2003)). In addition to the the long
cooling time of shock-heated gas, the powerful feedback from rapidly accreting
supermassive black holes (SMBHs) that heats and/or expels the gas from the
galaxy, and thus suppressing the star formation (SF), has been invoked as a
way to solve the over-cooling problem (see e.g., Silk & Rees|, [1998; Springel &]
Hernquist|, 2003; Benson et al., 2003)).

The observational evidence suggests that black holes (BHs) are ubiquitous
to the centre of the galaxies (see e.g. [Magorrian et all |1998; |[Ferrarese & Mer-|
2000; \Gebhardt et al., [2000; Tremaine et al., 2002; Kormendy & Ho, [2013)),
and while there is a convincing evidence suggesting that BHs span a contin-
uum of masses, from stellar black holes (~ 10 — 40 Mg, (Gies & Boltonl [1986;
\Greiner et al.l [2001}; |Oroszl, 2003; Belczynski et al., [2010; |Abbott et al., [2016)
to intermediate ones (~ 10% — 10* Mg, Miller et al., [2003; Miller & Colbert,
2004} [Noyola et al., 2008; |Graham & Sorial 2019 |Graham et al [2019); the
ones in the centre of the galaxies have been observed to range only between
~ 10* — 10 M (Lynden-Bell, [1969; Lynden-Bell & Rees| [1971} Richstone ef
all, 1998} [Ferrarese & Ford, [2005} [Kormendy & Hol [2013; [Reines & Volonteri,
2015} [van den Bosch 2016; [Schutte et al., 2019) [

As discussed above, SMBHs are leading candidates to regulate the SF in
massive galaxies, specially at later times. Indeed, it is now well established that
SMBHs correlate well with the properties of their host galaxies, particularly
with the bulge properties (typically the relation between the SMBH mass (Mpy)
and the stellar velocity dispersion (o) is often referred to as the tightest relation
overall, see e.g., [Ferrarese & Merritt], [2000; |Gebhardt et al., 2000} [Kormendy|
& Ho, 2013; [Savorgnan & Graham), [2015; [Schutte et all 2019)), which is often
interpreted as being consistent with a co-evolution scenario in which SMBHs
regulate the growth of the galaxies (Silk & Rees, |1998; Benson et al. 2003;

Merloni et all, 2004; Bower et al., [2006; [Croton, [2006; Sijacki et all, 2007}

!t is interesting to notice that galaxies host approximately ~ 10* —10° stellar BHs
plus a SMBH. Thus, within our observable universe it is expected to find about
~ 2x 107 stellar BHs and ~ 2 x 10'2 SMBHs. Assuming a nominal mass of ~ 10— 20 Mg, for
stellar BHs and ~ 10° M, for SMBHs, the total mass expected within the observable universe
is around ~ 2 —4 x 10*® Mg and ~ 2 x 10*® Mg, respectively for stellar and SMBHs, and thus
a total mass of ~ 4 — 6 x 10'® Mg in BHs. In other words, SMBHs contribute ~ 1/2 — 1/3
to total budget of BH mass in our observable universe despite that stellar BHs are way too
numerous (a factor of 10°). Finally, notice that the co-moving mass density of BHs is of the
order of ~ 4.1 x 1075 Mg /Mpc?, or equivalently, BHs correspond roughly to Qgg ~ 3 x 107°
to the total cosmic energy budget in the universe, compared t0 Quaryons ~ 3 X 1072 of the
baryons (stars+cold gas) within the galaxies (Rodriguez-Puebla et al., 2020).
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[Merloni & Heinz|, 2008}, [Silverman et al.,[2008; [Shankar et al[2009; Kormendy &/
2013} [Bower et al., [2017; |[Terrazas et al.,[2017; [Weinberger et al. 2017, [2018;
Somerville et all [2018} |Chen et al., 2020) and the galaxies regulate the growth
of the BHs themselves via the gas reservoir to feed the BH, disk instabilities
and/or galaxy mergers. The details of the BH-galaxy co-evolution, however,
remain unclear.

During their lifetime, BHs are expected to undergo several episodes of sig-
nificant gas accretion which power luminous quasars or active galaxy nuclei
(AGN, [Salpeter} 1964} |Zel’dovich & Novikov| [1964; Lynden-Bell, 1969). The
total energy released by AGNs during those episodes is of the order of ~ 10%
of their rest-mass energy = Mppc? (e.g., [Tucci & Volonteri, [2017), and com-
parable to the amount of binding energy in the halo and energetic enough to
heat, blow away or disturb the gas in the ISM to quench the SF.

1.1 Active Galactic Nuclei

As discussed above, SMBHs reside in the centre of the galaxies and AGNs are
a special type of SMBHs that emit a huge amount of electromagnetic energy
(with luminosities between 103® — 1047 erg- s71; |Hickox & Alexander; [2018)) by
gravitationally capturing material (typically cold hydrogen gas and/or dust)
that will emit, mostly in the UV part of the spectrum (see ,
Lynden-Bell, |1969; Brecher, [1976]).

In energetic terms, AGNs are extraordinary powerful sources, which could
cause a major impact on the intergalactic medium, and therefore in the SF
regulation mechanisms, as well as in the evolution of the galaxies. That is why
the galaxies that present this type of activity are ideal to carry out studies
about the co-evolution of the central SMBHs and their host galaxies (Silk &
Rees), 1998} Benson et al/, 2003} [Hopkins et al. 2008bJa).

According to the unified model of AGNs (see Figure , these are composed
by the following components (Antonucci, 1993 Netzer, 2015)):

e A compact central source, orders of magnitude smaller than a parsec,
corresponding to an accretion disk around a SMBH. In the optical range
of the SED this source resembles a power law.

e A Broad Line Region (BLR), corresponding to a dense ionized gas cloud,
orbiting at high Keplerian velocities that can reach up to 10,000 km-s~!,
at a luminosity distance (Dy) between 0.1 and 1 pc from the SMBH.

e A dusty torus-shaped structure, that extends to a Dy, between 0.1 and 10
pc from the SMBH.
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e A Narrow Line Region (NLR) corresponding to low density ionized gas,
moving at low Keplerian velocities. It emits permitted and forbidden lines
with widths typically under 1,000 km-s~!. It extends from the outside of
the dust torus, to hundreds (or even thousands) of parsecs along the
opening direction of the toroid. Much of this gas also contains dust.

e Sometimes a central jet with radio emission.

A\ Ayl A
Narrow Line Region (NLR) / N
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=\ .
Broad BLR ' /
\/ Line Region \ /
(BLR) Accretion -—
disk

I |
10-100
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Figure 1.1: Typical structure of an AGN, according to the unified model (not to scale).
The accretion disk, the BLR and the torus are under the gravitational influence of the
SMBH, while the NLR is further away and under the gravitational influence of the
host galaxy. Figure from Ricci, C. 2011, PhD thesis.

AGNs typically display a very broad spectrum that comprises from radio
to gamma rays. Several process are responsible for the contribution to the
continuum radiation of the AGN but the must probable are (O’Dell, 1986;
O’Dell et al., [1987):

1. Radiation by relativistic electrons (e.g., via Synchroton emission or Comp-
ton scattering),

2. Radiation by non-relativistic electrons (e.g., via bremsstrahlung and comp-
tonization), and

3. Thermal radiation by dust that is heated by one of the above mechanisms.
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Even within the unified model, AGNs can be classified into different types,
depending on their photometric and spectral properties, such as the nuclear-
stellar luminosity ratio (see Antonucci, 1993} Netzer, [2015), the radio emission
(Urry & Padovani, [1995) or according to the presence (or lack) of strong rela-
tivistic jets (Padovani, [2017)).

1.2 How Does the SF is Quenched by the SMBHs?

The Star Formation History (SFH) of a galaxy is the description of its Star
Formation Rate at different epochs, SFR(z). Traditionally, the SFHs have
been described using parametric models, even though their stochastic nature
(e.g., Caplar & Tacchella, 2019; Tacchella et al., 2020; [Iyer et al.,[2020). Among
the most widely used are: exponentially increasing/decreasing, lognormal, the
so-called 7-models and 7-delayed models and combinations among them. It is
well known that the activity of the SMBH of a galaxy has effects on its SF,
however it is not clear whether the presence of a SMBH is a sufficient condition
for a galaxy to quench. Recent studies have found that it may well be that
there is a BH threshold mass of ~ 108 M), above which they are more efficient
in quenching the host galaxy (Terrazas et al., 2016; Walters et al., 2022]). While
the details behind the growth of the SMBHs and their signatures on quenching
the SF are still unknown, most likely it depends on the mode that the gas
is feeding the SMBH. Broadly speaking, there are two leading modes: 1) the
radiative mode, and 2) the radio mode.

In the radiative mode (Croton et al.l [2006; |[Somerville et al., 2018; Wein-
berger et all |2017, also called quasar mode, bright mode or high mode) it is
thought that the gas accretion occurred very rapidly and most likely triggered
by major mergers (Hopkins et al., [2006) and/or by disk-gas instabilities (Cat-
taneo et al., 2006|). Notice that it is hard to reconcile the stochastic nature of
the radiative mode with the fact that today galaxies, mostly the most massive
ones, appeared to be quenched and kept in that way over a long period of the
cosmic time, z < 3 (Bell et al., [2004; Faber et all 2007; [[Ibert et al.l 2013;
Muzzin et all 2013)).

In the radio mode (Croton et all 2006; [Somerville et al., 2018 Weinberger
et al., 2017, also called the jet mode, kinetic mode or low mode), on the other
hand, the accretion of gas into the SMBH occurs more slowly resulting in a
feedback and/or momentum energy that it is expected to expel the galaxy gas
and/or heat the halo gas. Theoretically, highly collimated jets couple more
efficiently to the halo gas until haloes reach a critical mass of ~ 1012 Mg, (see
e.g.,Bower et al. [2017). Thus, halo masses at which cooling efficiencies decline
are similar to the halo masses where the feedback from SMBHs becomes more
efficient.
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By using stellar population synthesis models, various authors have shown
that disk galaxies are expected to form from the inside-out in the standard
paradigm (Kauffmann) 1996;|Cole et al., 2000; Firmani & Avila-Reese], 2000; van
den Bosch, [2002; |Stringer & Benson| 2007; Dutton & van den Boschl [2009)), this
implies that the outer disks form later, i.e. the fraction of young stars increases
with galactocentric radius. Indeed, gradients obtained by analytical models
and numerical simulations that specifically model the inside-out formation via
inflow match very well with observational results (e.g. Steinmetz & Mueller,
1994; [Prantzos & Boissier, [2000)).

1.3 Motivation

Studies aim at understanding the galaxy-BH connection and/or the signature
of BH quenching have focused on studying the global properties of the galaxies,
such as colors, star formation rates, chemical enrichment, age, etc. (Faber et
al., 2007 |Peng et all [2010; |Lilly et al.| 2013} [Trump et al.l, 2015; Kocevski ef
al, 2017)). Additionally, when the BH is included explicitly, the same studies
have been typically biased towards broad-line and powerful AGNs that have
been identified based on the most popular diagnostic methods (e.g. Trump et
al.l, 2013blfal 2015, Kocevski et al.l 2017, Sanchez et al., [2018)).

In this work we take a different approach. We use a sample of SMBHs
with the most robust determinations of BH masses from the literature (see
Table below obtained from [van den Bosch, 2016) and study in detail the
spatially resolved assembly histories and properties of the stellar populations
in the galaxy.

The above is possible thanks to the recent development of the Integral Field
Spectroscopy (IFS) technique that has allowed a higher level of detail in galaxy
studies, in terms of spatial resolution, resulting in a unique opportunity to
study these properties in different regions of the spatially resolved galaxies.
This makes possible the study and characterization of the galaxies with an
unprecedented order of accuracy and detail. In particular, in this work we
will use data from the Mapping Nearby Galaxies at Apache Point Observatory
(MaNGA) project, as it is one of the current state of the art IF'S observational
programs (Bundy et al., 2015). We describe all the details of the MaNGA data
in Section .11

This work represents a pilot study in which we will carry out an analysis of
the MaNGA data by using one the latest and state of the art code for modelling
the spectra and photometry of the galaxies, BAGPIPES (Carnall et al., [2018),
described in Section Briefly, BAGPIPES carries out a Bayesian analysis for
finding the best fit physical parameters (of stellar, dust and nebular properties)
for spectroscopic and/or photometric observations of galaxies. Based on the
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above, by using BAGPIPES together with the IFS observations from MaNGA,
we are in a privileged position to understand how galaxies and SMBHs coevolve
not only globally but in a spatially resolved manner. In other words the main
aim of this thesis project is to study the galaxy-SMBH co-evolution and the
possible signatures of BH quenching from a sample of SMBHs with robust
masses by inferring the stellar properties of the adjacent stellar population via
BAGPIPES, from the state of the art IFS observations of the MaNGA project.
In addition, we have complemented our IFS results with a photometric analysis
using the surface brightness profiles in seven bands (FUV, NUV, u, g, r, i and
z) in a series of circular annuli of fixed angular size from the NASA Sloan Atlas
catalog (Blanton et all 2017)), as described in Section

In Chapter [4] we present the results of the spectroscopic analysis for each
galaxy in our sample, followed by the results of a complementary photometric
analysis. Finally, in Chapter [§] we discuss our results and in Chapter [6] we
present the conclusions, including an outlook for what will come next in this
project, given the limited scope of this pilot study for the SMBH-galaxy con-
nection. For this thesis we use the following cosmological parameters: Hy = 70
km s™! Mpc™!, Oy = 0.3 and Qp = 1 — Qy = 0.7 and a Initial Mass Function
(IMF) described by Kroupa & Boily (QOOQ)H

2The IMF of Kroupa & Boily| (2002)) has been formulated based on star cluster studies. For
stars more massive than the sun, the IMF has a nearly power-law form in which the number
of stars increases as the stellar mass decreases, with a slope very similar to the one originally
derived for field stars by [Salpeter| (1955]), but it breaks and flattens for subsolar masses, de-
parting significantly from a Salpeter slope and showing a turnover near the hydrogen burning
limit (see more in Lada & Ladal [2003; |[McKee & Ostriker} 2007).
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Chapter 2

Data and sample

This chapter provides details on the construction of the sample analyzed in this
work. Starting with a brief summary about the IFS technique, the MaNGA
catalogue is later introduced in Section Finally, a detailed summary of
the final sample is given in Section including a first discussion about some
considerations about each galaxy in our analysis.

The usage of the IFS observational technique has been recently developed
and popularized in astronomy. This technique allows to simultaneously obtain
image and spectral information from different regions of extended objects in
the sky. A two-dimensional detector is used, which obtains a fragmented image
of the focal plane, covering a wide range of wavelengths. In this way, when
the telescope is pointed at an extended object, the Integral Field Unit (IFU)
separates the image into an array of focal plane regions and obtains a spectrum
for each of these regions.

The information obtained using IF'S is stored in a special format of astro-
nomical files known as data cubes, which contain information stored in three
dimensions (z,y,A), where x and y contain the spatial information, while A
contains the spectral one.

Lately this technique has begun to be used in big surveys of galaxies, such
as: MaNGA (Bundy et all 2015)), the ‘Calar Alto Legacy Integral Field Area
Survey’ (CALIFA, [Sanchez et al., 2012)), the ‘All-weather MUse Integral-field
of Nearby Galaxies++’ (AMUSING-++, Lopez-Coba et al., 2020), and the
‘Sydney-AAO Multi-object Integral field spectrograph’ (SAMI, (Croom et al.,
2012), among others. For our analysis we will use data from the MaNGA cat-
alogue.
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2.1 Mapping Nearby Galaxies at APO (MaNGA)

MaNGA is a spectroscopic survey of galaxies that used the IFS technique for
its observations. It is one of the three projects included in the fourth version
of the Sloan Digital Sky Survey (SDSS, Blanton et all 2017). It made use of
the BOSS spectrographs (Smee et al [2013)) installed at the Cassegrain focus
of the SDSS 2.5 m telescope at the Apache Point Observatory (APO,
let all [2006)). Hexagonal IFUs were used, ranging in size of 19 to 127 optical
fibers, covering diameters between 12 to 32 arcsec of aperture (see Figure .
More details about the MaNGA hardware design are described by

(2015).

SDSS-IV Dissects 10,000 Galaxies
in Nearby Universe
1 328 -

Figure 2.1: Tlustrative images of a MaNGA IFU. The left illustrates how the array
of fibers spatially samples a galaxy and compares spectra observed by two fibers at
different locations. The right illustrates the face of a 127 fiber IFU and its ferrule
housing, which holds and allows it to be plugged into the SDSS plate (see more details

at 2016)). Images from https://www.sdss.org/surveys/manga/.

Recently the SDSS-IV made public its final Data Release, DR17
, , which contains data for ~ 10,000 galaxies in MaNGA survey. The
sample of galaxies was selected from the NASA-Sloan Atlas (NSA)EI The main
MaNGA survey galaxies are drawn from a flat stellar mass (M) distribution in
the range 10? — 10'" M, with subsamples reaching 1.5 and 2.5 effective radii
and a “color-enhanced” subsample. Details of the sample selection are given by
Wake et al.| (2017).

In this Data Release the raw data, as well as the data cubes reduced by the
Data Reduction Pipeline (DRP, |[Law et al., 2016} 2021) are totally publicEl The
data products and data cubes analyzed by the Data Analysis Pipeline (Westfall
, are also public. Alternative the data products are also available
in the form of Value Added Catalogues (VAC), such as those obtained with
the Pipe3D pipeline (Sanchez et all, [2016bja) 2018| 2022). The data used in

"http://nsatlas.org/
ZMore information about the data processing done by the DRP can also be found in
https://www.sdss4.org/drl7/manga/manga-pipeline/
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this work are the data cubes provided by the DRP reduction’| This reduction
has processed the raw data to produce flux-calibrated, sky-subtracted, coadded
data cubes from each of the individual exposures for the observed galaxies.

Each data cube contains the spectroscopic information within the visible
range (3622-10351 A), for each of the spatially resolved areas of the galaxies.
The data is stored in computer files with a standard astronomical format known
as FITS files (from Flexible Image Transport System)ﬂ

2.2 The Sample

As discussed in the Introduction, theoretically it is expected that SMBHs are re-
sponsible for quenching the SF of massive galaxies. Therefore in order to study
the above it is important to have a sample with the most robust estimations of
Mgy in addition of having high quality IFS spatially resolved data. To define
the galaxy sample to analyze, we use one of the most recent compilations of
galaxies with dynamical estimations of their Mpy, provided by [van den Bosch
(2016), where the Mpp measurements come from different direct methods such
as the analysis of stellar dynamics, gas dynamics and megamasers, or by the use
of the reverberation mapping technique. This compilation includes a sample of
~ 250 galaxies, for which the values of some physical parameters, such as Mpy,
the luminosity in the K-band (L), the stellar velocity dispersion (o) and the
effective radius in the K-band (Reg k) are reported.

An inference of the stellar mass of the galaxies (M) is obtained by using
the mass-to-light ratio relationship between the Lx and M, given by Equation
(Rodriguez-Puebla et al., in prep.), this mass is also referred to as M, g:

A4;J( i «LI(
log( i > = 0.163 + 0.960 log <L > , (2.1)

© O

where Lg is the solar luminosity. Briefly, in order to constrain the above re-
lation, the authors used the stellar masses from Salim et al. (2018) and the
K-band luminosities from van den Bosch| (2016]).

We make a cross-correlation to find all the galaxies observed by MaNGA,
that are also available in the [van den Bosch| (2016|) compilation, resulting in a
final sample of 8 galaxies: Mrk290, ARP151, NGC1194, NGC6086, NGC3982,
NGC2960, NGC6264 and NGC4345. For Mrk290 the value of Reg i is not
reported, so we use the value of R.g r tabulated in the NSA v1_0_ 1 catalogue

3 Available at: https://dri7.sdss.org/sas/dr17/manga/spectro/redux/v3_1_1/
“More information can be found in: https://fits.gsfc.nasa.gov/standard40/fits_
standard40aa-1le.pdf
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https://fits.gsfc.nasa.gov/standard40/fits_standard40aa-le.pdf
https://fits.gsfc.nasa.gov/standard40/fits_standard40aa-le.pdf

12 CHAPTER 2. DATA AND SAMPLE

to estimate R.g k by using color gradientsﬂ Galaxy NGC4395 is a bulgeless
dwarf galaxy classified as a Seyfert (see for example: den Brok et al., 2015)) and
famous for its small BH in a low surface brightness galaxy; we have updated the
value tabulated from (van den Bosch, [2016) from a value of Mpy ~ 3.5 x 10°
Mg to a more recent and reliable value of Mgy ~ 10* Mg, reported in Woo et
al.| (2019), which is referred as “the best direct mass measurement for a galaxy
of this size”.

