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Resumen

Se sabe que los nucleos activos de galaxias (AGN) son un ingrediente esencial en
el proceso evolutivo de las galaxias, ya que estan fuertemente asociados con el
crecimiento de su agujero negro supermasivo central (SMBH) y el crecimiento de
la masa estelar (es decir, la formacion de estrellas). Ademas, muchos estudios
muestran que el entorno local de las galaxias desempena un papel importante
en la conducciéon de los procesos por los que pueden perder o ganar gas, y
por consiguiente afectar a la activacion de sus niicleo. Por lo tanto, investigar
como el medio ambiente puede influir en las propiedades observables del AGN
puede contribuir a nuestra comprension de la evolucion de las galaxias. Los
mejores laboratorios para estudiar el impacto del medio ambiente en las galaxias
son los cimulos de galaxias. Por consiguiente, esta tesis presenta un estudio
espectroscopico de campo integral de dos AGN miembros del cimulo de galaxias
RXJ0152-137 con desplazamiento al rojo de z = 0,84. Los datos se obtuvieron
usando el instrumento KMOS, un espectrémetro multi-objeto en el infrarrojo
cercano (0,8 pym a 2,5 pum), que estd montado en el telescopio UT1 del VLT

ubicado en Cerro Paranal, Chile.

Para uno de los AGN de camulo, ID=557, se detect6 la emisién de las lineas
estrechas de Ha y [NII], asi como la de una componente ancha desplazada al rojo
para Ha con una velocidad de v = 938 £ 74 km s~! con respecto a la componente
estrecha. Sin embargo, para el otro AGN, ID=300, solo fue posible detectar la
componente ancha de Ha. Las lineas estrechas no fueron detectadas, siendo la

ausencia de emision de [NII| un posible indicador de la baja metalicidad de este

AGN.

Realizamos un anélisis cinemético del gas ionizado del AGN ID=557 construyendo
los mapas de velocidad, dispersion de velocidades y distribucion de flujo de las
lineas de emision optica Ha y [NII]. Ademés, complementamos este anélisis con un
estudio fotométrico a partir de imagenes del HST para obtener una clasificacion
morfo-cinematica de este AGN. Encontramos que ambas galaxias corresponden
a AGN tipo 1. Ademas, el AGN ID=557 puede ser clasificados como Pec/CK,
es decir, una galaxia con morfologia peculiar y una cinemaética compleja con dos
ejes cinematicos. Finalmente, comparamos los resultados obtenidos para cada

AGN segtin su ubicacion dentro del cimulo de galaxias. Discutimos la posible
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conexion del entorno con las metalicidades inferidas para cada una de ellas, y la
posible interaccion del AGN ID=557 con una galaxia vecina no confirmada, que
se observa en las imagenes del HST. Este trabajo muestra una clara evidencia
de cémo los AGN del mismo tipo pueden mostrar diferencias en sus propiedades
espectroscopicas dependiendo de la region del camulo en la que se desarrollan.
Sin embargo, estos resultados deben ser complementados con el analisis de una
muestra de mas galaxias para tener una mejor representacion de la poblaciéon de
galaxias del cimulo. Es necesario utilizar IFS de mayor resolucion para resolver de
mejor manera sus cinematicas internas, con el fin de comprender con més detalle

los procesos fisicos que afectan a las galaxias en los ambientes de cimulos.
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Abstract

It is known that active galaxy nuclei (AGN) are an essential ingredient in the
evolutionary process of galaxies, since they are strongly associated with the growth
of their central super massive black hole (SMBH) and stellar mass growth (i.e.
star formation). Also, many studies show that the local environment of galaxies
plays an important role in driving the processes by which they can lose or gain
gas, and therefore affect the activation of their nucleus. Hence, investigating how
the environment can influence the observable properties of AGN can contribute
to our understanding of the evolution of galaxies. The best laboratories to study
the impact of the environment on galaxies are galaxy clusters. Consequently,
this thesis presents an integral field spectroscopic study of two members AGN of
the galaxy cluster RXJ0152-137 at redshift z = 0.84. The data were obtained
using the KMOS instrument, a multi-object near-infrared (0.8 pm to 2.5 um)
spectrometer, which is mounted on the UT1 telescope of the VLT located on

Cerro Paranal, Chile.

For one of the cluster AGN, ID=557, the emission from the Ho and [NII] narrow
lines was detected, as well as that from a broad redshifted component for Ha with
a velocity of v = 938 & 74 km s~! concerning the narrow component. However,
for the other AGN, ID=300, it was only possible to detect the broad component
of Ha. The narrow lines were not detected, being the absence of [NII| emission a

possible indication of the low metallicity of this AGN.