In Figure 2:2] we show our final sample of galaxies located in the M, vs.
Mgy, o« vs. Mgy and M, vs. Reg i diagrams, and in Table we list some
characteristic parameters and classifications of the galaxies compiled from the
specialized literature.

Left panel of Figure shows that our sample is dominated by late-type
galaxies; that explains why their BHs are small compared to they counterparts
for a given stellar mass. We do not see any important source of bias in the
o« vs. Mpp diagram (apart from the fact that in our final sample we have
just one massive galaxy, with M, ~ 3.6 x 10" Mg and black hole mass of
Mgy ~ 3.7 x 10° Mg). This is reassuring, as discussed in the Introduction
(Chapter [1)), it is believed that the relationship between the velocity dispersion
and the BH mass is the tightest correlation for the BH-galaxy co-evolution.

Finally, the right panel of Figure 2.2 shows the size-mass relation. We
notice that the galaxies NGC4395, NGC3982 and Mrk290 have a very small
size compared to the best fit relation from (Lange et al) 2015)), considering
their morphological classifications, while the size of NGC6264 is a little bigger
than expected. As for the other galaxies there are not other obvious sources of
bias from the size-mass relations.

We notice that about 5% of all MaNGA targets come from the ancillary
target programs, designed to accomplish additional scientific goals to those of
the main MaNGA samples. Some ancillary programs are stand alone science
projects, while some others were developed to perform calibrations or refine-
ments of the MaNGA spectroscopic programs.lﬂ Six galaxies of our final sample
belong to one or more ancillary projects, as indicated in column (14) of Table
these ancillary projects are:

®We use the mean size-mass relations from [Lange et al.| (2015) parameterized as:

M. oy M. Ba—ax
<Reﬁ,x>—w(M®) (1+MO’A) , (2.2)

where ) indicates that the parameters depends on the wavelength. Then we take the ratio
(Reft,ic )/ (Refr,r) and multiply by its value of the Sérsic half-light radius that was catalogued
in the in the NSA for r-band, Reg (). The best fit values were taken from Table 3 of [Lange
et al.| (2015) and for the case of early-type galaxies based on a Sérsic index cut.

%See more in: https://www.sdss4.org/dr17/manga/manga-target-selection/
ancillary-targets/



https://www.sdss4.org/dr17/manga/manga-target-selection/ancillary-targets/
https://www.sdss4.org/dr17/manga/manga-target-selection/ancillary-targets/
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—— AGN (Reines & Voltoneri, 2015)
—— Ell (Reines & Voltoneri, 2015)
@ Late (morph.)

5 {® Early (morph.)

————— van den Bosch, 2016 NGceoag 1. / —— Early (Lange et al., 2015) NGC6036
o 1.21 — Late (Lange et al., 2015) -t

NGG6086

NGC6264 -
[

NGC1194. ° 0.8

0.6

44 2 04
“ARP151 °

" TARP15L
02

~ .
_— NGC3982 -+ .

o
0.0 "NGca39s

Mrk2920
-0.2

41 ®NGC4395 )—Q—( NGC4395

85 90 95 10.0 10.5 11.0 11.514 1.6 1.8 2.0 2.2 2.4 2.6 8.5 9.0 9.5 10.0 10.5 11.0 11.5
M 0. M-
lOQ(W) IOg(km -5*1) |°g(m)

Figure 2.2: The eight galaxies of the final sample are discriminated as early-type (red
circles) and late-type (blue circles) by a morphological cut. They are plotted together
with the complete sample of van den Bosch| (2016) (gray points). Left panel: M, vs.
Mgy diagram, where the Elliptic and the AGN slopes from [Reines & Volonteril (2015))
are with red and blue solid lines. Central panel: o, vs. Mpy diagram, where [van
den Bosch| (2016) slope is with a black solid line; notice that all the galaxies in the
sample are near the jvan den Bosch| (2016) line and remember that this is the tightest
correlation between the SMBH and the galaxy. Right panel: M, vs R.g x diagram,
where the early-type and late-type slopes from |[Lange et al.| (2015) are with red and
blue solid lines, respectively.

e Massive Nearby Galaxies: this program aims to target massive galaxies,
with absolute magnitude in the i-band (M;) brighter than -21.5, at lower
redshifts than the MaNGA sample selection in order to build a sample
with comparable spatial resolution to the low mass galaxies in the MaNGA
sample. In table 2.1 it is referenced as ‘MNG’.

e Luminous AGN: in aim to increase the dynamic range in AGN luminosity
in the MaNGA sample, rare but luminous active galaxies were added.
In order to mitigate biases, the selection of these targets was based on
hard X-ray emission (using the SWIFT/BAT candidates), [O111] emission
(using the SDSS main sample and the work by Mullaney et al.| (2013))
and WISE colors (Wright et al.,[2010). AGNs from the Palomar survey in
the DR7 footprint are also considered. These programs are respectively
referenced as ‘BAT’, ‘OIIT, ‘WISE’ and ‘Palomar’. The five narrow-line
AGN galaxies in our final sample are from these programs. We emphasize
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that the above should not be interpreted as a bias in MaNGA, in which its
sample selection criteria cuts out the AGNs. However, a further analysis
should be performed in order to quantify the frequency of Type 1 and
Type 2 AGNs in the MaNGA sample, which is beyond the scope of this
thesis.

e DiskMass (DM): galaxies from the DiskMass Survey (Bershady et al.l
2010) have been observed in MaNGA to compare SPS modeling obtained
with MaNGA spectra and the dynamical M, obtained from the DiskMass
Survey, and to calibrate the o, and asymmetric-drift measurements from
MaNGA against the higher-spectral-resolution results from the DiskMass
Survey.

For each galaxy, Figures - present the rgb, radio and ultraviolet
(UV) images at the field of view (FOV)|Z| and their corresponding integrated
spectra, as well as the data cube reconstruction images for the entire wavelength
range and around the following emission lines: Ha, HB, [N11]6583, [O111]5007,
[SII]6717H In addition, in the same figures we listed the properties tabulated
in Table In a first view we notice the following:

e Mrk290 and ARP151 are both well-identified and characterized Type 1
AGNSs (see |Cortes-Suarez et al.l 2022) exhibit prominent broad emission
lines, together with narrow lines, consistent with this classification. It
is evident that there is an important continuum emission which domi-
nates the bluest part of their SEDs, mostly in Mrk290. The images from
GALEX also exhibit a prominent UV emission in the nuclear region of
both galaxies. All these facts are consistent with their classification as
Markarian galaxies (ARP151 is Mrk040, Markarian, 1967} [1969)); actually
Mrk290 is also identified as a quasar (QSO) in the Bright Quasar Survey
(BQS, [Schmidt & Green, [1983) which is a subset of the Palomar-Green
catalogue of stellar objects with UV excess (PG, |Green et al.,|1986), being
named as PG 15344580 (see Figures and .

e The spectra of NGC1194, NGC3982, NGC2960, NGC6264 and NGC4395
are very diverse, but all of them exhibit prominent narrow emission lines,
which are characteristic of the NLR (see their integrated spectra in Figures

and respectively).

"The images were taken from https://www.legacysurvey.org/, considering: SDSS (Ab-
durro’uf et al} [2022)) for rgb, VLASS 1.2 (Condon et al.,[1998) for radio and GALEX (Martin
et al., 2005) for UV.

8Tt was not necessary to convolve the integrated fluxes with the filters, as they are only
illustrative images.
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NGC1194, NGC6086 and NGC6264 exhibit a faint UV nuclear emission
(see Figures and [2.9).

NGC6086 does not exhibit emission lines in its spectrum (see Figure.

NGC3982 and NGC4395 are part of the Kiso Survey for UV-excess Galax-
ies (KUG, Miyauchi-Isobe et al}2004), being identified as KUG 1153554
and KUG 1223+338, respectively. This excess is not evident in the bluest
part of the integrated visible spectrum obtained from MaNGA data, but
it is very significant in their GALEX images, which exhibit an important
UV emission in all the spiral structure of the galaxies (see Figures

and .

NGC2960 is a Markarian galaxy (Mrk1419), in consequence it is identified
as a galaxy with excessive nuclear UV emission (Markarian et al., [1981),
this is not evident in the bluest part of the integrated visible spectrum
obtained from MaNGA data, but in the image from GALEX this nuclear
excess can be noticed (see Figure .

ARP151 rgb image shows a jet-like structure (see Figure . In fact it
has been identified as a galaxy with jets in the “Atlas of Peculiar Galaxies”
(Arp|, |1966), but spectroscopic, imaging and radio observations indicate
that the prominent optical extensions seen in its structure represent tidal
tails rather than matter ejected from their nuclei (Keel, 1985), this is
confirmed as it is identified as an interactive galaxy, being V-V144 in
the “Atlas and Catalog of Interacting Galaxies” (Vorontsov-Velyaminovy
1959). Further study by [Sargent, (1970)) showed that the bright knot in the
middle of the “jet” exhibits no emission lines, but has Balmer absorption
from an object that is 220 kms™' farther than the nucleus of the host
galaxy.

The images from VLASS show that Mrk290, ARP151, NGC1194, NGC3982
and NGC2960 have a significant nuclear emission in radio, while NGC6086,
NGC6264 and NGC4395 do not.

In the images of NGC4395 it is evident that the FOV of MaNGA (the
magenta hexagon) encloses only a central star cluster in the galaxy, but

not the entire galaxy (see Figure [2.10)).
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Finally, it is important to remark some particular characteristics of the
galaxies in our sample:

e Mrk290 has been classified as an Ultrafast X-ray outflow (UFO,
let all) 2010; Kriss et al) 2018; [Igo et all 2020) with kinematic effects
visible in the [O111]5007 line profile (Sexton et al., 2021}, see also
11973; [Kaiser et al., 2006; |Zhang et al. [2011}, 2015).

e ARPI151 is identified as Zw026 in the “Catalogue of selected compact
galaxies and of post-eruptive galaxies” (Zwicky & Zwickyl, |1971)

e NGC3982 and NGC4395 have been identified as members of a nearby
group of galaxies (see Turner & Gott}, [1976; Huchra & Geller} [1982; |Geller|
& Huchra, (1983} Fouque et al., [1992; Garcial, 1993; [Mahtessian, 1998]).
Meanwhile NGC6264 has been identified as a member of a nearby poor
cluster of galaxies (WBL, White et al.,1999), and NGC6086 is a member
of an Abell Brightest Cluster of Galaxies (BCGs |de Vaucouleurs et al.|
1976} [Hoessel et all, [1980; Postman & Lauer], [1995; McConnell ef al.

2011).

2.3 Photometry

For this work, we used the azimuthally-averaged radial surface brightness profile
reported as the average surface brightness in a series of annuli for the seven-
bands FUV, NUV, u, g, r, i and 2z, where FUV and NUV were taken from
GALEX (Martin et all 2005) and ugriz from the SDSS photometric data.
These are tabulated in the NSA catalog as PROFMEAN together with their
inverse variance PROFMEAN _IVAR (Blanton et all) [2017), using the same pro-
file apertures as the standards SDSS imaging pipeline; there are up to 15 annuli
averaged profile bins in the NSA, indicated by NPROF, from 0.23 to 263.00 arcsec
that are in principle available for each galaxyﬂ

The mean surface brightness (u) of the PROFMEAN are reported in units

of nanomaggieﬂ per square arcsec. The galactic extinction (Schlegel et al.

9See more details about the related outputs of the SDSS’s photometry pipelines and some
useful considerations and descriptions about various measures of magnitudes in: https://
www.sdss4.org/dr16/algorithms/magnitudes. For details of the Photo pipeline processing
see section 4.4 of [Stoughton et al (2002)). The photometric flux calibration is also detailed in
https://www.sdss4.org/dr16/algorithms/fluxcal/

TUA maggie is a convenient lineal unit of the flux f of a source relative to a standard source
fo, related to the Pogson magnitude m by the following equation:

m = [22.5mag] — 2.5log,, (f) (2.3)


https://www.sdss4.org/dr16/algorithms/magnitudes
https://www.sdss4.org/dr16/algorithms/magnitudes
https://www.sdss4.org/dr16/algorithms/fluxcal/
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1998) and the k-correction (Blanton & Roweis, 2007) are not applied to the
magnitudes of the PROFMEAN, but they are computed in the NSA catalog.




Chapter 3

Methodology

In this chapter we describe the methodology that we used to infer the parameter
space of the stellar population in our sample (see Section . In Section
we describe the generalities about the Stellar Population Synthesis (SPS) mod-
els and how they are used to constrain the space parameter of the galaxies. In
Section we describe the Spectral Energy Distribution (SED) fitting library
“Bayesian Analysis of Galaxies for Physical Inference and Parameter EStima-
tion” (BAGPIPES) (Carnall et al.,|2018] 2019ab)) that was used in this work. We
also describe the Star Formation History (SFH), the IMF, and the priors used
over the SPS model space parameter to constrain the properties of the galaxy
stellar population. There, it is also described the model that we developed for
the emission lines due the presence of an AGN. Finally, in subsection we
describe the methodology used for the complementary photometric analysis.

3.1 SED Fitting Libraries

Most of the information that we have from the galaxies comes from observing
the electromagnetic radiation emitted by the contribution of stars of different
masses, ages and metallicities. Fortunately, our theory on stellar evolution
is very well established so we can use it to compute different properties of
the galaxies by studying their SED via their SPS modeling. Indeed, if we fix
the IMF, the SED of a galaxy encodes information about the SFH, chemical
enrichment and the dust properties of the system. Actually these properties,
derived from the SEDs have provided the basis for our modern understanding
about galaxy formation and evolution (see, for example, Panter et all 2004;
Conroy, [2013 and [Sanchez et al., [2022| for a recent review).

27
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3.1.1 The Stellar Population Synthesis Models

The main goal of the SPS modelling is to infer the physical properties of
the galaxies from their observed SEDs. The first attempts to understand the
electromagnetic radiation in the visible and the Near Infrared (NIR) were ap-
proached by a combination of local stars representing different segments of the
H-R diagram to synthesize good-fitting models for the nearby galaxies M31,
M32, and M81 (Spinrad & Taylor} 1971} see also, [Faber} 1972; Tinsley, 1972).

However, over the time, more sophisticated versions of this technique have
emerged. Particularly in the last years the progress in understanding stellar evo-
lution theories and the recent development of new SPS fitting models have laid
the foundation for what would become the standard approach in the SED mod-
eling (Faber et al,[1977; |Tinsleyl [1980} Frogel, |1988; Maraston, 1998; [Walcher|
let_al], 2011} [Conroy} 2013} [Leja et all 2017, [Carnall et all, 2018; [Sanchez et al
and many more references therein). Figure summarizes the standard
methodology to follow in the SPS technique.

Figure[3.1]shows that once an IMF (e.g., [Salpeter} [1955} [Scalo], [1986; Kroupal
& Boilyl, 2002; |Chabrier, 2003)) is chosen, and when the stellar evolution, the
isochrone models (Schaller et al., [1992; Bertelli et al. 1994; Pietrinferni et al.,
and a set of spectral libraries are fixed; one could sample a coeval col-
lection of simple stellar populations through a star formation and a chemical
enrichment histories, which combined with dust attenuation (Ay; e.g.,
let al., 1989; |Charlot & Fall, |2000; |Calzetti, 2001) and emission laws, totally
define the SED of a galaxy (a comparison of different SPS models can be seen
in |Conroy & Gunn, 2010).

Finally, there are different ways to find the best fit parameters for the mod-
elling of the SED of the galaxies; among the most popular are the frequentist
methods, like x%-minimisation (e.g., [Sanchez et al) 2018) and the Bayesian
methods (e.g., Leja et al., [2017; (Carnall et all 2018).

sochrones are theoretical models used to depict the evolution of SPs over time. They are
constructed based on stellar evolution theory, which describes how stars change and evolve
throughout their lifetimes. By modeling the evolutionary tracks of stars with different masses,
isochrones show how the properties of stars, such as luminosity and color, change as they age.
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Figure 3.1: Overview of the SPS technique. The upper panels highlight the ingredients
necessary for constructing a Simple Stellar Population (SSP): an IMF, isochrones for a
range of ages and metallicities, and stellar spectra spanning a range of T.ff, Ly, and
metallicity (Z,). The middle panels highlight the ingredients necessary for constructing
a Composite Stellar Population (CSP): a SFH and chemical evolution, SSPs and a
model for dust attenuation and emission. The bottom panel shows the final CSPs

both before and after a dust model is applied. Figure from (2013)).
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3.1.2 Bayesian Methodology

Bayesian methodology is an approach to statistical inference and modeling that
utilizes Bayes’ theorem to update our beliefs about a parameter or hypothe-
sis based on new evidence or data. The goal is to estimate the probability
distribution of the parameter space given the observed data.

The steps involved in Bayesian parameter fitting are the following:

e We start by defining a prior on the belief about the distribution of the pa-
rameters. This belief is represented by probability distributions called the
prior distribution. It incorporates any existing knowledge, assumptions,
or beliefs about the parameters.

e Next, based on the hypothesis formulated for our analysis, we define a
likelihood function that represents the probability of observing the data
given a specific value of the parameters. It quantifies how well the param-
eter space explains the observed data. We also define an evidence which
quantifies the probability that the data fits the hypothesis.

e Using the Bayes’ theorem, we combine the prior distribution and the
likelihood function to obtain the posterior distribution, which represents
our updated belief about the parameters after taking into account the
observed data. It is proportional to the product of the prior distribution
and the likelihood function (see Equation [3.1).

prior

posterior = likelihood x (3.1)

evidence

e Once we have the posterior distribution, we can perform various types
of inference. For example, we can estimate the most likely value of the
parameter and compute credible intervals to quantify uncertainty by using
the percentiles of the posterior distribution.

e Finally, Bayesian methodology allows for iterative updating of the pos-
terior distribution as more data becomes available. This means that we
can incorporate new evidence and update our beliefs about the parameter
multiple times, refining our estimates with each iteration.

Overall, Bayesian parameter fitting provides a probabilistic framework for
estimating parameters that takes into account both prior knowledge and ob-
served data, resulting in more nuanced and flexible inference compared to tra-
ditional frequentist methods (like x? minimization). In this work we use a
Bayesian method because of its robustness in finding the space parameter of a
model. Next, we describe BAGPIPES.
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3.2 Fitting Procedure With BAGPIPES

BAGPIPES is one of the state of the art Python codes for modelling galaxy spec-
tra to fit spectroscopic and photometric observations. BAGPIPES is described
in detail in (Carnall et al.| (2018, this paper focused on photometric data) and
in (Carnall et al.|(2019b, while this one is focused on describing the application
to spectroscopic samples)E]

BAGPIPES is a code developed in Python with the goal of fitting the SED
of a galaxy based on spectroscopic and/or photometric data using the nested
sampling algorithrrﬁ of [Skilling (2006) for the Bayesian inference of the space
parameter. This nested sampling algorithm is implemented in BAGPIPES using
MULTINEST (Feroz & Hobson, 2008} Feroz et al.,2009,[2019), by the PYMuLTI-
NEST interface (Buchner et al., [2014)).

BAGPIPES is a very flexible and versatile code as it can use different parts
of the spectrum, SFHSEL chemical enrichment models, nebular emission, and
dust absorption, remission and attenuation laws. In BAGPIPES the SPS is not
implemented directly, instead the code is designed to accept pre-defined SPS
models in the form of grids of SSP models of different ages across a range of
metallicities. The SPS models currently implemented in BAGPIPES are the 2016
version of the Bruzual & Charlot| (2003) models, which computes the spectral
evolution of stellar populations at ages from 0.1 to 20 Gyr at a resolution of
3 A across the whole wavelength range from 3200 to 9500 A for a wide range
of metallicities (considering a grid of 0.005, 0.02, 0.2, 0.4, 1.0, 2.5, 5.0 solar
metallicities) and uses the Medium-resolution Isaac Newton Telescope library
of empirical spectra (MILES; [Falcon-Barroso et al., |2011) in the UV-optical
spectral regionﬂ Next, we describe in more detail the implementation we are
using to fit the spectra of each aperture for every galaxy in our sample.