We performed a kinematical analysis of the ionized gas of AGN ID=557 by
constructing the velocity, velocity dispersion, and flux distribution maps of the
optical emission lines Ha and [NII|. Also, we complement this analysis with a
photometric study from HST images to obtain a morpho-kinematic classification
of this AGN. We found that both galaxies correspond to type 1 AGN. Besides,
the AGN ID=557 can be classified as Pec/CK, that is, a galaxy with peculiar

morphology and complex kinematics with two kinematic axes.

Finally, we compare the results obtained for each AGN according to their location
within the galaxy cluster. We discuss the possible connection of the environment
with the metallicities inferred for each of them, and the possible interaction of AGN
ID=557 with an unconfirmed neighboring galaxy, which is observed in the HST

images. This work shows evidence of how the same AGN type can show differences



in their spectroscopic properties depending on the region of the cluster in which
they develop. However, these results must be complemented with an analysis of a
larger sample of galaxies to have a better representation of the cluster’s galaxy
populations. We need to use higher-resolution IFS to better resolve their internal
kinematics to understand in more detail the physical processes that affect galaxies

in cluster environments.

Keywords — galaxies: active — galaxies: high-redshift — galaxies: kinematics and

dynamics
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Chapter 1. Introduccion 1

Chapter 1

Introduccion

1.1

Active Galactic Nuclei

Some galaxies in the Universe show unusual, very bright nuclear regions,

characterized by energetic/non-stellar processes. These nuclei are called Active

Galactic Nuclei (AGN) and their hosts are referred to as active galaxies. Currently,

it is accepted that the AGN radiation is connected to the accretion onto a super
massive black (SMHB) with mass > 10°Mg. The AGN include a wide range of

different objects characterized by several properties:

a)

Very High luminosity: These objects release a very large amount of
energy evidenced by very high luminosities (up to Ly ~ 10%8 erg s7!) which
makes them the most powerful sources in the Universe, and they have been
observed up to very high redshift (z=7.54; ).

Large coverage of the electromagnetic spectrum: AGN have been
detected in all spectral ranges, and each wavelength band provides a window
to observed different aspects of AGN physics. For example, the infrared
band (IR) is sensitive to the dust and obscuring material, the optical/UV
bands allow us to observe the emission from the central accretion disc
through continuum emission and emission lines, while ~-ray and radio bands
(corresponding to atomic and molecular gas) allow us to detect non-thermal
radiation related to the observed lobes. Finally, with the X-ray band it is

possible to trace the coronal emission.
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c) Strong emission lines: AGN are characterized by the presence of strong
nebular emission lines observed in the optical/UV spectral range (see figures
1.1.1 and 1.1.2). These lines are related to high ionization processes, and in
some cases the line widths can extend from hundreds to thousands of km

s7L.

d) Variability: AGN are also characterized by a brightness variability in
timescales of minutes, hours and even days or months depending on the

spectral band.

1.1.1 AGN types

AGN comprise a heterogeneous group of objects resulting in a large variety of
subtypes with different properties among them, such as the mass of the central
black hole, bolometric luminosity ranges, and even in optical /UV emission lines
where in some AGN spectra they appear highly marked, while in others they
seem to be absent (see figures 1.1.1 and 1.1.2). The large number of differences
discovered for AGN subtypes is mainly due to the nature of the emitted radiation
observed in some spectral bands, so the main classification of these objects is on

an observational basis. The following are some of the main subclasses of AGN:

1. Seyfert Galaxies:

Seyfert galaxies were the first AGN identified by ( ) and the
most common subclass of AGN observed in the local Universe. The main
difference between Seyfert galaxies and nonactive galaxies is the bright,
central, point-like core observed in direct images. In addition, with the
advent of large telescopes and advanced instrumentation it became possible
to obtain the spectrum from the unresolved core and distinguish it host
galaxy emission. The central optical spectra show highly ionized lines which
can present broad and/or narrow components.

( ) separated the Seyfert galaxies into classes depending to the relative
widths of narrow forbidden emission lines and Balmer lines observed in the
optical spectra. These class of Seyfert galaxies, and others too, are present

in the following paragraphs:

e Seyfert 1 (Type 1 AGN): These galaxies display Balmer emission
lines, mainly Ha, HS, and H~, broader than forbidden lines with full



1.1.