In this work, all the spectral analyses are carried out within the observed
wavelength interval from 3800 to 7000 A, following [Lacerda et al| (2022) and

2BAGPIPES can be found here: https://github.com/ACCarnall/Bagpipes. And the doc-
umentation is here: https://Bagpipes.readthedocs.io/en/latest/index.html.

3Nested sampling is a method used to estimate the marginal likelihood of a statistical
model and obtain posterior distributions. It involves creating nested subsets of the parameter
space, exploring regions of higher likelihood and gradually moving towards lower likelihood.
By tracking the likelihood levels, it estimates the evidence by sampling from the prior and
calculating the associated prior mass. It efficiently handles complex parameter spaces, gen-
erates posterior samples and facilitates model comparison, aiding in parameter estimation
and uncertainty quantification, however, it can be computationally intensive, especially for
high-dimensional models or expensive likelihood evaluations (this problem can be solved by
techniques like parallelization).

4Which may include parametric as well as non-parametric models.

"When a set of SPS models is loaded by BAGPIPES, the models are resampled in age (using
a weighted summation method) onto a grid of ages, a; from log(a;/Gyr) = 6.0 to 10.2 with
uniform width, having a default spacing of 0.1 dex.


https://github.com/ACCarnall/Bagpipes
https://Bagpipes.readthedocs.io/en/latest/index.html
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Sanchez et al. (2022). Next, we describe all the ingredients that we input into
BAGPIPES.

3.2.1 Star Formation History

Traditionally, the SFH has been described by using the parametric models men-
tioned in Section even though its stochastic nature (e.g., Caplar & Tac-
chella, 2019; [Tacchella et al.l [2020; lyer et al) 2020). Previous authors (e.g.,
Simha et al., 2014; Diemer et al) 2017) have shown that those models repre-
sent a poor match to the simulated universe. For this reason, in this work we
make use of the Double Power-Law (DPL) function proposed by |Behroozi et al.
(2013), as a more sophisticated model for the SFH which has been shown repro-
duces the SFHs from semi-empirical models and from the simulated universe
(Diemer et al., [2017). Explicitly our SFH law has the following shape:

SFR(t) x [(T;)adpl + (Tdtpl> _Bdm] N (3.2)

where 7qp is the time, measured since the Big Bang (BB), at maximum of the
SFR and the slopes Bqp1 and agp determine the decreasing and raising of the
SFH at later and earlier times respectively. This SFH law is normalized through
the total stellar mass formed across the overall history of the galaxy, M*’formedﬁ

3.2.2 Dust Attenuation

Dust in the interstellar medium (ISM), plays an important role in understanding
the properties of the galaxies. Not only because the light gets absorbed and
scattered but also because it encodes important parts of the evolution of the
galaxies as it originates as a product of the stellar evolution.

The presence of young stars surrounded by dust will produce emission in
the infrared, IR. The reason for this is because hot young stars will tend to heat
the dust and the dust will produce emission as a “modified black-body” with a
peak in the IR part of the spectrum. It is typically assumed that the fraction of
light emitted by young stars that is absorbed by the dust is directly proportion-
ally to the fraction that it remitted (da Cunha et al., 2008|). Nonetheless, dust
also modifies the stellar continuum in the visible part (for a review see Salim &
Narayanan, [2020). While there are several models to describe the dust attenu-
ation law in the galaxies, in this work we use the one described by [Cardelli ef
al.| (1989).

S M. tormed > M.: M, tormea considers the total stellar mass at the moment (M.) together
with the stellar mass remnants (white dwarfs, stellar BHs, gas remnants in the ISM, etc).
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3.2.3 Emission From the Ionized Gas

In addition to the properties listed above, the SED of a galaxy contains infor-
mation about the mechanisms that are not part of our stellar evolution theories.
Particularly, the luminosities and widths of some emission lines located in the
visible region of the electromagnetic spectrum, could contain information about
the components which are not directly linked to the SF of the galaxy, such as
the emission lines from gaseous nebulae (diffuse, planetary, and supernovae
remnants; Brinchmann et al., [2004) and emission lines from the AGN.

Nebular Emission

The nebular emissions of a galaxy come from different physical sources like dif-
fuse nebulae, planetary nebulae, H 11 regions and supernova remnants. Diffuse
nebulae consist on clouds of dusty interstellar gas that are ionized by ultraviolet
radiation from the massive hot stars near or within them. Planetary nebulae
consist of ejected mass from dying stars on their last stages to become a white
dwarf. H II regions allow us to probe the evolution of the elements and the SFH
of the far reaches of our own galaxy and of distant galaxies. Supernova rem-
nants consist on hot ejected material from exploding massive stars and allow
us to observe the material from their burned-out deep interiors.

Gaseous nebulae give emission-line spectra dominated, in the optical re-
gion of the SED, by forbidden lines of ions of common elements, such as
[O111]4959,5007. In addition the permitted lines of hydrogen (Ha, HS3, H~,
and so on) are characteristic features of every nebular spectrum. In the other
hand, gaseous nebulae have weak continuous spectra.

The inclusion of nebular emission in the modelling of the SED of the galaxies
is so complex that a further discussion is well beyond the scope of this work (see
more in Osterbrock & Ferland), 2006; Mo et al., 2010). Note, however, that it is
well known that nebular emission is more important in low-metallicity and star
forming galaxies (see e.g., Conroy, 2013)). In this thesis we include the emission
lines the way it is implemented in BAGPIPES via the CLOUDY code (Ferland
et al., |2017). The basic physics in which this code is based, it is described
in Osterbrock & Ferland (2006). Briefly, BAGPIPES has a preloaded grid of
emission lines models based on different degrees of the ionisation of the ISM,
which are denoted by the ionisation parameter U.

Active Galactic Nuclei

In particular, the characteristics of the optical spectrum are useful to identify a
particular type of AGN, the Seyferts: these usually present prominent emission
lines, corresponding to radiation from ionized gas, some of the most distinctive
are Ha, Hp, [N11]6548,6583, [S11]/6717,6731 and |[O111]4959,5007. While it is
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difficult to model the emission lines from the AGN, their contribution to the
SED of the galaxy are well known and even well characterized. In this section
we discuss our modelling for both the continuum and the emission lines of the
SED.

Figure [3.2] shows typical examples of the optical spectra of Seyfert AGNs,
where the contrast between Type 1 and Type 2 can be seen: both types show
narrow emission lines from the NLR, but the main spectroscopic difference
(among others) is that Type 1 AGNs also have the presence of broad com-
ponents in some of these emission lines, coming from the BLR, with Ha and
Hp usually being the most prominent ones (Khachikian & Weedman| 1974;
Lawrencel, [1987)).

T
He, NI 26583
e Type 1 g3
F eType2 24959 3
7 6 [0} 35007
E |
5F 3
E [0l 23727 Hp
= 4F | | Hel  [o1] 3
8 Call HK 25876 16300
5,
x
=
=
1)
2
=
<
[0}
o

4000 5000 6000
L [A]

Figure 3.2: Visible spectra examples of Type 1 (blue) and Type 2 (red) AGNs from
the SDSS. The main differences are the presence of permitted broad emission lines and
a bluer nuclear continuum in Type 1 AGNs. Figure from DiPompeo et al.| (2018).

The dynamical properties of these broad Balmer emission lines allow not
only the classification of the AGN, but also to obtain single epoch inferences of
Mgy, through |Greene & Ho| (2005)’s method, using their luminosities as well
as their FWHMSs. In consequence, if one is seeking to obtain robust inferences
of Mpy through this indirect method, it is necessary to have correctly modeled
spectroscopic fits of the AGN’s emission linesE]

"Inferences of Mgy can be obtained by using Equations and from the luminosities
and the FWHMs of Ha and Hf broad lines:

2.06+0.06
L 0.5540.02 FW HM,
_ 10.4 6 Ha Ha
MBH = (2.070'3) x 10 (1042$> W M@ (33)
5 2
o LHﬁ 0.56+£0.02 FWHMH[;
MBH = (36 + 0.2) x 10 (10423 W M@ (34)

If some of the broad lines are described by more than one Gaussian component, it is considered
the luminosity and the FWHM of the sum of all the broad components.
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It is important to mention that currently for SED fitting tools based on
SPS, it is not common to consider the contribution of the AGN. Instead, these
type of galaxies are usually excluded from most SPS studies, discriminating
by crossmatching with databases of known AGNs (like the one of [Véron-Cetty
& Véron, 2006 or through their location in diagnostic diagrams such as the
“Baldwin, Phillips & Terlevich” (BPT, |Baldwin et all 1981)), the “WHAN” di-
agram (Cid Fernandes et al., 2010, [2011) or other similar diagnostic diagrams
(see |Veilleux et all {1995; Kewley et al., 2001, 2006} Kauffmann et al.l [2003;
Schawinski et al., [2007). These diagrams represent the first order of identifica-
tion and/or classification of AGNs. A more detailed study on AGNs would be
by separating their spectral contribution to the SED of their host galaxy.

A correct model for the AGN spectral contribution into the stellar SED, re-
quires a very careful analysis, such as the one we are proposing here. This must
be done with a model composed of a much larger number of free parameters
than the usual SPS models, describing the fundamental properties of the SPS
together with the AGN ionized gas emission lines and the continuum emitted
from the accretion disk (whose contribution is quite significant in the visible
region of the electromagnetic spectrum of some galaxies).

Fortunately, the overall SED for the continuum of an AGN, at least in the
optical region where we are more interested, can be described by a power law
F, oc v*A6N | In this work we assume this form when it is necessary.

In this work, we exploit the Bayesian nature of BAGPIPES by modelling at
the same time the stellar contribution from the stellar continuum, including
nebular emissions and dust attenuation, and the contribution from the AGN.
We assume the following emission lines from the NLR of the AGN:

1. Ha, HB, H, HJ,

[\)

. [O111]4363,4959,5007,

w

. [N11]6548,6583,
4. [S1j4072,6717,6731,
5. [01]6300,6365.

From the BLR of the AGN we only assume the contribution of the ionized
hydrogen lines Ha,, H3, Hy and Hd, composed by one or two broad components,
when necessary.

3.2.4 Priors of the Spectral Fitting

In this Section we describe the free parameters and priors for our spectral
modelling. Notice that the number of parameters depends on the very nature of
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each galaxy. In other words, it depends on how many components are necessary
to model the spectrum of a galaxy.

The first part of our analysis consist on masking certain regions of the
spectrum from the official reduced MaNGA datacubes (Law et al.2016). These
regions are the ones affected by:

1. Strong and variable night sky emission line residuals;

2. Regions affected by instrumental signatures, whose effect was not com-
pletely removed during the data reduction process; and

3. Regions affected by telluric absorptions, not completely corrected during
the flux calibration process, like 5550-5610 A and 5800-6080 A regions.

The masked regions for each galaxy are violet-shaded in the spectral fitting
figures of the Results (see Chapter . Notice that this is a common practice
and many pipelines have done something similar (e.g., Pipe3D, Sanchez et al.|
2016alb, 2022]).

The second part of our analysis is to perform a first analysis of the SED by
masking all the emission lines and fitting only the stellar continuum. This step
is important as it helps us to decide whether the galaxy has the contribution
from other sources. We use these results as the priors for our next fit, in case
it is necessary. The free parameters to fit in each galaxy are:

o agpl and SBqpr: The falling and the rising slope of the DPL-SFH (see Equa-
tion , to which we assign a logarithmic prior between 0.001 and 100.

e 7: The peak time of the DPL, to which we assign an uniform prior be-
tween 0.5 Gyr and the age of the universe at the redshift of the galaxy,

tU (Zobs) [Gyr] .

® M, tormea: The total stellar mass formed, to which we assign an uniform
prior of log; (M formed) between 6.0 to 14.0 log (Mg ), spanning the entire
mass range of galaxies in MaNGA.

o Z,: The stellar metallicity to which we assign a logarithmic uniform prior
over the range 0.02 < Z,/Zs < 2.5, similar as (Carnall et al| (2019b)
does (and more free than the logarithmic prior over the range 0.2 <
Zy|7a < 2.0 of |Carnall et al., [2019a; or the uniform prior over the range
of 0.2 < Z,/Zs < 2.0 of |Carnall et al., 2018)@;

o Ay: for Cardelli et al.| (1989) dust attenuation law, to which we assign a
uniform prior between 0.0 and 1.5 magnitudes.

8Notice that [Carnall et al| (2019b) is the reference recommended by the author of the
code, for spectroscopic fitting.
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Once this first spectral analysis is done, we decide which galaxies require
to be fitted again, but considering the contribution from the AGN, taking into
account the emission lines from the NLR, the BLR and/or the AGN continuum.
If a galaxy requires another fit, according to the observed residuals and the x?2
(as a guideline of the merit of the fitting) of this first SED fitting results, we
make the decision whether the galaxy will be fitted by adding nebular emissions
only or if it is necessary to include a model for the AGN, based on the mor-
phology of the emission lines and in its known AGN classification (Véron-Cetty,
& Véron, 2006). Notice that the best fitting models and their distributions
from the previous step are used as new starting points and priors for our more
detailed fitting model.

In the case that the galaxy host an AGN we use the following free parameters
to fit each component:

e NLR: Each narrow emission line, Ho, H3, Hy, Ho, [O111]4363,4959,5007,
[N11]6548,6583, [S11]4072,6717,6731 and [O1]6300,6365, are proportional
to single Gaussiansﬂ All of them were constrained to have the same width
¢, and their centroids are parameterized by the rest frame quantity 6. The
maximum intensities, a, of each lines are free parameters, but under the
following constrains:

_1 _1
AOmrfs960 = 3%[Or11]s007 21 A[N11]gsas = 39| N1rfesss’

e BLR: The Balmer emission lines, Ha, H3, Hy and Hé, are sometimes not
well described by only one narrow line from the NLR. There are cases
where some of this lines require to also model a broad line component
coming from the BLR, and sometimes even a third very broad component,
to successfully describe them. FEach of these broad emission lines are
described by the three free parameters of the Gaussian profile (a, b, ¢).

e AGN accretion disk continuum: The blue region of some AGNs spectrum
is typically dominated by the AGN nuclear contribution. Sometimes it
is necessary to consider a continuum described by a power law@ In this
case we defined it to contribute over the entire analysed wavelength range,
with A\g = 3800 A, resulting in two free parameters: Aagn and aagn.

9Explicitly, the form of the Gaussian function we are using is:

G (a,b,c;\) =a-exp ((b - ’\)2) (3.5)

2¢2

10The definition of a power law is Equation

A —OAGN
I (AacN; @acN, Ao; A) = Aacn - (T) (3.6)
0
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3.2.5 Photometric Analysis

After carrying out the spectroscopic analysis described above, we decided to
complement it by making a photometric analysis for the 8 galaxies of the sample,
using the photometric data of the NSA described in Section 23] Another
motivation for doing this exercise is that in most of the cases the seven-band
surface brightness tabulated in the NSA catalog extend to radii beyond the FOV
of MaNGA. Thus in order to understand not only how the central part of the
galaxy formed but the stellar population in outer radii, the SED fitting results
from the surface brightness will be key and complementary. This analysis is
only a guideline to have a better understanding of the results obtained through
the IFS analysis.

As we are interested in using only the cumulative profiles, particularly in
the maximum aperture of the photometry, we did not interpolate the cumu-
lative profile, following the method described in |[Stoughton et al| (2002)). In
order to get the cumulative profiles to analyze every filter, we simply inte-
grated the p within each aperture, then we converted them to Pogson magni-
tudes, and then considering the Dy, we got the absolute magnitudes and the
integrated luminosities (L). To estimate the errors of the cumulative profiles
(o) we first calculate the uncertainty of the fluxes of each aperture, given by
PROFMEAN_IVAR_I/ 2 and then, similarly to the fluxes, we integrated them
within each aperture, converted to Pogson magnitudes and finally to absolute
magnitudes and to luminosity units. Corrections to the absolute magnitudes
for galactic extinction and k-correction are performed to the final cumulative
profiles which will are in units of erg - s~ - cm ™2 A-1 as BAGPIPES requires.

The mean surface brightness and the cumulative luminosity profiles of our
sample are shown in Figures [3.3]|3.4 and . Apertures where O’% > L in
three or more filters, were discarded from the analysis (this happens most of
the time at the largest apertures).

We use BAGPIPES in order to infer the properties and evolution of the stellar
population as a function of radius of the cumulative profiles in which there is
available information in our data. Considering that the broad-band photometric
data does not provide information about the emission lines from the NLR nor
the BLR of the AGN, these components are not modeled in the SED broad-
band fitting analysis. The priors of the SED broad-band fitting include the
parameters of the SFH law defined by Equation @ as well as the M, formed,
the dust Ay described by |Cardelli et al.| (1989) and the ionisation parameter U
of the nebular emission, and we use the priors for Z, as in the IFS analysis. We
did not performed any analysis for Mrk290 and ARP151 because these galaxies
are heavily contaminated by their central AGN.
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Figure 3.3: Surface brightness profiles of Mrk290 (left) and ARP151 (right) for FUV
(cyan line), NUV (magenta line), u (blue line), g (green line), r (red line), i (gray line)
and z (yellow line) filters. The top panels show the mean surface brightness while the
bottom panels show the cumulative luminosity. Some apertures of interest in the IFS
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green: Reg i, red: Reg r(s), yellow: Reg (py, blue: Rikpc). The violet shaded areas
represent 1PSF, 2PSF and 3PSF radius of the IFS data, distinguished by the opacity.
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Figure 3.4: Surface brightness profiles of NGC1194 (left) and NGC6086 (right). The
description is similar to Figure [3.3]
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Chapter 4

Results

In this Chapter we present the results obtained for the spectral fitting at dif-
ferent radii for the IFS data of the galaxies in our sample, together with the
results obtained by the broad-band SED fitting model. Our main goal for this
section is to infer the stellar properties of the galaxies in order to understand the
co-evolution between supermassive BHs and galaxies. Because of the Bayesian
nature of BAGPIPES, the results of the spectral fitting (the intensities for each
wavelength), as well as the physical parameters, are originally given in the form
of probability distributions (see the 2D-posterior probability distribution func-
tion maps of the physical parameters in Appendix ; we report the quantities
obtained by considering the 50th, 16th and 86th percentiles for each probability
distribution, to get the mean values as well as the uncertainties.

In order to integrate the spectra at each aperture we use the axis ratio
(b/a) and the pitch angle (PA) reported for the r-band in the NSA Catalogue.
To facilitate our analysis we have defined 5 different spectroscopic apertures,
characterized by their semi-major axes, for each galaxy in our sample, which
are the following:

e Maximum aperture (Rpyax): It is defined as the maximum ellipsoid that
fits within the MaNGA FoV. Notice that by construction this aperture
maximizes the information of the MaNGA data cubes without introduc-
ing border effects. In order to cover a wide range of radial apertures in
our analysis, we also considered the elliptical apertures corresponding to
0.25Rmax, 0.5Rmax and 0.75 Ryax.

e At 1 kpc (Rixpc): This aperture is measured within 1 kpc. In previous
works this aperture has been used as a proxy to measure properties of
the SMBHs since, the larger the SMBH is, the larger the value of the
mass density within the aperture of 1 kpc (M, 1) will be. In addition, the
quantity ¥; = M, 1 /7 is a good proxy for dividing galaxy’s samples into
star forming and quiescent galaxies (Fang et al., [2013).

41
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e Non parametric semi-major axis half light radius in the K-band
(Refr,ic): This is the aperture reported by van den Bosch| (2016), which is
measured on the the growth-curve at the radius by which the half of the
light has been reached in the K-band.

e Sérsic semi-major axis half light radius in the r-band (R.g )):
This is the aperture of the half light radius from the Sérsic fit in the
r-band, taken from the NSA Catalogue.

¢ Petrosian semi-major axis half light radius in the r-band (Reg () ):
This is the aperture of the half light radius from the definition of an ellip-
tical Petrosian magnitude in the r-band, taken from the NSA Catalogue.

Next, for each galaxy we present our best spectral fitting model to the
IFS data (for simplicity and for the sake of the space, we only show here the
results for Rpax aperture, while in Appendix [A]we present the results for all the
apertures defined above). Along with the fits, we also present the corresponding
galaxy SF and mass assembly historiesr_-] for each aperture, together with the
radial profiles of the stellar properties. If the presence of an AGN is detected,
we also include a discussion on the radial dependence of the best fitting models
for the emission lines and their locations on the BPT and WHAN diagrams.

For the broad-band fit to the photometric data, as described in Section
3.2.5 we make use of the seven-band (FUV, NUV, u, g, r, i and z) azimuthally-
averaged radial surface brightness tabulated in the NSA catalog. We report the
results of the SED fitting to the cumulative profiles for the seven photometric
bands, with the main goal of testing and complementing the results of the
stellar population properties, as a function of radius, obtained with the IFS
analysis. In addition, we use the g — i color profile and the mass-to-light ratios
dependent on color to compute a photometric M, and SF HE] It is important

!These evolution histories were obtained by an interpolation done by BAGPIPES which
predicts some physical quantities at different epochs (higher redshifts). This function is a bit
experimental and only works for models with a single SFH component described by the DPL.
For more details see the documentation of BAGPIPES at https://bagpipes.readthedocs.
io/en/latest/

“The SFR can be estimated by considering the integrated luminosity of FUV (Lryv) in
Equation (Kennicutt), [1998):

SFRFUV = K" LFUV (41)

where £ = 1.701 - 1071° ny?Q' And the M, can be estimated by the relation described in

Equation [4.2] (Taylor et all, 2015)):

1og (M.i—band) = —0.68 + 0.73(g — i) — 0.4(M; — AB;) (4.2)

where M; is the i-band absolute magnitude, and AB; is the absolute magnitude of the sun in
the i-band (obtained from http://mips.as.arizona.edu/~cnaw/sun.html; Willmer, [2018).


https://bagpipes.readthedocs.io/en/latest/
https://bagpipes.readthedocs.io/en/latest/
http://mips.as.arizona.edu/~cnaw/sun.html
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to note that the broad-band analysis is done only as a complementary guide to
have a better understanding of the results of the main analysis (IFS). However
it does not consider the contamination of the SED due the AGN in the broad
bands, due to the complexity of describing its contribution. This means that
these results might not be as robust and precise as the ones obtained by the
spectral analysis.

We define that a galaxy is quenched according to the criteria used in BAG-
PIPES. This criteria considers that a galaxy has quenched at a time tyuench
since the Big Bang (BB), when the value of its SFR(tguench), gets below the
10% of the mean SFR. In addition to that, we also consider the criteria used
by (Pacifici et all 2016|) in which a galaxy is defined as quiescent when its
sSFR oscillates on frequency values corresponding to timescales greater than
~ 0.4 — 0.5tubble, (i.e. when sSFR < 2.5H(z), where H(z) is known as the
Hubble Parameter, see more in [Tacchella et al.l 2016b)ﬁ

In the following sections (one per galaxy in our sample) we show our results,
which include the spectral fitting to the IFS data and its associated SF and
mass assembly histories, as well as the radial profiles of the stellar and AGN
properties and the BPT and WHAN diagrams derived from the narrow lines
properties. If broad components of Ho and HB were found, the results are
followed by the inference of the Mpy from the single epoch method (Greene
& Hol [2005)). Finally we also present a radial profile comparison between the
results from the IFS analysis and the broad-band SED analysis.

For the IFS analysis we quantify the figure of merit of our fittings by using
the chi-square (x?) estimatoﬂ which we emphasise that this it is only a guide-
line to the figure of merit to the fit. Notice that contrary to the intuition, we
find that the reduced x? decreases as we integrate more outer apertures. This is
because the integrated error of the flux (o) grows with aperture (we performed
an uncertainty propagation error procedure by adding in quadrature the errors
from all spaxels inside a given aperture), since the outer parts of the galaxies
become fainter, their uncertainties increase and they become easier to fit.

In order to test the consistency of the results obtained through the IFS
analysis, in Appendix |[B| we present a comparison of the physical parameters

3This is equivalent to say that the sSFR(z) is below 0.2/ty(z).

4Recall that x*:

2 fobs(>\) - fmodcl(>\)

= 4.
X =) 202 (4.3)

A

where fobs and fmodel are the observed and the modeled flux intensities at a certain wavelength
X, 0%()) is the variance of the flux intensity. The reduce x? is given by x?/d.o.f. where

d.o.f. = NSgED — Nfree (4.4)

Nsgp is the number of points of the SED, and nfee is the degrees of freedom, considered in
this case as the number of free parameters.
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inferred for each galaxy, with the ones reported in the last version on pyPipe3D
(Sanchez et al., 2022).

4.1 Mrk290

Mrk290 is a well known broad line AGN classified as QSO and as an UFO with
kinematic effects visible in the [O111]5007 line profile. It has a significant nuclear
emission in radio and UV, and as a Markarian galaxy its emission dominates
the bluest part of the visible spectra. The apertures and their corresponding
reduced x? to best SED fitting models to the spectral data of Mrk290 are
tabulated in Table .11

Aperture | R/Re rc | x°/d.o.f.

Rmax 6.023 5.60
0.75Rmax 4.517 8.41
0.5Rmax 3.012 17.19

0.25 Rmax 1.506 38.98
Rixpc” 1.340 44.30
Rer v(s) 1.237 44.30
Reg k™ 1.00 47.34

Reﬂ‘yr(p)** 0.842 54.02

Table 4.1: Apertures of Mrk290 ranked in decreasing order of their size and their
corresponding reduced x2. *We noticed that Reg r(s) and Rixpe apertures enclose the
same spectral information, in consequence Rjkp. is omitted for simplicity. **Results
from Reg ic and Reg r(p) must be taken with caution because these apertures are within
the PSF radius.

The upper panel of Figureshows the observed spectrum of Mrk290 (black
solid line) and our best fitting model using BAGPIPES (red solid line). The violet
shaded areas show the masked lines and/or regions which were not included in
the fits. We also present separately the contribution from the nebular emission,
the NLR and BLR from the AGN as well as its continuum. In the bottom part
of the same panel we plot the residuals of the best fitting model with respect
to the observationsﬂ Notice that our errors are of the order of less than ~ 10%
for most of the spectrum. Similarly the lower three panels present a zoom-in
into the regions where the contributions of the nebular lines, the NLR and the
BLR are more relevant and it is evident that for this galaxy the fitted nebular
lines are negligible in all but hydrogen.

5The format of this figure will be replicated for the rest of the galaxies in our sample, in
the following sections.
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Figure 4.1: Spectral fit of Mrk290 at Ry.. aperture. The upper panel shows the
entire wavelength range analyzed, while the bottom panel zooms in on the vicinity
around the Ho, HS and H~ regions. For both panels in their upper plots, the inte-
grated spectrum (black continuum line) is plotted along with the fitted model (red
continuum line), the emission lines from the NLR (green continuum lines), the BLR
(green dashed lines) and the nebular contribution (purple continuum line), together
with the AGN accretion disk continuum contribution (brown dashed line), while the
lower plots show the percentage residuals of the fit (red continuum line), compared
with the percentage noise of the observed spectrum (grey shaded area). The model
of the spectrum considers a SFH described by a DPL, a dust attenuation law from
|Cardelli et al.| (1989), nebular emission lines computed by CLOUDY and the contribu-
tion of the AGN (NLR, BLR and accretion disk continuum). The masked regions of
the spectrum are violet-shaded. The gray vertical dotted lines represent the centroids
of the emission lines listed in the methodology (see Section. The spectrum is at the
observed frame (zops = 0.0302).

By observing the residuals of the spectral fitting, in general we found that
our best fitting models seem to reproduce the observations reasonably well,
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despite the slightly large reduced x?s in the smaller apertures. Notice that
computing the degrees of freedom from our models is not trivial particularly
because the covariance matrix from the data cubes is not available. Due to
this we chose to use the simplest definition which is to subtract the number
of parameters to the number of points in the SED (see Equation . In that
regard and considering that we are using a Bayesian method, our reduced x2s
are just a guideline to the figure of merit to our fits.
Next we describe our results about the AGN emission line models:

e Three Gaussian components successfully describe the Ha and Hf3 emission
lines, one from the NLR and two from the BLR.

e Our results seem to over-predict the AGN continuum in the bluest part
of the SED. Nonetheless, this happens only over a small region, between
~ 4100 to 4400 Angstroms.

e Assuming same widths for all emission lines of the NLR, our models re-
produce reasonably well their line profiles. We only notice that [O111]5007
line profile is not very well fitted (see the residuals around this emission
line). This may be caused by the effects of an outflow in the [O111]5007
profile.

Figure shows the SFH and the stellar mass formation history (SMFH)
for Mrk290 at different apertures, obtained by BAGPIPES’s interpolation. Since
the SFH and SMFH may be not very reliable for populations older than 9 Gyr
(see e.g., Conroyl, 2013)), we gray shaded the areas that represent times older
than 9 Gyr. From this figure we found that:

e The aperture Reg ;(s)(=Rikpc) is between 2PSF and 3PSF. The peak of
its SFH and formation time (tform)ﬁ are around z ~ 0.7 — 0.8 (~ 7 Gyr
ago) and it became quiescent around z ~ 0.5 (~ 5 Gyr ago) according to
Pacifici et al|(2016) and around z ~ 0.25 (~ 3 Gyr ago) according to the
BAGPIPES criteria. For Reg i the evolution has a similar behaviour and
time scales as Reg ;(s), but it must not be forgotten that Reg i is within
the PSF radius and its results should be taken with caution.

e The aperture corresponding to 0.25Ry.x is between 1PSF and 2PSF and
has undergone an evolution similar to that of Reg (), accumulating a
little more M, but with a little advance (<0.5 Gyr) in the characteristic
times.

SBAGPIPES criteria defines the formation time fsorm as the subtraction of the age of the
universe ty (zobs) minus the mass weighted age of the galaxy.
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Figure 4.2: Evolution of Mrk290 as a function of the lookback time and the red-
shift. Each aperture is represented by a different color (black: Rpyax, red: 0.50Rax,
yellow: 0.75Rpax, blue: Reg (s)=Rikpe, and green: Reg x). The trorm and tquench
from BAGPIPES criteria are showed with vertical dashed and dotted lines, respec-
tively. The upper-left panel shows the SFR(t(z)). The bottom-left panel shows the
sSFR(t(z)) together with the [Pacifici et al.| (2016]) quenching criteria, established by
2.5H(z) (magenta band with values between 1.0 — 2.5H(z)). The upper-right panel
shows the logarithm of the M., (t(z)). The bottom-right panel shows the quotient be-
tween M, (t(z)) and the total stellar mass inferred by Lx, M, x (see Equation [2.1).
The SFH was modelled using a DPL model (see Equation . The evolution of these
parameters was obtained by using an interpolation done by BAGPIPES to predict the
physical quantities for redshifts from zyps = 0.0302 to z = 10. Ages larger than 9 Gyr
are gray-shaded, to highlight that the ages of older stellar populations may not be very

reliable (see e.g., 2013).
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e The maximum aperture Ry.x is well beyond 3PSF and corresponds to
~ 6X Ref i, s0 it displays the most robust measurements of all the used
apertures. We found that the peak of SFH and tory for this aperture
were around z ~ 1.1 — 1.5 (~ 8 — 9 Gyr ago) and it became quiescent
around z ~ 0.7 —0.9 (~ 7 Gyr ago) according to the [Pacifici et al.| (2016)
criteria and at z ~ 0.4 (~ 4.5 Gyr ago) according to BAGPIPES. The
0.50 Rimax aperture, which is between 2PSF and 3PSF radius, describes a
very similar evolution.

Figure [4.3] shows the radial dependence of the SFR, sSFR, M,, Z., Ay,
tform, the quenching time (fquench, from BAGPIPES criteria) and the quenching
scale (Tquench = fquench — tform). The mentioned scale times are represented
since the BB. For all the apertures we found that the metallicity is subsolar
(<0.1 Zg) and the amount of attenuation due to dust is small (practically 0.0
magnitudes).

In general, our results above 1PSF show that Mrk290 has slightly a positive
gradient in its SF'R profile (in other words, the SFR at the centre is lower
than in the outskirts) but a slightly higher sSF'R at the centre and a rising
subsolar metallicity gradient (from 0.02 to 0.1 Zg). We also found that there
are younger stars towards the centre of the galaxy, perhaps due the slightly
higher sSF'R, than in the outskirts. We speculate that the origin for the high
luminosity AGN and the negative gradients of sSF'R and stellar population
ages could be related to the accretion of gas with low angular momentum. We
will discuss more about this in Chapter

The series of panels on Figure show the integrated luminosities of the
narrow lines that will be later used in the BPT diagrams (Ha, Hf, |N11]6583,
[O111]5007, [O1]6300, [S11]6717,6731). The dashed and dotted lines show the
contribution from the NLR and Nebular emission inferred by BAGPIPES, re-
spectively. In all the panels, total luminosities (solid lines) increase as we move
away from the centre. Notice that the NLR tends to dominate the emission of
the narrow lines above the nebular contribution, this is consistent with the fact
that the AGN is dominating the emission. Also, using the relevant ratios of
the total narrow line luminosities, we found that Mrk290 is located in the AGN
region of the BPT diagrams (Figure . In the other hand, Mrk290 is located
in the SF region of the WHAN diagram due to the low value of the quotient
L[NII] /L1 (see Figure , but this classification does not considers the infor-

mation of [O111] and HS (which is the main reason for the Seyfert identification
of this galaxy in the BPT diagrams). Considering the above and the fact that
this galaxy has been identified as a UFO, it can be concluded that Mrk290 is
indeed a Seyfert type AGN.

The panels of Figure show the integrated luminosities for the broad
Balmer lines coming from the BLR (Hay,, Hayy,, HBy, HByb, Hyy, Hdy), where
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Figure 4.3: Mrk290 parameter radial profiles. The upper-left panel shows the SFR.
The middle-left panel shows the sSFR. The bottom-left panel shows the logarithm
of the M,. The upper-central panel shows the tepm. The middle-central panel shows
the tquench- The bottom-central panel shows the Tquench. The upper-right panel shows
the logarithm of the Z,, pointing out the borders of the logarithmic uniform prior
(from 0.02 to 2.5 Zg) with a brown dashed line. The middle-right panel shows the
Ay from the dust in magnitudes, pointing out the borders of the uniform prior (from
0.0 to 1.5 mag). The bottom-right panel shows the markers assigned to each aperture.
The mentioned scale times are represented since the BB, pointing out ty (zeps) with a
brown dashed line as the maximum possible value. The inferred values at the different
apertures of each physical parameter are plotted with their errors (remember that the
best fitting values and the uncertainties where obtained by considering the 50th, 16th
and 84th percentiles of the posterior distributions). In this case, the uncertainties of
all the parameters are very small, in consequence their error bars are negligible. Each
aperture is represented by a different marker (black circle: Ry,ax, black star: 0.75 R ax,
black square: 0.50Rnax, black triangle: 0.25Ryax, red circle: Reg y(s)=Rikpe, green
circle: Reg i, and yellow circle: ch’r(p)). The violet shaded areas represent 1PSF,
2PSF and 3PSF radius, distinguished by the opacity.
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Figure 4.4: Mrk290 narrow lines luminosity profiles. Narrow lines from the NLR
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black square: 0.50R.x, black triangle: 0.25R,..x, red circle: Reﬂ‘7r(s):R1kpC, green
circle: Reg x, and yellow circle: Reg (p)). The violet shaded areas represent 1PSF,
2PSF and 3PSF radius, distinguished by the opacity.

the dashed and dotted lines show the contribution from the broad and the very
broad components (for Ha and Hf lines) respectively.

Analyzing the broad emission lines from the BLR we can infer several prop-
erties of the AGNs, such as their mass, luminosity, and accretion rate. Here we
use the BLR and the single epoch spectroscopy method to infer Mpy (Greene &
Ho|, 2005) both for the Ha and Hf lines (considering the sum of the broad and
the very broad components). Since the integrated emission from the BLR has
been obtained at different apertures, we estimate the Mpy at different radiiE]
as shown in Figure We notice that our results converge to the same BH

"It was made at the different apertures expecting the inferences to be the same for all,
because the SMBH is located in the very centre of the galaxy.
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Figure 4.5: Mrk290 in BPT diagram. Each aperture is represented by a different
marker (black circle: Rpyax, black star: 0.75Rpax, black square: 0.50Rpmax, black
triangle: 0.25Rpax, red circle: Reg r(s)=Rikpe, green circle: Reg i, and yellow circle:
Regr x(py). All the analyzed apertures were located in the Seyfert region of the three
diagrams.

mass value of Mgy ~ 2 x 107 Mg, just after surpassing the PSF dominated
measurements. This value is consistent with the more complex measurement
based on the reverberation mapping Mgy ~ 1.8 x 10" Mg, (blue dotted line in
the figure; see Denney et al., |2010). This is reassuring since it means that our
phenomenological AGN model seems to be realistic enough to even predict the
SMBH mass of Mrk290.

Finally, Figure shows the radial profiles of the inferred M, SFR, ttorm,
tquench and Tquench, Where the mentioned scale times are represented since the
BB. For this galaxy we only show the profiles obtained through the spectral
fitting of the IFS data. We omitted the broad band SED fitting results since
they are not reliable due to the complexity of correctly modeling the AGN
contribution at the ultraviolet part of the spectrum. Even so the fitted profiles
of M, and SFR are compared to the empirical profiles obtained through the
photometric surface brightness profile information (see Equations and .
From this analysis it is evident that the empirically inferred SF Rs are over-
estimated approximately by 2 orders of magnitude, while M, is slightly under-
estimated for ~ 0.5 dex for apertures beyond 1PSF. The above is not surprising
as this result points-out to the need of correctly subtract the contribution of
the AGN.
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Figure 4.7: Mrk290 broad lines luminosity profiles. In the case of Ho and HS the total
profile (solid line) is the result of the sum of two components: the broad (dotted line)
and the very broad (dashed line). Each aperture is represented by a different marker
(black circle: Rmax, black star: 0.75Rmax, black square: 0.50Rp,.x, black triangle:
0.25 Rmax, red circle: Reg p(s)=Rikpe, green circle: Reg x, and yellow circle: Reg i(p))-
The violet shaded areas represent 1PSF, 2PSF and 3PSF radius, distinguished by the
opacity.
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Figure 4.8: Mrk290 Mpy inferred at different apertures. Each aperture is repre-
sented by a different marker (black circle: Ryax, black star: 0.75R,.x, black square:
0.50 Rpax, black triangle: 0.25Rpax, red circle: Reg r(s)=Rikpe, green circle: Reg i,
and yellow circle: Reg y(p)). The violet shaded areas represent 1PSF, 2PSF and 3PSF
radius, distinguished by the opacity.
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Figure 4.9: Mrk290 parameter radial profiles. From top to bottom, the panels are:
the stellar mass, the star formation rate, the formation time, the quenching time and
the quenching scale. The times scales are considered since the BB. The spectroscopic
profile (red line) is shown together with the empirical profiles of the stellar mass
(blue line; [Taylor et all [2015) and the SFR (magenta line; Kennicuttl [1998). The
photometric profile is not shown for this galaxy. The violet shaded areas represent
1PSF, 2PSF and 3PSF radius of the IF'S data, distinguished by the opacity.
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4.2 ARP151

ARP151 is a well known broad line AGN, it has a significant nuclear emission
in radio and UV, and as a Markarian galaxy its emission dominates the bluest
part of the visible spectra. It is an interacting galaxy with tidal tails (much
more evident in the central region of the UV image) and a second galaxy near
the FOV with no emission lines but Balmer absorption. The apertures and
their corresponding reduced x? of the best spectral fitting models to the IFS
data of ARP151 are tabulated in Table (4.2

Aperture | R/Reg rc | x?/d.o.f.

Rinax 1.164 2.71
Regr.ic 1.00 3.28
0.75Rmax 0.873 4.41
0.5Rmax 0.582 10.11
Regrr | 0527 11.91
Reﬁ"’r(p) 0.367 22.01
Rixpe 0.356 22.54

0.25 Rmax 0.291 28.3

Table 4.2: Apertures of ARP151 ranked in decreasing order of their size and their
corresponding reduced 2.

Figure shows the observed spectrum of ARP151 and our best fitting
model, together with the separated contribution from nebular emissions, the
NLR and BLR from the AGN, as well as the AGN continuum, similarly to
Figure [4.0] for Mrk290. Notice that our errors are of the order of less than
~ 10% for most of the spectrum. In addition, note that it is evident that for
this galaxy all the fitted nebular lines are negligible.

In general we found that our best fitting models reproduce the observations
reasonably well. Inner apertures seem to have slightly larger values of reduced
x? as the apertures decrease in size. Our results with respect to the AGN
emission line models are:

e Similarly to Mrk290, three Gaussian components were necessary to suc-
cessfully describe the Ha and HS emission lines, one from the NLR and
two from the BLR.

e [t was necessary to model the AGN continuum in the bluest part of the
SED by a power law. Even when the fitted power law index was very
negative at all apertures (< —6.0; see |(O’Dell, 1986; |O’Dell et al., 1987,
for more information about the AGN continuum models), our model seems
to describe slightly well the observed SED.
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Figure 4.10: Spectral fit of ARP151 at Ryax aperture. The description is similar to
Figure The spectrum is at the observed frame (zons = 0.0207).

e Assuming the same widths for all emission lines of the NLR, our models
reproduce reasonably well the line profiles. We only notice that [O111]5007
line profile is not very well fitted (see the residuals around this emission
line). Nonetheless, the error around this line is less than ~ 5%.

Figure .11 shows the SFH and the SMFH for ARP151. The inner aperture
measured for ARP151 is 0.25 Rjhax and it is located between 1PSF and 2PSF, as
well as Rixpe and Reg r(p). Apertures Reg 1 (s) and 0.50 Rax are located between
2PSF and 3PSF while the outer apertures 0.75Rmax, Reff,x and Rpyax are well
beyond 3PSF. Within all the apertures the peak of the SFH and the ts,,, are
at z ~ 7—9 (~ 12.5 Gyr ago) and became quiescent at z ~ 4 — 5 (~ 12
Gyr ago) according to the Pacifici and the BAGPIPES criteria. We caution that
this galaxy is dominated by old, > 9 Gyr, stellar population. However we will
continue discussing its results because this galaxy seems to be quenched since
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a long time ago.
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Figure 4.11: Evolution of ARP151. The description is similar to Figure . Each
aperture is represented by a different color (black: Riax, green: Reg g, red: 0.50Rpax,
blue: Rikpe, and yellow: 0.25Ryax). The evolution of these parameters was obtained
by using an interpolation done by BAGPIPES to predict the physical quantities for
redshifts from zgps &~ 0.0207 to z = 10.

Figure [£.12] shows the radial dependence of the physical parameters of the
galaxy, it is similar to Figure We found that within all apertures, Z, has
a flat gradient around a subsolar value (~ 0.25 Zg) and a slightly negative
gradient in its dust Ay (from 0.6 to 0.5 magnitudes approximately). How-
ever, notice that for these apertures the SF Rs are too low since this is a very
quenched galaxy and the SF'R and the sSF'R profiles are out of the canonical
values for the ranges of this figure. We also found flat gradients of the scale
times, having very old stellar populations at all apertures.

All the evidences point out that ARP151 formed from a very intense burst
of star formation that started at z ~ 10 and by z ~ 5 it was in decline already.
In other words, ARP151 seems to have formed over a period of ~ 300 Myr from
an intense burst of star formation. The low metallicity of the stars reflect the
fact that ARP151 should have formed from primordial gas. Also, this galaxy
quenched already < 1 Gyr after the BB and kept like that. The burst of star
formation followed by the sudden quenching of star formation makes ARP151
an interesting object to compare with high redshift galaxies that quenched at
z > 3|Carnall et al| (2023al]b).
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Figure 4.12: ARP151 parameter radial profiles. The description is similar to Figure
Each aperture is represented by a different marker (black circle: Ryax, green
circle: Reg i, black star: 0.75Rpyax, black square: 0.50Rmpax, red circle: Reg r(s),
yellow circle: Reg r(p), blue circle: Ryype, and black triangle: 0.25Rmax). In this
case, the uncertainties of all the parameters except tiorm and Teorm are very small, in
consequence the error bars are negligible. The fit converged to a very quenched galaxy,
so the inferred SF'R and sSF R profiles are too low to appear in their respective panels.

Figure [£.13] presents the radial profiles of the integrated luminosities of the
narrow lines, similar to Figure but this time for ARP151. Notice how the
luminosity of the AGN narrow emission lines dominates the emission over the
negligible nebular ones and how the total luminosity of every line increases as
we move away from the centre. Figure [1.14] shows the three different BPT
diagrams, and all of them confirm that the emission comes from an AGN, as
it is consistent with the region designated for Seyfert galaxies (see Khachikian
& Weedman, [1974). The WHAN diagram of Figure also confirms that
ARP151 is a Seyfert galaxy.

We use our best fit model for the BLR parameters (see the integrated lu-
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Figure 4.13: ARP151 narrow lines luminosity profiles. The description is similar to
Figure Each aperture is represented by a different marker (black circle: Rpax,
green circle: Reg i, black star: 0.75 Ry, black square: 0.50 Ry, red circle: Reg r(s),
yellow circle: Reg (), blue circle: Ry, and black triangle: 0.25Rpax).

minosities profiles of the broad Balmer lines coming from the BLR in Figure
to infer the BH mass from ARP151 based on a single epoch spectroscopy
technique (Greene & Ho)|, [2005). We use Ha and Hf broad lines which result
in masses of 2 x 10 My, and 3 x 106 Mg, respectively (see Figure . Both
are consistent, with the mass of ~ 4.5 x 10° Mg, based on the reverberation
mapping technique (see Bentz et all 2010).

Finally, Figure shows the radial profiles of M,, SFR and the scale
times, similar to Figure but for ARP151. Like Mrk290, for this galaxy we
only show the profiles obtained from the spectral fit to the IFS data. We are
omitting the broad-band fitting results since they are not reliable due to the
presence of the AGN contribution. Despite that, the fitted profiles of M, and
SF R are compared with the empirical profiles from the integrated FUV profile
and the g — ¢ color profile obtained through the surface brightness profile infor-
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Figure 4.14: ARP151 in BPT diagram. The description is similar to Figure
Each aperture is represented by a different marker (black circle: Rp.yx, green circle:
Regr i, black star: 0.75Ryax, black square: 0.50 Rpax, red circle: Reg ,(s), yellow circle:

Reg x(p), blue circle: Ryypc, and black triangle: 0.25Rpax). All the analyzed apertures
were located in the Seyfert region of the three diagrams.

mation: from this it is evident that the empirically inferred SF R is extremely
overestimated while M, is under-estimated for ~ 0.5 dex.
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Figure 4.15: ARP151 in the WHAN diagram. The description is similar to Figure
Each aperture is represented by a different marker (black circle: Ry.x, green circle:
Refr i, black star: 0.75Ryax, black square: 0.50Rpyax, red circle: Reg 1 (s), yellow circle:
Reg 1(p), blue circle: Riypc, and black triangle: 0.25Rmax)- All the analyzed apertures
were located in the Seyfert region.
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Figure 4.16: ARP151 broad lines luminosity profiles. The description is similar to
Figure Each aperture is represented by a different marker (black circle: Rpyax,
green circle: Ref i, black star: 0.75Ryax, black square: 0.50 Ry ax, red circle: Reg 1(s),
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Figure 4.17: ARP151 Mpy inferred at different apertures. The description is similar
to Figure Each aperture is represented by a different marker (black circle: Rpax,
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Figure 4.18: ARP151 parameter radial profiles. The description is similar to Figure
The photometric profile is not shown for this galaxy
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4.3 NGC1194

NGC1194 is a well known AGN with prominent narrow emission lines and a
significant nuclear emission in radio, together with a faint UV emission. The
apertures and their corresponding reduced x? of the best SED fitting models
to the IFS data of NGC1194 are tabulated in Table [£3] The best SED fit and
its comparison to the IFS data of galaxy NGC1194 is shown in Figure for
the maximum aperture.

Aperture | R/Re ic | X?/d.o.f. | x?/d.of.No—aNG
Riax 0.860 0.66 1.15
Reﬁ‘7r(p) 0.775 0.78 1.40
0.75 Rimax 0.645 1.07 2.03
0.5 Rmax 0.430 2.05 4.31
0.25 R max 0.215 5.22 13.57
Rixpe 0.182 6.36 21.26

Table 4.3: Apertures of NGC1194 ranked in decreasing order of their size and their
corresponding reduced x?2.

Some apertures display very low reduced x? which are below 1.00; while this
could point out that our model is likely to be over-fitting the data presumably
because the presence of an AGN, this is disputable. We have redone all our
calculations but this time removing the presence of the AGN. We find that the
new x2 increase by a factor of ~ 70 — 230% rejecting the above idea. We thus
conclude that an AGN is required in addition, as we will see further in this
Section, since the emission of those lines is consistent with being emitted by an
AGN as shown by the BPT diagrams. Moreover, this AGN has been previously
classified as a Seyfert (Véron-Cetty & Véron, 2006]).

Figure shows the SFH and the SMFH for NGC1194. We found that:

e The inner aperture that we have analysed is Rixpe~ 0.2XReg . For
this aperture, the peak of SF occurs at early epochs, it has a formation
time of z ~ 6 — 7 (~ 12.5 Gyr ago), and then declines slowly with time.
Within the aperture of Rjyp., NGC1194 became quiescent early after its
formation according to Pacifici criteria and at z ~ 3 (~ 11 Gyr ago)
according to BAGPIPES. Notice, however, that this should be taken with
caution because Riyp. is between 1PSEF and 3PSF.

e Aperture 0.25Rax has a similar evolutionary history than Ryyp..

e We found that the apertures between 0.4 — 0.9x Reg ¢ produce similar
SFHs and SMFHs. Within those apertures, the mass increased due to
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Figure 4.19: Spectral fit of NGC1194 at the maximum aperture. The description is
similar to Figure The spectrum is at the observed frame (zops = 0.0136).

the extended period of star formation in the galaxy having a formation
time at z 2 1 (~ 9 Gyr ago). Indeed, NGC1194 was still a star forming
galaxy just very recently until it became quenched at z ~ 0.5 (~ 5 Gyr
ago) according to Pacifici criteria and at z ~ 0.2 (~ 3 Gyr ago).

Figure shows the the radial parameters of the stellar population of
NGC1194. The radial properties of NGC1194 fits into the canonical picture of
galaxy formation: NGC1194 formed from the inside-out, older central regions
and young outskirts, and also quenched from the inside-out most likely due to
the activity of its AGN (see Chapter |5| for a discussion).

Figure [1.22] shows luminosities for the the fitted narrow lines of NGC1194.
When analysing the BPT diagram (Figure our results confirm that the
central emission comes from a source that is consistent with a Type 2 AGN
similar to what has been discussed in the literature (Véron-Cetty & Véron,
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Figure 4.20: Evolution of NGC1194. The description is similar to Figure Each
aperture is represented by a different color (black: Ryax, red: 0.50Ry.x, yellow:
0.25Rmax, and blue: Rikpc). The evolution of these parameters was obtained by using
an interpolation done by BAGPIPES to predict the physical quantities for redshifts from
Zobs ~ 0.0136 to z = 10.

2006). When analysing the WHAN diagram (Figure our results are con-
sistent with a Seyfert AGN for the inner apertures, while the outer apertures
are located in the “weak AGN” region.

Finally, Figure shows the radial profiles of the M., SFR, tform, tquench
and Tguench- In this figure we present data from the broad-band SED fitting
method (black symbols) and the SED fitting of the IFS (red symbols) data.
Also, for the M, and SF'R we show the empirical results based on the g — ¢
color mass-to-light ratio profile and the FUV surface brightness profile. These
are our main results:

e The M, profile from the IFS analysis matches pretty well the empirical
profile obtained through the Taylor et al. (2015) method. However, it
disagrees with the broad-band fitting results which is above by ~ 0.5 dex.

e The resulting SF'R profile from the IFS analysis matches pretty well the
empirical profile obtained from [Kennicutt| (1998]), both display a nearly
flat profile. Similarly as above, the broad-band fitting has a more complex
shape than the other two: it increases from the initial aperture until it
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Figure 4.21: NGC1194 parameter radial profiles. The description is similar to Figure
Each aperture is represented by a different marker (black circle: Rpyax, yellow cir-
cle: Ref v(p), black star: 0.75Rpyax, black square: 0.50 Ryax, black triangle: 0.25 Rpax,
and blue circle: Rixpc). In this case, the uncertainties of most of the parameters are
very small, in consequence their error bars are negligible.

reaches a maximum value of ~ 1 Mg /yr at an aperture of ~ 0.4X Reg f;
then for outer apertures, it decreases to values less than 1073 Mg, /yr.

e The time scales obtained from the IFS analysis tends at large radii to a
value of torm ~ 5 Gyr, tquench ~ 11 Gyr and Tguench = 6 Gyr. These
results are in apparent tension with the broad band fittings. While in
principle our SED fitting to the IFS data should be obviously a far superior
analysis than the broad-band SED fitting one, both results are in general
consistent between each other and within the errors (in particular the
formation time, quenching time and quenching time scale).
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Figure 4.22: NGC1194 emission line luminosity profiles. The description is similar
to Figure Each aperture is represented by a different marker (black circle: Rpax,
yellow circle: R y(p), black star: 0.75Ryax, black square: 0.50Rpay, black triangle:
0.25Rpax, and blue circle: Rikpe)-
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4.4 NGC6086

NGC6086 is the only galaxy in our sample that is not reported as hosting
an AGN and it does not exhibit emission lines nor radio emission, but it has
a faint UV nuclear emission. It is the most massive galary, in stellar mass
terms and at the same time is the host of the largest SMBH from our sample
(Mgp ~ 3.7 x 10° Mg,), in addition NGC6086 is the Brightest Cluster Galaxy
(BCG) in the Abell 2162 cluster. These facts make NGCG6086 an interesting
laboratory for studying how massive BCGs and SMBH co-evolved over a long
period of time by looking into the assembly history of the galaxy. Table [1.4]
shows the different apertures where we performed the SED fitting to the IFS
data, with their corresponding reduced x?.

Aperture | R/Reg x | x*/d.o.f.
Rone 0.494 2.00
Rerrpy | 0.486 2.05
0.75Rmax 0.371 3.17
0.5Rmax 0.247 5.84
0.25 Rmax 0.124 12.69
Rige | 0063 | 19.43

Table 4.4: Apertures of NGC6086 ranked in decreasing order of their size and their
corresponding reduced 2.

Similarly to Figure Figure shows the observed SED fitting to the
IFS data of NGC6086 for the maximum aperture. We notice that NGC6068
does not show any obvious contribution from an AGN to the SED. Indeed,
the SED of this galaxy fits into the prototype of a classical BCG. In addition,
there are no reports about this galaxy related to an AGN activity. In general,
by observing the residuals, we found that our best fitting models reproduce
the observations reasonably well, despite the slightly large reduced x2s in the
smallest apertures Ryypc and 0.25 Ry ax.

Figure[4.27shows the SFH and the SMFH while Figure[d.28|shows the radial
parameters of the stellar population for NGC6086. All the analyzed apertures
have a formation time of z ~ 7 — 9 (~13 Gyr ago) and a quenching redshift of
z 2 5 according to the Pacifici criteria and at z 2 3 according to BAGPIPES.
From this figure, we notice that NGC6086 formed from the inside-out in a less
than 1 Gyr after the BB, and also got quenched relatively quickly, in less than
1.5 Gyr.

This massive early-type galaxy seems to be also an interesting candidate
for a descendent of quiescent galaxies at z > 3 (Carnall et all [2023a)). As
discussed in Chapter [5] it seems unlikely that its SMBH was the reason this
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Figure 4.26: Spectral fit of NGC6086 at the maximum aperture. The description is
similar to Figure The spectrum is at the observed frame (zops = 0.0319).

galaxy quenched ~2 Gyr after the BB in the first place. This time-scale is
too early and before the appearance of the most powerful QSOs/AGNs. Most
likely, NGC6068’s BH feedback has been the mechanism that has kept the
galaxy quenched.

Finally, Figure[4.29shows and compares both, the profiles obtained through
the SED fitting to the IFS data and the SED broad-band fitting. In addition,
similarly to the previous galaxies we use the g — ¢ color profile and the mass-
to-light ratios dependency on color to compute a photometric mass as well as
the SFR from the FUV integrated profile. When comparing these different
estimations we found that:

e The M, inferred from the SED fitting to the IFS data for the apertures
larger than 3PSF (Rpax and Reﬁ'J(p)), is in good agreement with the one
obtained from the broad-band fitting analysis as well as with the empirical
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Figure 4.27: Evolution of NGC6086. The description is similar to Figure Each
aperture is represented by a different color (black: Ryax, red: 0.50Ry.x, yellow:
0.25Rmax, and blue: Rikpc). The evolution of these parameters was obtained by using
an interpolation done by BAGPIPES to predict the physical quantities for redshifts from
Zobs =~ 0.0319 to z = 10.

one obtained through the Taylor et al. (2015) method.

The SFR inferred from the SED fitting to the IFS data is consistent
with the empirical one obtained through the Kennicutt (1998]) empirical
method. Both SFR profiles are consistent with a nearly constant SF'R
profile. In contrast the broad-band fitting results increase from the initial
aperture until a maximum value of ~ 10 Mg /yr is reached, at an aperture
of ~ 0.2X Reg x (outer than 3PSF); then it decreases to values less than
1073 Mg /yr. The above tension could be the result of hot evolved stellar
types as we discuss below.

The time-scales obtained through the IFS analysis have the following
values for the outer apertures: tgrm ~ 0.5 Gyr, tquench ~ 2.0 Gyr and
Tquench ~ 1.5 Gyr. As discussed above, this implies that NGC6068 formed
early in the universe but also quenched early. On the other hand, the
broad-band fitting analysis shows that NGC6068 is young in the centre
and older in the outskirts. Moreover, the broad-band fitting analysis
also points out that this galaxy is still star forming in the centre but
quenched in the outskirts. Recall that in quiescent galaxies, which are
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Figure 4.28: NGC6086 parameter radial profiles. The description is similar to Figure
E Each aperture is represented by a different marker (black circle: Rpyax, yellow cir-
cle: Ref v(p), black star: 0.75Rpyax, black square: 0.50 Ryax, black triangle: 0.25 Rpax,
and blue circle: Rixpc). In this case, the uncertainties of all the parameters are very
small, in consequence their error bars are negligible.

composed mostly by old stellar populations, UV emission can be due to
hot evolved stellar types, such as post—asymptotic giant branch (AGB)
and extreme horizontal branch (HB) stars (see the reviews by |(O’Connell,
1999; |Conroyl, 2013)). Most likely, due to the limitations of the broad-band
fitting analysis, this method may confuses the UV emission coming from
young hot massive stars.
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Figure 4.29: NGC6086 parameter radial profiles. The description is similar to Figure
but for this galaxy the photometric profile (black line) is shown.
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4.5 NGC3982

NGC3982 is a member of a nearby group of galaxies, with an excess UV emission
in all the spiral structure of its disk and a significant nuclear radio emission.
It has been classified as a Seyfert 2 according to the [Véron-Cetty & Véron
(2006) catalog and there are not hints of a BLR for this AGN, for this reason
we only model the NLR from the AGN. The Figure [£.30] shows the observed
SED fitting to the IFS data of NGC3982 for the Ry.x aperture, which was
particularly challenging; observe the relative large reduced chi-squares for each
aperture (see Table and Appendix . Nonetheless, we notice that errors in
the best model fitting are lower than ~ 10% for most of the spectrum.

Aperture | R/Reg i x%/d.o.f.
Riax 0.863 11.52
Rigpe | 0698 | 11.50

0.75Rmax 0.647 10.99

0.5Rmax 0.432 8.24

0.25 Rmax 0.216 14.58

Table 4.5: Apertures of NGC3982 ranked in decreasing order of their size and their
corresponding reduced 2.

Our results regarding the AGN emission line models show that that when
assuming the same width for every emission line of the NLR, our models repro-
duce moderately well their line profiles. The above might be because the width
of these lines are at the limit of the spectral resolution of MaNGA and are thus
not well resolved.

NGC3982 is an interesting case because it hosts a massive SMBH for its mass
and velocity dispersion and it is also extremely compact (see Figure. Figure
shows that the above peculiarities contrast with the observed extended
period over which NGC3982 has remained as a star forming galaxy in its central
part. We speculate more about the evolution of NGC3982 and its relation with
the AGN in the Discussion (Chapter . Briefly, we mention that similarly to
Mrk290, it is likely that NGC3982 AGN is being fed by gas of low angular
momentum.

Figure shows the the radial parameters of the stellar population of
NGC3982. From the parameters of the fitted narrow lines we derive their fluxes
(see figure . Then, by using the ratio of these fluxes, we were able to locate
the radiation from the different apertures of the galaxy, in the BPT and the
WHAN diagrams, as shown in Figures and We can not confirm that
NGC3982 is a Seyfert AGN, since the radiation at the outer apertures (Rpax,
Rixpe and 0.75Rmax) has been located out of the Seyfert region of the three



80 CHAPTER 4. RESULTS

X2 =32627.94; x¥/(d.0.f) =11.52 —— observed
20 —— model
—— nebular
—— NLR lines

— 15

erg 101
s-cm?- A

[

lew— " v B aRAf W v A~ !

025 r‘\
§‘~ 0.00 J\!“‘M“J L,(,tw, Stz T T = b s I ‘r e =
-0.25 |

=

4000 4500 5000 5500 6000 6500 7000
AlA]
region Ha region

Hy, H6 region

I

HB |

o1
o1
[N11]
[N
[s
[si

u

o
o
o1

20.0
175

15.0

b L
I B i |

IS Il

il H | AL Bl

0 ‘ 0 0.0 i
02sf - 0.25 | 0.25 il |
£~ 0.00 ety pitindoifogsipeieq 0,00 T redegorit=yy  0.00 ey
—0.25 025 | ! —0.25 1
4100 4200 4300 4400 4800 4900 5000 6300 6400 6500 6600 6700 6800
ATA] MA] ALA]

Figure 4.30: Spectral fit of NGC3982 at the maximum aperture. The description is
similar to Figure The spectrum is at the observed frame (zops = 0.0037).

BPT diagrams: in the [N11]| one the ratios of the different apertures are located
in the composite region, while in [S11] and [O1] diagrams the ratios are in the
SF region. In the other hand, the radiation of the inner apertures (0.5 Ryax and
0.25Rmax) is located in the Seyfert region of the BPT diagrams, and actually
the radiation of all the apertures is located in the Seyfert region of the WHAN
diagram. We must take this with caution, considering that the emission lines
were not very well fitted because of the spectral resolution.

Finally, in Figure [£.36] the profiles obtained from the SED fitting to the IFS
data and the SED broad-band fitting are shown by the black and red solid lines,
similar to Figure but for NGC3982. For this galaxy it was not possible to
obtain the empirical profile of SF'R through |[Kennicutt| (1998) method, due to
the the lack of data for the UV surface brightness profiles. We thus caution
that the results from the broad-band fitting obtained for this galaxy should be
taken with care. The general results for this galaxy are:
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Figure 4.31: Evolution of NGC3982. The description is similar to Figure Each
aperture is represented by a different color (black: Ryax, blue: Rikpe, red: 0.50Rpax,
and yellow: 0.25Rpax). The evolution of these parameters was obtained by using an
interpolation done by BAGPIPES to predict the physical quantities for redshifts from
Zobs ~ 0.0037 to z = 10.

e The M, inferred from the IFS analysis is consistent with the empirical
profile. The profile obtained from the SED broad-band analysis is larger
by ~ 0.2 dex.

e The SFR profiles disagree between each other. The the broad-band fitting
result is above the IFS results for more than ~ 1 dex.

e The formation time obtained through the IFS analysis is tfrm ~ 10 Gyr
for the Rpmax aperture while the broad-band results tends to an older
formation time of tm =~ 7 Gyr. Recall that we did not include ultravi-
olet light in our broad-band fitting analysis which could explain why we
obtained older populations compared to the spectroscopic results.
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Figure 4.32: NGC3982 parameter radial profiles. The description is similar to Figure
E Each aperture is represented by a different marker (black circle: Ryax, blue circle:
Rixpe, black star: 0.75Rmax, black square: 0.50Rmax, and black triangle: 0.25Rpmnax).
In this case, the uncertainties of all the parameters are very small, in consequence their
error bars are negligible.
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Figure 4.34: NGC3982 in BPT diagram. The description is similar to Figure [4.5)
Each aperture is represented by a different marker (black circle: Ryax, blue circle:

Rixpe, black star: 0.75Rmax, black square: 0.50Rmax, and black triangle: 0.25Rnax).
The inner apertures, 0.25Ry.x and 0.50R .y, were located in the Seyfert region.
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Figure 4.35: NGC3982 in the WHAN diagram. The description is similar to Figure
m Each aperture is represented by a different marker (black circle: Ryax, blue circle:
Rixpe, black star: 0.75Rmax, black square: 0.50Rmax, and black triangle: 0.25Rmnax).
All the analyzed apertures were located in the Seyfert region.
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Figure 4.36: NGC3982 parameter radial profiles. The description is similar to Figure
but for this galaxy the photometric profile (black line) is shown, while the empirical
profile of the SF'R obtained from the FUV is not shown, due to the lack of the UV
data.
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4.6 NGC2960

This galaxy is a well known LINER (Véron-Cetty & Véron, [2006)) and there are
not hints of a BLR for this AGN. It exhibits a significant nuclear emission in
radio, together with a faint UV emission, consistent with its Markarian classi-
fication. Figure [£.37 show the observed SED of NGC2960 and our best fitting
model, together with the separated contribution from nebular emissions, and
the NLR from the AGN. Even, when modelling the nebular and the NLR con-
tribution HB, Hy and HJ show absorption profiles at every aperture. Our SED
fittings to the IFS data resulted in very acceptable values for the reduced x?2,
except for the inner aperture R =Rjip. (see Table .

Aperture | R/Reg x | x?/d.o.f.
Rmax 0.901 1.19
Regra(p) | 0.746 1.56
0.75 Rmax 0.676 2.01
0.5 Rmax 0.451 3.92
0.25 Rpax 0.225 9.75
Rixpe 0.186 11.47

Table 4.6: Apertures of NGC2960 ranked in decreasing order of their size and their
corresponding reduced x?2.

Figure [£.38) shows the SFH and the SMFH for NGC2960. Rjypc is the
innermost aperture of all and its SFH peaks at a very recent epoch of z < 0.1
(<1 Gyr ago), and it also formed very recently at z ~ 0.3 (~ 3.5 Gyr ago). We
also found that the star formation decreases abruptly after the peak of SF, and
according to the Pacifici criteria and BAGPIPES, it has quenched, recently, ~ 0.5
Gyr ago. As for the outer apertures, the stellar populations have even a more
recent formation time and quenching time according to the Pacifici criteria. We
notice however that for the BAGPIPES criteria these apertures remain as star
forming. More discussion and speculations about NGC2960 evolution and the
effects of the AGN on its SFH by feedback process, are in Chapter [5]

Figure shows the radial parameter profiles and it can be noticed that
this galaxy has slightly suppressed its central part and it is more metallic at the
outskirts. In addition, it looks like NGC2960 has assembled from the inside-out,
and the inner aperture is the only one that has been quenched very recently.

From the parameters of the fitted narrow lines we derive their luminosities
(see Figure . Then, by using the ratio of these luminosities, we were
able to locate the radiation from the different apertures of the galaxy, in the
BPT diagrams, as shown in figure We can not completely conclude that
NGC2960 is a Seyfert AGN, since the only apertures located in the Seyfert
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Figure 4.37: Spectral fit of NGC2960 at the maximum aperture. The description is
similar to Figure The spectrum is at the observed frame (zops = 0.0165).

region of the three BPT diagrams are the innermost ones, Rikpc, 0.25Rnax and
0.50 Rpax, the other ones are in the LINER region for the [N11] diagram, and
in the SF region for the [Si] and [O1] diagrams. Our LINER classification is
consistent with the [Véron-Cetty & Véron| (2006) AGN catalog classification. In
the other hand, all the apertures are located in the Seyfert region of the WHAN
diagram, very close to the ‘weak AGN’ region (see Figure .

Finally, Figure[4.43|shows and compares both, the profiles obtained through
the SED fitting to the IFS data and the broad-band SED fitting, similar to
Figure but for NGC2960. The fitted profiles of M, and SFR are also
compared with the empirical profiles obtained through the surface brightness
profile information. From this analysis we found that:

e The M, inferred from the IFS analysis is in general consistent with both
for the broad-band analysis results and the photometric mass from the
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Figure 4.38: Evolution of NGC2960. The description is similar to Figure Each
aperture is represented by a different color (black: Ryax, red: 0.50Ry.x, yellow:
0.25Rmax, and blue: Rikpc). The evolution of these parameters was obtained by using
an interpolation done by BAGPIPES to predict the physical quantities for redshifts from
Zobs ~ 0.0165 to z = 10.

color dependent mass-to-light ratios. At larger apertures we find that the
broad-band results tend to predict more M,.

The SF'R inferred from the IFS analysis is consistent with the broad band
fitting results below Reg 1 (p); also the empirical method is below the other
two determinations. Above that radius the broad-band fitting results tend
to be by a couple of orders of magnitude below the IFS results.

We find that for both, the spectroscopic analysis and the photometric
analysis yield consistent values for tfo;m below Reg (). Notice that the
spectroscopic analysis shows that the galaxy is older in the centre but
younger in the outskirts. On the contrary, the photometric analysis shows
a younger centre but older outskirts. It is interesting that the photomet-
ric analysis points out to a larger effect of the AGN if we interpret the
strong suppression of SFR in the most inner parts. Indeed, the central
part seems to have quenched just recently (less than 0.5 Gyr ago) with a
quenching time-scale of ~ 2.5 Gyr as suggested by the bottom panel.
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Figure 4.39: NGC2960 parameter radial profiles. The description is similar to Figure
m Each aperture is represented by a different marker (black circle: Rpyax, yellow cir-
cle: Reg r(p), black star: 0.75 Ry .y, black square: 0.50 Ryax, black triangle: 0.25Rpax,
and blue circle: Rixpc). In this case, the uncertainties of all the parameters are very
small, in consequence their error bars are negligible, also the only aperture that has
been quenched is Rjypc so it is the only one with tqyench reported.
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Figure 4.40: NGC2960 emission line luminosity profiles. The description is similar
to Figure Each aperture is represented by a different marker (black circle: Rpyax,
yellow circle: R »(
0.25Rmax, and blue circle: Rikpc).

p)s

black star: 0.75Rp,ax, black square: 0.50Rax, black triangle:
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Figure 4.41: NGC2960 in BPT diagram. The description is similar to Figure
Each aperture is represented by a different marker (black circle: Rpax, yellow circle:

Reg r(p), black star: 0.75Rpyax, black square: 0.50Rpax, black triangle: 0.25Rpax,
and blue circle: Rikpc). The radiation coming from the innermost apertures, Rikpe,
0.25Rmax and 0.50 R ax, is located in the Seyfert region of the three diagrams, while
the other ones are in the LINER region of the [NiI] diagram and in the SF region of
the [S11] and [O1] diagrams.
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Figure 4.42: NGC2960 in the WHAN diagram. The description is similar to Figure
M Each aperture is represented by a different marker (black circle: Ryax, yellow cir-
cle: Reg (p), black star: 0.75 Ry .y, black square: 0.50 Rpyax, black triangle: 0.25 R ax,
and blue circle: Rjkpc). All the analyzed apertures were located in the Seyfert region,

very close to the ‘weak AGN’ region.
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Figure 4.43: NGC2960 parameter profiles. The description is similar to Figure
but for this galaxy the photometric profile (black line) is shown.
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4.7 NGC6264

NGC6264 is a Seyfert 2 galaxy, with no hints of a BLR. It has been identified
as a member of a WBL nearby poor cluster of galaxies and it exhibits a faint
UV nuclear emission but it does not have radio emission. Figure presents
the SED fitting to the IFS data for the maximum aperture that could fit inside
the FOV, Rnax- As in the previous cases, we decomposed our theoretical SED
into the different components that we included, in particular, the bottom panels
show a zoom-in into the regions where the emission from the AGN and nebular
lines are comparable. We found that our best fitting models reproduce the
observed SED reasonably well for most of the apertures. The smallest aperture

Rixpc, which is near the PSF radii, has the largest reduced x?, see Table

Aperture | R/Reg x | x*/d.o.f.
Riax 1.292 1.58
Regr 1.00 2.47
0.75 Rmax 0.969 2.83
Rerapy | 0.919 2.94
0.5Rmax 0.646 5.88
0.25 R max 0.323 9.43
Rixpe 0.109 16.96

Table 4.7: Apertures of NGC6264 ranked in decreasing order of their size and their
corresponding reduced x?2.

Figure [£.45] shows the SFH and the SMFH for NGC6264. The inner aper-
tures are Rixpe, 0.25Rmax and 0.50Ryax, and their SFHs peaks at very early
epochs (z > 10). Their formation times occurred at z ~ 4 — 6 (~ 12.0 — 12.5
Gyr ago), and have been quenched almost since the beginning of their evolu-
tionary histories according to the Pacifici criteria, but at z ~ 1—2 (~ 8.0—10.5
Gyr ago) according to BAGPIPES. Recall that the results of Riyp. should be
taken carefully since it is near 1PSF. In the other hand, the outer apertures
seem to point out that the galaxy is quenching from the inside-out, the above
will be more evident by studying the stellar properties as a function to their
galactocentric distance.

NGC6264 is the prototype galaxy which has a very typical size and BH mass
for it stellar mass. It assembled from the inside-out but also quenched from
the inside-out, as discussed above. Figure present the stellar population
properties of NGC6264 as a function of the galactocentric distance. We notice
that there is an abrupt change below ~Rqg i in all of its stellar parameters; the
SFR drops, the galaxy is older and got quenched ~ 2.5 — 4.5 Gyr after these
apertures formed. Since NGC6264 has an AGN; it is not clear if it is responsible
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Figure 4.44: Spectral fit of NGC6264 at the maximum aperture. The description is
similar to Figure The spectrum is at the observed frame (zops = 0.0338).

for the central shut-off of the galaxy since the galaxy properties and the BH
mass are not different from those of a late-type galaxy. More details and some
speculation about the processes around the evolution of NGC6264 are discussed
in Chapter [3

From the parameters of the fitted narrow lines we derive their luminosities
(see figure . Then, by using the ratio of these luminosities, we were able
to locate the radiation from the different apertures of the galaxy, in the BPT
diagrams, as shown in Figure and in the WHAN diagram, as shown in
Figure[£.49] We confirm that NGC6264 is a Seyfert AGN, since the radiation at
all apertures has been located on the Seyfert region of the three BPT diagrams
and of the WHAN diagram.

Finally, Figure shows the results for the broad-band fits and compares
to the spectroscopic analysis, in addition, the fitted profiles of M, and SFR
are also compared with the empirical profiles (FUV and M/L i-band) obtained
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Figure 4.45: Evolution of NGC6264. The description is similar to Figure Each
aperture is represented by a different color (black: Rpax, green: Reg i, red: 0.50Rpax,
yellow: 0.25Rpax, and blue: Rixpc). The evolution of these parameters was obtained
by using an interpolation done by BAGPIPES to predict the physical quantities for
redshifts from zgps &~ 0.0338 to z = 10.

through the surface brightness profile information. From this analysis we notice
that the IF'S apertures are larger than the photometrical ones. The main results
we highlight are:

e Our results show that the various stellar mass profiles that we derived are
consistent between each other. The stellar mass profile derived from the
mass-to-light ratio seems to be the one underestimating the mass at large
radii.

e The empirical and the SED fitting to the IFS data derived SF R profiles
that are in good agreement. The broad-band derived SFR profile is
almost an order of magnitude larger than the other two. Recall that in
quiescent galaxies, UV radiation from evolved stars can be confused as a
trace of star formation. This may be the case for our broad-band fitting
analysis.

e The broad band fitting results in formation times show that the stellar
population of NGC6264 is younger in the centre and older in the out-
skirts and star forming. In contrast, the spectroscopic analysis is more
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Figure 4.46: NGC6264 parameter radial profiles. The description is similar to Figure
Each aperture is represented by a different marker (black circle: Ryax, green
circle: Reg i, black star: 0.75Rpax, yellow circle: Reg ,(p), black square: 0.50 Rpax,
black triangle: 0.25Rmax, and blue circle: Riwpc). In this case, the uncertainties of
most of the parameters are very small, in consequence their error bars are negligible.

consistent with an inside-out growth and inside-out quenching. The above
might be the result of the UV radiation confusion problem from evolved
stars.
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Figure 4.47: NGC6264 emission line luminosity profiles. The description is simi-
lar to Figure Each aperture is represented by a different marker (black circle:
Riax, green circle: Reg i, black star: 0.75Rpyax, yellow circle: Reg,r(p), black square:
0.50 Rmax, black triangle: 0.25Rmax, and blue circle: Rikpe)-
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Figure 4.48: NGC6264 in BPT diagram. The description is similar to Figure
Each aperture is represented by a different marker (black circle: Ryax,
green circle: Ref fc, black star: 0.75Rpyax, yellow circle: Reg 1 (p), black square:
0.50Rmax, black triangle: 0.25Rmax, and blue circle: Ryipe). All the analyzed
apertures were located in the Seyfert region of the three diagrams.
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Figure 4.49: NGC6264 in the WHAN diagram. The description is similar to
Figure Each aperture is represented by a different marker (black circle:
Riax, green circle: Ref fc, black star: 0.75Rpmax, yellow circle: Reg (), black
square: 0.50Rmax, black triangle: 0.25Rpayx, and blue circle: Ryipe). All the
analyzed apertures were located in the Seyfert region.
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Figure 4.50: NGC6264 parameter radial profiles. The description is similar to Figure
but for this galaxy the photometric profile (black line) is shown.
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4.8 NGC4395

This galaxy is nearest (z =~ 0.0011) and the less massive galaxy in our sample,
both in terms of M, and Mpy. It is a well known narrow line AGN with
no evident hints of a BLR, having an excess of UV nuclear emission, but no
radio emission. NGC4395 has been identified as a member of a nearby group
of galaxies, and it has been noticed that the FOV of MaNGA encloses only
a central star cluster, instead of the majority of the galaxy. There are only
four apertures analyzed for NGC4395; these are Ryax, 0.75 Rmax, 0.50Rm.x and
0.25Rmax, with reduced chi-squares enlisted in Table .8 Figure [£.44] shows
the observed SED and the separated contribution from nebular emissions and
the NLR from the AGN. The bottom panels are a zoom-in into the regions of
interest for the BLR and nebular emissions.

Aperture | R/Reg x | x*/d.o.f.
Riax 0.289 14.77
0.75 Rmax 0.216 27.59
0.5Rmax 0.144 58.17
0.25 Rmax 0.072 154.29

Table 4.8: Apertures of NGC6264 ranked in decreasing order of their size and their
corresponding reduced x?2.

Our best fitting model reproduces the observed SED reasonably well, despite
the slightly large reduced chi-square. Note, however, that the largest errors are
of the order of 50% or less. We notice that our models poorly reproduce the
profiles of the emission lines (see the residuals). They are very narrow, reaching
the limit of MaNGA spectral resolution, and in consequence it is difficult to
correctly model them.

Figure shows the SFH and the SMFH for NGC4395. For all the aper-
tures the peak of the SFH takes place at very early epochs. Their formation
times were around z ~ 1. We also found that it has been a star forming galaxy
based on both the Pacifici and BAGPIPES criteria, but only little above the
threshold. This galaxy has a low BH mass for its stellar mass but a normal
BH for its velocity dispersion. Also, we notice that this galaxy is small in size
compared to its mass (see Figure .

Figure [£.53] present the stellar population properties of NGC4395 as a func-
tion of the galactocentric distance, where a positive gradient in the SFR is
evident, while the sSF R profile is almost flat. This galaxy has a high metal-
licity, converging to the maximum value of the prior distribution (2.5 Zg) for
the innermost aperture and having a negative gradient until it reaches ~ 1 Zg
at the outermost aperture.
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Figure 4.51: Spectral fit of NGC4395 at the maximum aperture. The description is
similar to Figure The spectrum is at the observed frame (zops = 0.0011).

From the parameters of the fitted narrow lines we derive their luminosities
(see Figure and we were able to locate the radiation from the fitted aper-
tures of the galaxy, in the BPT diagrams as shown in Figure and in the
WHAN diagram as shown in Figure We cannot confirm that NGC4395 is
a Seyfert AGN, since the radiation of the fitted apertures has been located on
the Seyfert region of the [N11| and [O1| diagrams, while for the [Si1] diagram
the outermost aperture, Ry ax, gets in to the LINER region; even most, all the
analyzed apertures get into the SF region of the WHAN diagram; this must
be taken with caution, since the emission lines were not successfully fitted due
to the spectral resolution, as mentioned above. Nonetheless, the AGN of this
galaxy has been catalogued as Seyfert, see Véron-Cetty & Véron| (2006).

Finally, Figure present the derived photometric profiles for the M,,
SFR, tiorm, tquench and Tquench- The profiles of M, and SFR are also compared
with the empirical profiles (FUV and M/L i-band) obtained through the surface
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Figure 4.52: Evolution of NGC4395. The description is similar to Figure Each
aperture is represented by a different color (black: Rpyax, red: 0.50R.x, and yellow:
0.25Rax). The evolution of these parameters was obtained by using an interpolation
done by BAGPIPES to predict the physical quantities for redshifts from zyps &~ 0.0011
to z = 10.

brightness profile information. We found that the empirical, the IFS and the
fitted broad-band M, and SF' R profiles of NGC4395 are in excellent agreement.
For the broad-band results, Figure shows that the central part is actively
forming stars, which perhaps is not surprising given that the central SMBH
is among the smallest reported in the literature; as a consequence of the SF
activity in the centre, the galaxy is younger in the centre than in the outskirts.
Perhaps, this galaxy is on the way to build a core and thus in the future will
trigger the growth of its SMBH.

In Tables[4.9] & [T we provide a summary of the main results reported
in the previous sections for the individual galaxies.
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Figure 4.53: NGC4395 parameter radial profiles. The description is similar to Figure
m Each aperture is represented by a different marker (black circle: Ry,ayx, black star:
0.75Rmax, black square: 0.50R,.x, and black triangle: 0.25R,.x). In this case, the
uncertainties of most of the parameters are very small, in consequence their error bars
are negligible. There is 10 tquench reported because the galaxy has not quenched yet,
according to BAGPIPES criteria.
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Figure 4.54: NGC4395 emission line luminosity profiles. The description is similar

to Figure

Each aperture is represented by a different marker (black circle: Rpax,
black star: 0.75Rmax, black square: 0.50R %, and black triangle: 0.25Rpax)-
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Figure 4.55: NGC4395 in BPT diagram. The description is similar to Figure
Each aperture is represented by a different marker (black circle: Ry,ax, black star:
0.75Rmax, black square: 0.50R,.x, and black triangle: 0.25R.x). All the analyzed
apertures get in to the Seyfert region for [NI1] and [O1] diagrams, while for the [S11]
diagram the outermost aperture, Ry.x, gets in to the LINER region. This must be

taken with careful as the narrow emission lines were not well fitted due to the spectral
resolution.
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Figure 4.56: NGC4395 in the WHAN diagram. The description is similar to Figure
M Each aperture is represented by a different marker (black circle: Ry,.yx, black star:
0.75Rmax, black square: 0.50R,.x, and black triangle: 0.25R,.x). All the analyzed
apertures were located in the SF region. This must be taken with careful as the narrow
emission lines were not well fitted due to the spectral resolution.
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Chapter 5

Discussion

In this work we conducted a pilot study to understand the galaxy-SMBH co-
evolution for which we carried out an analysis for galaxies with BH masses
obtained via direct methods and for which Integral Field Spectroscopy, IFS,
observations are available. To do so, we used the van den Bosch| (2016|) sample of
~ 250 galaxies for which the mass of their central BHs were robustly constrained
by using dynamical tracers (such as gas, stars, masers) or the reverberation
mapping technique. The van den Bosch (2016) BH sample was then cross-
matched with the MaNGA one (Bundy et al., 2015; Wake et al.l 2017)) from
the SDSS DR17 (Abdurro’uf et al., 2022) which represents the state of the art
of IFS observations. In total, the cross-matched sample resulted in 8 galaxies
for which, hereafter, we will refer to it as the sample. From this sample of
galaxies, we performed an exhaustive analysis to the MaNGA IF'S observations
in order to derive the stellar population properties of each galaxies in 8 different
apertures (whenever it was possible); these are Riax, Reff, i) Ref x(s)> Fleff r(p)s
Rixpe, 0.75Rmax, 0.50Rmax and 0.25Ryax, see Chapter @] for a description of
the definitions. The analysis of the MaNGA IFS data was performed by using
one of the state of the art codes for modelling the spectra and photometry of
the galaxies, BAGPIPES (Carnall et al.l 2018).

Our sample consist of seven galaxies that are AGNs and are known to be
feeding their SMBHs in the radiative mode (also called quasar mode). Par-
ticularly, Mrk290 and ARP151 show narrow and broad emission lines that are
consistent with being radiation emitted by an active BH. We also found a con-
tinuum emission that presumably comes from the AGN accretion disk. These
two galaxies are consistent with being Type 1 AGNs (Véron-Cetty & Véron)
2006), and we confirm that are in the Seyfert region according to our classifi-
cation from the BPT diagram.

113
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The AGN model of NGC1194, NGC3982, NGC2960, NGC6264 and NGC4395
is well described by narrow lines from the NLR. Indeed we found that these 5
galaxies are classified as Type 2 AGN according to the [Véron-Cetty & Véron
(2006)) catalog. Finally, NGC6086 is a BCG galaxy, it is a quiescent galaxy
with not clear signatures of AGN activity in the optical region where MaNGA
IFS data covers and with no signatures to be feeding its SMBH in the radiative
mode.

Next in this Chapter, we discuss the implications of our results on the
light of the galaxy-SMBH co-evolution. It is widely believed that AGNs play a
fundamental role in this co-evolution. As discussed in the Introduction, there
are two leading modes 1) the radiative mode and 2) the radio mode. While the
radiative mode is thought to play a role in removing material from the galaxy
(observed by outflows of molecular, atomic and ionised gas Sturm et al., [2011}
Cicone et all |2014; |[Fiore et al., [2017); the radio mode is more often thought to
act as a preventive mechanism (by heating the gas and preventing cooling and
star formation, |Croton et al., 2006; Somerville et al., [2018)). Seven of the eight
galaxies that we are studying here host AGN{-] (i.e. are in the radiative mode)
and we will spent more time discussing this mode in the light of our results.

Several previous studies have identified observational signatures of AGN-
driven outflows (see e.g., |[Faucher-Giguére & Quataert|, 2012; Hopkins et al.l
2016; Lopez-Coba et all 2020)). In particular these studies have found that
ejective feedback increases the sizes and flatten the central region of galaxies
(Dubois et al., 2016} |Choi et al.l 2018). These findings suggest a plausible
correlation between the size-mass and density-mass (or velocity dispersion-mass
see e.g., Chen et al., [2020) relations and the strength of AGN feedback, likely
through the AGN luminosity. However, when we analyzed our sample (which
is admittedly small), we did not observe any clear trends as shown in Figure
Specifically, our sample includes two powerful AGNs, Mrk290 and ARP151,
which are compact galaxies undergoing a compaction event. In light of the above
tension, we considered a proposal for quenching galaxies that could potentially
explain our observations. This model states that dissipative contraction (i.e.,
gas compaction), due to drastic angular momentum loss, leads to a compact
star forming galaxy (often refer as blue nugget in the literature) that it will be
more concentrated in its centre (for a recent review discussion see Lapiner et
al. 2023)). A central bulge quenched region is expected from this model.

While our sample is small enough to draw any general conclusion, next we
discuss in a galaxy-by-galaxy basis the implications of the results obtained from
the IFS data analyzed with BAGPIPES and draw individual possible scenarios

Tt is not clear that the BGC NGC6086 is in the radio (or jet) mode as their are often
found in central galaxies of groups and clusters. X-ray and sub-mm observations are required
to clarify the above.
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for the galaxy-SMBH co—evolutionﬂ

e Mrk290: Mrk290 is a well know bright AGN, here we speculate that the
origin for the high luminosity AGN and the negative gradients of sSFR
and stellar population ages could be related to the accretion of gas with
low angular momentum. This gas fuels a centrally concentrated star for-
mation burst and also could help to feed the SMBH in the central region.
This phenomenon known as the compaction event (see e.g., [Zolotov et
all 2015; |Tacchella et al., [2016bja)), is typically characterised by relative
low metallicity, young ages and high SFR and it could be triggered by
disk instabilities and/or gas flowing directly from the intra-halo system
or even mergers. In the case of Mrk290 its small size and the lack of evi-
dence of recent mergers, points out that the compaction event most likely
was the result of a violent disk instability in the past that occurred at
z < 1.0 (according to the quenching times of the central part, see Figure
. The results obtained suggest a very low Z, and practically no dust
attenuation; for a galaxy like this one, with log(M,/Mg) = 10.30, it could
be worth considering the potential effects of the Z,—age degeneracyﬂ but
in the corner figures of the 2D-posterior probability distributions (see Ap-
pendix |A]), it can be noticed that the analysis made through BAGPIPES
breaks this degeneracy.

e ARP151: This galaxy appears to be an excellent candidate as a descen-
dant of galaxies that quenched very early in the universe (z > 3). ARP151
formed over a period of ~300 Myr around z ~ 6 from an intense burst of
SF of primordial gas. Recently, Carnall et al.|(2023a)) identified a popula-
tion of massive quiescent galaxies between 3 < z < 5. Notably, the SFH
of ARP151 resembles that of GS-9209 (Carnall et al.| (2023b)), a galaxy
that formed over a period of approximately 200 million years, centered
at z ~ 7, and has a stellar mass of log(M,/Mg) ~ 10.3. GS-9209 has a
supermassive black hole of ~ 107 M), which may have played a role in
quenching the galaxy Carnall et al. (2023b). In our case, ARP151 has a
black hole that is a factor of approximately 100 smaller than GS-9209’s.
Therefore, the BH activity in ARP151 is likely not the reason why the

In this discussion we do not use the SED broad-band fitting results as they are less
accurate than the IFS results and also because in some cases resulted in contradiction to our
IF'S analysis.

3The Z.—age degeneracy is a significant challenge in the study of galactic evolution and
stellar populations, it refers to the difficulty in distinguishing the age and metallicity of stars
based on its observed characteristics; stars with higher metallicity tend to form later in the
history of the galaxy, as they are enriched with heavier elements from previous generations
of stars, on the other hand, lower metallicity stars are typically older. The degeneracy arises
because changes in age and metallicity can produce similar effects on the spectra (see more
at \Wortheyl 1993} |Gallazzi et al., |2005).
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galaxy was quenched initially, but it has acted as the maintenance mech-
anism to keep ARP151 quenched.

NGC1194: This galaxy enters into the canonical picture where galaxies
formed from the inside-out, with older stars at the centre and younger
stars in the outskirts, but it also quenched from the inside-out, possibly
due to the activity of the AGN. When examining the SFH, the central
region reached its peak star formation rate at z ~ 5 and had become
quiescent by z ~ 2.5. This trend matches the epoch of peak QSO/AGN
activity, which occurred around z ~ 2 (Merloni & Heinz, 2008). We
speculate that the AGN could have helped to quench the galaxy and may
also be responsible for maintaining the hot gas in the intra-halo system,
which could be used as fuel for future star formation.

NGC6086: This is a BCG that formed from the inside-out, with the older
central regions forming first and the younger outer regions forming later.
However, despite its initial star formation ~ 300 Mg /yr, NGC6086 galaxy
became quiescent approximately 2 Gyr after the Big Bang. Similarly
to ARP151, this makes it an interesting candidate as a descendant of
quiescent galaxies that existed at z > 3 (Carnall et al., 2023a). Regarding
the role of the SMBH in NGC6086, it is not entirely clear how it helped
to quench the SF of this galaxy. It is unlikely that the SMBH was the
sole reason for the galaxy to quench, as this occurred too early in cosmic
history (~2 Gyr after the BB) and before the appearance of the most
powerful quasars and AGNs. However, the AGN feedback could have
played an important role for decreasing and maintaining the the galaxy
quenched.

NGC3982: This is an interesting galaxy that exhibits several peculiari-
ties. One such peculiarity is its massive SMBH, which is unusually large
for a galaxy of its size and velocity dispersion and it is remarkably com-
pact, as can be seen in Figure 2.2l However, despite these peculiarities,
NGC3982 has remained a star-forming galaxy in its central region for an
extended period of time, as shown in Figure [£.31] The combination of a
compact, young, and star-forming central region with a low metallicity is
similar to Mrk290 galaxy in which a compaction event, likely triggered by
disk instabilities, has been proposed above as the mechanism for feeding
the AGN in the central region and maintaining a young, low-metallicity
population. Interestingly, the HST image of NGC3982 has revealed the
presence of a nuclear mini-spiral between the circumnuclear star-forming
region and the AGN. This structure has been theorized to serve as a
pathway for gas to be transported to the SMBH from the circumnuclear
star-forming region Zhang et al.| (2008). It is possible that this mini-
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spiral formed relatively recently and thus the AGN activity has not yet
had sufficient time to affect the SF'R in the galaxy.

e NGC2969: This galaxy shares similarities with NGC3982 in terms of
its SFH and SMFH. It has a typical half-light radius and BH mass for
its mass, but the SFR of its central region appears to be slightly sup-
pressed, as evident in Figure and it has a higher metallicity towards
the outskirts. This galaxy assembled from the inside-out, with the inner
aperture already quenched. While it is uncertain whether the SMBH has
affected the SFR of the galaxy, AGN feedback from the SMBH could
provide an explanation for its features. It is worth noting that the more
metallic outskirts of the galaxy could be due to the baryon cycle of ex-
pulsion and reaccretion of material resulting from some feedback process.
Given its significant mass, estimated at M, ~ 7.2 x 10'% My, it is likely
that NGC2960 resides in a dark matter halo of sufficient mass, around
Myir ~ 8 x 10'2 My (Rodriguez-Puebla et al., 2017), for stellar feedbackﬁ
playing a role in enriching its outskirts but due to the AGN feedback.
Another possible interpretation is that fresh gas with low angular mo-
mentum is feeding the central parts of the galaxy, including the AGN,
similar to Mrk290. Further research is necessary to fully understand the
mechanisms behind these characteristics.

e NGC6264: This galaxy is a prototype galaxy with a typical size and
BH mass for its M,. It assembled from the inside-out and also quenched
in the same manner, as discussed previously. Figure shows the stel-
lar population properties of NGC6264 as a function of its galactocentric
distance. It’s notable that there is a sudden change below ~Reg i in
all its stellar parameters; the star formation rate drops, the galaxy is
older, and it quenched ~ 2.5 — 4.5 Gyr after its central part formed.
Although NGC6264 has an active BH, it is not clear whether it’s respon-
sible for the central shut-off of the galaxy because its properties and BH
mass are not different from those of a late-type galaxy. Furthermore,
there are no indications that NGC6264 is building a core, as its value of
Y1 = M.(R = 1lkpc)/m ~ 2 x 10°/Mg, - kpc™? NGC6264 is almost 0.5
dex below the relation of quiescent galaxies for its mass (see e.g., |Fang et
al.l |2013; [Luo et all 2020). Woo & Ellison| (2019) suggest that there is a
group of galaxies that quenched in a secular manner by growing from the
inside-out, characterized by their relatively low central mass density, ¥
and suppressed SF' R, and we speculate that NGC6264 may fit into this

4Halos with masses below Myiy ~ 7 — 10 X 1011M@ are those whose stellar feedback might
play a more relevant role (see e.g., |Somerville & Davé, [2015; |Rodriguez-Puebla et al., [2017;
Wechsler & Tinker| [2018])
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category. However, further research is necessary to better understand this
phenomenon. Finally, an interesting aspect of NGC6264 is its high metal-
licity in the outskirts. There is no evidence of mergers for this galaxy, and
the stellar feedback may not be responsible for enriching the central ISM
because this galaxy is quiescent for almost all radii. An intriguing possi-
bility, similar to NGC2960, is that AGN feedback could be accountable
for this phenomenon.

e NGC4395: This is the less massive galaxy of the final sample, even
more, the SED studied on the IFS analysis corresponds only to a central
star cluster in the galaxy, and that is maybe the main reason why the
fitted M, at Rpax reaches only a 10% of the stellar mass inferred by its
luminosity in the K-band, M,(Lg). The central BH of this galaxy is also
the least massive of the sample, having a mass of approximately 10* M),
which is in the border between the intermediate and the supermassive
ones. This galaxy is highly star-forming with an sSFR > 0.1 Gyr~! and
no quenching time reported at all its apertures, having no signatures of
a central shut-off caused by the SMBH. It has also a relatively young
stellar population, with ts, around 6 Gyr after the BB, and a high
stellar metallicity which converges near to the maximum prior value, 2.5
Zs, at the innermost aperture. Further research and a SED fitting to
data with a better spectral resolution is necessary to fully understand
and characterise this dwarf galaxy and its AGN.

Finally, as a guideline for the reliability of our results, in Appendix [B] we
present a comparison of the physical parameters, M,, SF R, stellar age, Z, and
Ay, inferred through our IFS analysis vs. the ones reported by the last version
of Pipe3D (pyPipe3D, Sanchez et al., [2022). We noticed that pyPipe3D tends
to estimate slightly larger M, and Z, than our IFS analysis with BAGPIPES,
this is most evident for Mrk290 and ARP151, both AGNs Type 1, as expected,
since pyPipe3D is not considering in their models the radiation coming from
the AGN and in consequence is overestimating the M, and the Z,. In the
case of the SFR, it seems to be no evident bias for the entire sample, but
looking again to the Type 1 AGNs mentioned above, Mrk290 and ARP151,
the contribution of the continuum from the accretion disk of the AGN, not
considered by pyPipe3D (but modeled with a power law in our IFS analysis),
is making their SF Rs get overestimated, because of the excess of radiation in
the bluest part of the spectrum. Finally the Ay from the dust inferred by our
IFS analysis is slightly greater than the one reported by pyPipe3D, and the age
of the stellar populations seems to have no bias.



Chapter 6

Conclusions

In this study, we aimed to explore the co-evolution of galaxies with their cen-
tral supermassive black holes (SMBH) by conducting a pilot analysis. We used
a sample of galaxies from the van den Bosch (2016) catalog based on a large
compilation from the literature of robust BH masses determinations from vari-
ous methods, such as; dynamical tracers and reverberation mapping. We then
cross-matched this BH sample with the Mapping Nearby Galaxies at Apache
Point Observatory (MaNGA) (Bundy et al.l 2015; Wake et al., 2017)) Integral
Field Spectroscopy (IFS) observations from SDSS DRI17 (Abdurro’uf et all
2022), which is a state of the art survey for IFS observations. After the cross-
match, we obtained a sample of 8 galaxies for which we performed an extensive
analysis of the MaNGA IFS data.

To analyze the stellar population properties of each galaxy, we derived their
properties in five different apertures, which were Rmax, Reff, ks Reff r(s), Left r(p)s
and Riipe. The analysis was conducted using a modified version of BAGPIPES
(Carnall et al) 2018 2019b), which is one of the most advanced codes for
modeling the spectra and photometry of galaxies. We modified BAGPIPES to
include a model for an AGN given by:

e Emission from the Narrow Line Region (NLR): We assume that each
emission line, Ho, HB, Hy, Ho, [O111]4363,4959,5007, [N11]|6548,6583,
[S11]4072,6717,6731 and [O1]6300,6365, are well described by single Gaus-
sians.

e Emission from the Broad Line Region (BLR): We assume that the Balmer
lines, Ha, HB, Hy and H§, are sometimes described by a second broad
component and sometimes even a third very broad component. We de-
scribed each of these broad emission lines with Gaussian profiles.

e AGN continuum: When it was necessary to consider a continuum in the
blue region of some AGNs we consider a power-law model over the en-
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tire analysed wavelength range, with A\g = 3800 A, resulting in two free
parameters: Aagn and aanG.

It is worth mentioning that our version of BAGPIPES fits all the different
components of the galaxies at once, i.e., it fits the stellar continuum, nebular
lines and our AGN model, all at the same time.

In addition to the SED fitting of the IFS data we performed a broad band
fitting at different apertures by using the azimuthally-averaged radial surface
brightness profile reported as the average surface brightness in a series of annuli
for the seven-bands FUV, NUV, u, g, r, © and z, where FUV and NUV were
taken from GALEX (Martin et al[2005) and ugriz from the SDSS photometric
data from NSA catalog (Blanton et al., [2017).

Our main results and conclusions are:

e Three galaxies, NGC4395, NGC2960 and NGC3982, are star forming
galaxies, while six, NGC6264, NGC6086, NGC1194, ARP151 and Mrk290,
are quiescent.

e Out of the 8 galaxies in our sample, seven are classified as active galactic
nuclei (AGNs).

e Two of the galaxies, Mrk290 and ARP151, showed both narrow and broad
emission lines that are consistent with radiation emitted by an active
BH. We also detected continuum emission that is likely from the AGN
accretion disk.

e These two galaxies are classified as Type 1 AGNs according to the [Véron-
Cetty & Véron (2006) catalog, and they fall within the Seyfert region
based on our classification from the BPT diagram. The broad emission is
consistent with the [Véron-Cetty & Véron| (2006) classification of Type 1.

e Using the BLR components both for Ha and Hf lines and the single epoch
spectroscopy method to infer Mpp (Greene & Hol 2005) we estimated BH
mases of 2 x 107 Mg, for Mrk290 and 2.5 x 10¢ Mg, for ARP151. In both
cases the differences between direct methods where less than a factor of
~ 2.

e The AGN model of NGC1194, NGC3982, NGC2960, NGC6264, and NGC4395
is well-described by narrow lines from the narrow-line region (NLR), and
they are classified as Type 2 AGNs based on the [Véron-Cetty & Véron
(2006) catalog, consistent with the narrow emission from their spectra.

e NGC6086 is a quiescent galaxy with no clear signatures of AGN activity
in the optical region covered by the MaNGA IFS data. It is a BCG in
the Abell 2162 cluster (McConnell et al., 2011).
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The galaxies NGC1194, NGC6086 and NGC6264 enter into the canonical
picture of galaxy formation: they formed from the inside-out. Galaxies
NGC1194 and NGC6264 have also signatures of being quenched from the
inside-out. While the galaxy NGC1194 was probably quenched due to the
AGN activity, the same scenario is less clear for NGC6264 which is more
consistent with being quenched by secular processes.

The galaxies Mrk290, ARP151, NGC3982 and potentially NGC2960, are
consistent with the features of experiencing a compaction event in which
the accretion of gas with low angular momentum fuels a centrally con-
centrated star formation burst and also could help to feed the SMBH in
the central region. The compaction event could be triggered by disk in-
stabilities and/or gas flowing directly from the intra-halo system or even
mergers.

Our results suggest that the galaxy NGC2960 enriched its outskirts due
the re-accretion of gas from the AGN feedback.

Our results suggest that ARP151 and NGC6086 formed from a very in-
tense burst of SF and then by z ~ 6 and z ~ 3, respectively, evolved
as quiescent galaxies. These galaxies are excellent candidates to be the

descendant of galaxies that quenched very early in the universe (z > 3)
(Carnall et al., [2023alb)).

Our broad-band SED analysis helped to confirm that our stellar mass
estimations were correct but they were not conclusive regarding the SF Rs
and time-scales.

While our results do not show a conclusive evidence of how SMBH, in par-

ticular the active ones (AGNs), shut-down the star formation or simply co-
evolved with their host galaxies, our pilot study points out that probably this
co-evolution is more complex of just a simple picture of a turn on (AGN) and
shut down (SF) relationship. Next, we describe our future plans in order to
improve our modelling and increase our statistics.

6.1 Outlook for Future Work

Several modifications from the approaches described in this work can improve
our modeling and increase our statistics, below we describe few of them.

e In this work we used a power law to model the AGN spectra continuum

only. It is desirable to include a more physically motivated model to
increase the reality of the model and decrease the degrees of freedom in
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the model. For example, the accretion disk of the AGN can be modelled
like a black body.

Perform a BAGPIPES analysis by combining our MaNGA IFS data and
our NSA azimuthally-averaged radial surface brightness profiles to include
more UV bands.

In order to improve the quality of the SED fitting analysis and the in-
formation around the SF processes, it would be useful to search for more
IR observations, even if they are not spatially resolved, also sub-mm and
X-ray bands would be useful to be included in our analysis.

Cross match the van den Bosch| (2016) sample with other IFS surveys,
such as CALIFA, SAMI and AMUSING-++ data, to enlarge our sample.



Appendix A

Spectral SED Fitting and
Corner Diagrams

In Chapter [ we present the results obtained from the SED fitting for each
galaxy in the sample. Particularly we show the SED fitting model to the IFS
data for Rpya.x aperture. In this Appendix we present the SED fitting model to
the IFS data and the corner diagrams, for each galaxy in the sample, at every
studied aperture, including the FOV.

The figures can be found at https://drive.google.com/drive/folders/
12wVb6JmQETDtk8Nh-dDEom20Ab8vpD1G7usp=sharing. They are organized by
a directory per galaxy, and a subdirectory per analysed aperture. The de-
scription of the SED figures is similar to Figure [4.1] while the corner diagrams
show the posterior probability distribution obtained for every free parameter
included in the prior parameter space (these figures are relevant because they
exhibit valuable information of the fitted model, such as correlations between
free parameters).

Finally, BPT and WHAN diagrams, as well as the evolution figures and
the radial profiles are also included in the digital repository mentioned above,
together with the summary figures showed in the Section (see Figure ,
for each galaxy.
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Appendix B

Parameter Comparison vs.
Pipe3D

In this Appendix we present the comparison between the physical parameters
inferred through the IFS and the ones reported in the last version of Pipe3D
(pyPipe3D, [Sanchez et al., 2022). Remember that our IFS analysis allow us to
report results at different apertures, but for this comparison we consider the
ones obtained for the Reg () aperture (when possible, but for NGC3982 and
NGC4395, where Reg 1 (p) is out of the FOV, we consider the results inferred at
the FoV).

It is important to take into account that BAGPIPES considers the IMF de-
scribed by Kroupa & Boily (2002)), whilst pyPipe3D considers the one described
by Salpeter| (1955). It is important to consider the offsets that arise from the
differences of the IMF when making the comparison of the parameters, partic-
ularly in the age, the M, and the SFR; for this we use the values reported
in Tables Bl and B3 of [Pforr et al| (2012), for late and early type galaxies,
respectively.
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Figure B.1: Stellar mass comparison. In the vertical axis are the results obtained
through our IFS analysis by BAGPIPES, in the horizontal axis are the results reported
by pyPipe3D. Both are in logarithmic scale, in units of Mg. The galaxies are distin-
guished by early-type (red marker) and late-type (blue marker). It can be noticed that
the results from pyPipe3D are slightly overestimated, compared with the ones from

BAGPIPES.
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Figure B.2: Star formation rate comparison. In the vertical axis are the results
obtained through our IFS analysis by BAGPIPES, in the horizontal axis are the results
reported by pyPipe3D. Both are in logarithmic scale, in units of Mg /yr. The galaxies
are distinguished by early-type (red marker) and late-type (blue marker) Both are in
units of log(Mg). There is no evident bias for the entire sample, but for Mrk290 and
NGC3982 the results from pyPipe3D are overestimated, and ARP151 does not appear
because its SFR inferred by our IFS analysis is << 1072 Mg, /yr.
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Figure B.3: Stellar age comparison. In the vertical axis are the results obtained
through our IFS analysis by BAGPIPES, in the horizontal axis are the results reported
by pyPipe3D. Both are in units of Gyr. There is no evident bias.
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Figure B.4: Stellar metallicity (mass weighted) comparison. In the vertical axis are
the results obtained through our IFS analysis by BAGPIPES, in the horizontal axis are
the results reported by pyPipe3D. Both are in logarithmic scale, in units of Zg. The
galaxies are distinguished by early-type (red marker) and late-type (blue marker). It
can be noticed that the results from pyPipe3D are overestimated, compared with the
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Figure B.5: Dust attenuation comparison. In the vertical axis are the results obtained
through our IFS analysis by BAGPIPES, in the horizontal axis are the SSP results re-
ported by pyPipe3D. Both are in units of magnitudes. The galaxies are distinguished
by early-type (red marker) and late-type (blue marker). It can be noticed that the
results from pyPipe3D are slightly underestimated, compared with the ones from BAG-
PIPES.




Appendix C

Evolution Histories From the
Photometric Analysis

For each galaxy we present the star formation and mass assembly histories for
all the analysed apertures above the PSF radius (of 2.52 arcsec) of the broad-
band analysis introduced in Subsection [3.2.5]

C.1 Mrk290

As discussed in Section [2.2] Mrk290 is a galaxy whose light is emitted from the
AGN that dominates the bluest emission of the SED. It was not possible to
fit simultaneously the stellar population and the AGN contribution because its
emission is very complex.

Figure shows the SFHs inferred from the six analyzed apertures above
the PSF radius. These results are considerably different from the ones obtained
through the spectroscopic analysis, showing a flat SFH for the outer apertures
and very young stellar populations on inner apertures. The evolution of sSFR
at all the apertures stays above the value of 2.5H (z) at all z, which indicates
that the galaxy has been star forming since early epochs (z ~ 10) at all the
analysed apertures; this means that the galaxy has not quenched yet and con-
sequently tquench is not defined for any aperture.

It is clear that for smaller apertures the formation time of the fitted stellar
population corresponds to most current epochs, corresponding all to z(¢form) <
0.9, when for the smallest aperture (R = 1.5 Ref k') #(tform) 1S even lower than
0.1. This means that the fitted stellar population is very young, even more
at the centre of the galaxy. Finally, at the present time the circular aperture
corresponding to R = 6.33 Reg x is the one with the closest inferred stellar
mass to M, (Lg).
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Figure C.1: Mrk290 evolution from photometry at different apertures.

C.2 ARP151

As in the case of Mrk290, the AGN continuum of ARP151 was not fitted simul-
taneously along with the stellar population because of its complex contribution
to the SED. In Figure can be seen that the SFH is flat all along the galaxy
with a SF'R of approximately 1 My, per year. This galaxy has been star forming
since early epochs, however only the inner aperture (R = 0.27 Reg ') shows a
slight decline in the SFR, leading to the present sSF R being close to below

In this galaxy the two largest apertures analyzed (R = 1.75 Reg g and
R = 2.80 Res k) are both the ones with the actual M, closest to M, (Lk),
being around (0.85 — 1.15)M,(Lg). Also, the formation time corresponds to
slightly earlier epochs for smaller apertures, with z(tgm) around (1.9 — 2.1),
and there is not tyuench defined for any aperture. The above suggests that the
distribution of the stellar population is more or less uniform.
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Figure C.2: ARP151 evolution from photometry at different apertures.

C.3 NGC1194

NGC1194 is a SO galaxy with a central AGN catalogued as a Seyfert. Unlike
Mrk290 and ARP151, the AGN emission of NGC1194 is dominated by narrow
lines with and of low-luminosity. We notice also that for the rest of the galaxies
the luminosity of their central AGNs are not too relevant to be accounted in
our SED photometry fitting.

The evolution of the stellar population of NGC1194 is shown in Figure
We notice that the SFH and SMFH are consistent with those that we inferred
from our spectroscopic analysis, at all the apertures. Our best SED fitting
results show that NGC1194 has been forming stars more actively in the centre,
R < 0.6 Refr i, than in outer radii since z < 1. Indeed, the outer radii, R > 0.6
Regr i, has been quenched since z ~ 1. Nonetheless, the galaxy is consider
quiescent as whole.

The central part of NGC1194 formed at z ~ 2 while the outer part at z ~ 1,
that is, NGC1194 formed from the inside-out. This is also consistent with our
spectroscopic analysis. We conclude that in general terms our SED photometric
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Figure C.3: NGC1194 evolution from photometry at different apertures.

analysis is consistent with the trends based on the most accurate spectroscopic
results. Both of them support the idea that NGC1194 quenched due to the
activity of its central SMBH.

C.4 NGC6086

As discussed previously NGC6086 is a retired galaxy, the most massive galaxy
and host the most massive SMBH in our sample, with M, (L) ~ 1016 Mg
and Mgy ~ 10%% Mg, respectively. The evolution of its stellar population is
shown in Figure

For the inner radii, we found that our results are inconsistent with their
spectroscopic counterparts; photometric results show that it is star forming, in
contrast to the spectroscopic results where the central parts are quiescent.As
for the outer parts we found that are consistent with our spectroscopic results.
Notice that our spectroscopic analysis was performed for three apertures only.

The resulting stellar populations within the inner apertures seem to be
younger than what it was inferred by the spectroscopic analysis, getting younger
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Figure C.4: NGC6086 evolution from photometry at different apertures.

populations for the inner apertures. This is not surprising given that the pho-
tometric analysis infers that the central part is star-forming.

C.5 NGC3982

There is no data for the radial surface brightness for NGC3982 in the NUV
and FUYV filters from GALEX. The above may lead to unreliable inferences of
the SFH and the SMFH. Nonetheless, for completeness here we report the the
broad-band fitting results for this galaxy.

Figure [C.5] shows that the SFHs fitted for all the apertures are flat and with
the sSFR(z) above the Pacific criteria and all of them with similar redshifts of
formation times z ~ 0.8. The above implies that this galaxy is still star forming
at all radii in contrast to the spectroscopic results. As mentioned above, because
of the fact that FUV and NUV bands were not used for the broad-band SED
fitting, the model parameters are degenerated, in particular those describing
the SFH, as it is evident in the corner plots shown in Appendix [A]
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Figure C.5: NGC3982 evolution from photometry at different apertures.

C.6 NGC2960

NGC2960 is a galaxy hosting a Seyfert AGN with no contribution from the
BLR nor the AGN continuum. The Figure [C.6] shows that the fitted model of
NGC2960 has older stellar populations at the outer apertures (z(tform) > 1.0),
while the inner apertures have been formed very recently (z(fform) ~ 0.1). The
SFH of the galaxy, for every aperture, also has a considerable falling slope in
the SFR and the sSFR at recent epochs, corresponding to quenching times
of Z(tquench) < 1.0 for the larger apertures, and even going to z(tquench) < 0.1
for the inner apertures. It is the outermost aperture (R = 1.79 Reg i) the one
with the closest approximation to the today M, (Lg) value.

C.7 NGC6264

The evolutionary history of NGC6264, classified as an AGN Type S2, is shown
in Figure [C.7] This galaxy has been star forming since early epochs, being
sSFR(z) above 2.5H(z) and having an increasing SFR(z), Vz < 10 with all
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Figure C.6: NGC2960 evolution from photometry at different apertures.

the analysed apertures. This is equivalent to say that the galaxy has not been
quenched at any analysed aperture, and therefore there is no tqyench reported.
For the outer apertures the populations are older, having flatter SFHs and
ttorm corresponding to z(tform) ~ 1.0, while the inner apertures get younger
stellar populations, with z(fform) ~ 0.1 for the innermost. Finally none of the
fitted apertures reach the value of M,(Lg) up to date, being the outermost
aperture (R = 0.89 Reg ) the closest one, with a M, /M,(Lg) =~ 0.8.

C.8 NGC4395

As mentioned before, the less massive galaxy in our sample is the late type
galaxy classified as an AGN Type S1.8, NGC4395. Its evolution is plotted in
Figure which shows that it has been a star forming galaxy since early
epochs z ~ 10, being the sSF R above the Pacifici criteria at all epochs, i.e. it
has not quenched yet. Furthermore, the galaxy has young stellar populations
with z(tform) < 1.0 for all the analyzed apertures, being much younger for the
inner apertures (corresponding to z(tform) < 0.1).
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Figure C.7: NGC6264 evolution from photometry at different apertures.

Even if the stellar mass obtained from the K-luminosity is quite small
(M.(Lg) = 1034 Mg), none stellar mass of the fitted apertures get close
to this value up to date, having M, /M,(Lk) = 0.1 for the outermost aperture.



C.8. NGC4395 139

z+1
1 2 3 4 5 6 7 8 91011
2
— 1
ole
s>
= o0
o
w
\ -1
jo2]
°
s |
-8

//_;/’— ____/

|
©

log(sSFR)[yr~1]
g

-11
-12 [1.0-2.5]H(2)
10 Z(tquench)
ol 1 b de Z(trorm)
—
sk |
= S S
=] —
3 —
‘§=\
T~
—— 0.04Refr,k
0.8 —— 0.06Refr,k
06 —— 0.1Refr,k
. :slf —— 0.16Rerr,k
= < 04 —— 0.24Rerrk
—— 0.39%Rerr k
0.2 —— 0.59Rer.x
—— 0.94Rerr k
0.0 —m—mm———=
0 2 10 12

4 6 8
Lookback Time [Gyr]

Figure C.8: NGC4395 evolution from photometry at different apertures.




140APPENDIX C. EVOLUTION HISTORIES FROM THE PHOTOMETRIC ANALYSIS



Appendix D

List of Abbreviations and

Variables
Abbreviations/variable Meaning
AB; Absolute Magnitude of the Sun in the i-band
AGN Active Galactic Nuclei
AMUSING++ All-weather MUse Integral-field of Nearby Galaxies+-+
Ay Dust Attenuation
b/a Axis Ratio
BB Big Bang
BCG Bright Cluster Galaxy
BH Black Hole
CALIFA Calar Alto Legaxy Integral Field Area Survey
CSP Composite Stellar Population
Dy, Luminosity Distance
DAP MaNGA Data Analysis Pipeline
DRP MaNGA Data Reduction Pipeline
DR17 MaNGA 17th Data Release
DPL Double Power Law (see Eq. [3.2))
FoV Field of View
FUv Far Ultraviolet
FWHM Full Width at Half Maximum
H, Hubble Parameter at z = 0 (=70 km-s~!-Mpc™1)
H(z) Hubble Parameter
IFS Integral Field Spectroscopy
IFU Integral Field Unit
IMF Initial Mass Function
ISM Interstellar Medium
Lyo Bolometric Luminosity

Table D.1: List of abbreviations and variables used in the text.
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Abbreviations/variable

Meaning

Lk Luminosity in the K-band
Lg Solar luminosity (= 3.828 x 1033 erg)*
m Pogson Magnitude
MaNGA Mapping Nearby Galaxies at Apache Point Observatory
Me Mass of the Sun (= 1.988 x 1033 g)*
M, Stellar Mass
M, Kk Stellar Mass inferred using Ly
M, pulge Bulge’s Stellar Mass
M formed Formed Stellar Mass
Mggn Super Massive Black Hole’s Mass
M; i-band Absolute Magnitude
MW Mass Weighted
NIR Near Infrared
NSA NASA-Sloan Atlas
NUV Near Ultraviolet
PA Pitch Angle
PSF Point Spread Function
QSO Quasar
Reg x Effective Radius at K-band
Reg v (s) Effective Radius at r-band from Sersic fit
Reg v (p) Effective Radius at r-band from Petrosian fit
max Maximum Aperture Within the FOV
SAMI Sydney-AAO Multi-object Integral field spectrograph
SED Spectral Energy Distribution
SF Star Formation
SFH Star Formation History
SFR Star Formation Rate
SMBH Super Massive Black Hole
SN Supernova
SP Stellar Population
SPS Stellar Population Synthesis
sSFR Specific Star Formation Rate
SSP Single Stellar Population

Table D.2: Continuation of the list of abbreviations and variables used in the text.
*From the resolution B3 of https://www.iau.org/static/resolutions/IAU2015_

English.pdf).



https://www.iau.org/static/resolutions/IAU2015_English.pdf
https://www.iau.org/static/resolutions/IAU2015_English.pdf

Abbreviations,/variable

143

Meaning

(o
tHubble(2)
tu(2)
ttorm
tquench

Tquench
Teff

UFO
Uv
7
VAC
WHa
WBL
z
Zy
Zo

Stellar Velocity Dispersion
Hubble Time at z
Age of the Universe at z
Formation Time
Quenching Time
Quenching Scale
Effective Temperature
Ultrafast X-ray Outflow
Ultraviolet
Mean Surface Brightness
Value Added Catalogues
Equivalent Width of Ha

Nearby Poor Cluster of Galaxies of [White et al.| (1999)

Redshift
Stellar Metallicity
Solar Metallicity (= 0.02)

Table D.3: Continuation of the list of abbreviations and variables used in the text.
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