Active Galactic Nuclei 3

width at half maximum (FWHM) ~ 1,000-20,000 km s~ (

). Narrow permitted and forbidden lines are also observed.
Both low ionization lines and high ionization lines like [OIII]A4959
A and [OTIT]A5007 A present broad and narrow components. Another
indication of type 1 AGN is the presence of a strong Fe[lI] line at 4,570

A. An example of a Seyfert 1 spectrum is shown in figure 1.1.1.

e Seyfert 2 (Type 2 AGN): For these galaxies the forbidden and
permitted emission lines to show the same narrow width of 300-1,000
km s™1 ( ). The broad components are not detected. An

example of a Seyfert galaxy is shown in figure 1.1.2.

Also, there are intermediate classes of Seyfert galaxies, such as Seyfert
1.2, 1.5, 1.8, and 1.9, according to the presence of a broad H Balmer

emission following the outline proposed by ( )

e X-ray classification: In the X-ray domain, another classification
is established depending on the intrinsic absorption measurement in
the soft X-ray band (E << 5 keV) where the absorption is measured
as a column density of hydrogen Ny in the line of sight, in units of
atoms per cm?. Type 2 AGN are commonly the most strongly adsorbed
sources, while type 1 present less absorption. The intermediate objects
with Ny < 10?2 cm~2 have been classified as Seyfert 1 or Seyfert 1.2,

2

whereas Seyfert galaxies with Ny > 10?2 ecm™2 correspond to Seyfert

1.8, 1.9 or 2.

e Narrow-Line Seyfert 1 Galaxies (NLS1): This subset of Seyfert
1 galaxies are strong X-ray emitters with a clear difference between

two Balmer lines: while Ha lines are broad, the Hf lines are narrow

(FWHM(HB) < 2,000 km s71).

Moreover, some spectroscopic measurements reveal AGN candidates
corresponding to galaxies with emission line spectra similar to those of Seyfert
2 galaxies. This characteristic is often produced by massive gas clouds of
ionized hydrogen known as HII regions. They are observed mostly in spiral
and irregular galaxies, and also often show strong forbidden emission lines,
such as oxygen, in comparison with Balmer lines, with [OIII] A5007/HS > 3.

To distinguish the correct classification for these gala.xies in necessary to
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examine the ionization levels in more detail using various emission lines to

reproduce some diagnostic diagrams such as that discussed in 1.1.2.

. LINER galaxies: The low-ionization nuclear emission-line regions (LINER,;

) are active galaxies with faint core luminosities and strong
emission lines resulting from low ionized gas. They show similar proprieties
that Seyfert 2 galaxies with expected line widths of 200-400 km s~!. LINERs

mark the low luminosity limit for galaxies classified as AGN. .

. Quasars: They were discovered in the 60s ( ) with the
development of radioastronomy. Then, with an optical observation of these
objects, it was found that they presented optical properties similar to blue
stars so that these galaxies were called quasi-stellar objects. The quasars are
the most luminous AGN, therefore, are also the farthest observable objects

in the Universe.

. Blazars: This classification is a special subclass of quasars. The common
model for observed blazar emission is that these sources are quasars in which
a relativistic jet is pointing at or very close to the observer’s line of sight
( ). These peculiar objects are dominated by high
variability. The blazars are also subdivided into BL. Lac objects and Flat
Spectrum Radio Quasars (FSRQ) where the latter are in turn divided into
Optical Violent Variables (OVV) and Highly Polarized Quasars (HPQ). BL
Lac objects are characterized by a lack of prominent features in the optical

spectrum.

. Radio Galaxies AGN show high luminosities in the radio bands where the
central regions produce, for example, extended radio jets. The luminosity
of this emission varies at some radio wavelengths, so another observational
classification appears depending on the radio-to-optical flux ratio. Frequently,
the comparative bands are the optical B-band and the flux at 5 GHz.
Henceforth, the luminosity ratio R = Lsqn,/Lp indicates where the galaxy
presents more or less radio emission compared with optical emission. This
classification divides AGN into Radio-loud, when R > 10, and Radio-quiet,
when R < 10. However, there is no clear definition yet as radio detection
depends, for example, on the sensitivity of the telescope. There are several

restrictions for this classification, but all of the AGN subtypes shown above
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F, (10" ergss™ em™A™)

can be classified into the following two groups:

e Radio-Loud: This type of galaxies is found in giant elliptical galaxies,

and extended jets and lobes are observed in radio emission. They are
produced by a synchrotron process due to relativistic electrons in the
hot material. Within this classification, we find radio-loud quasars and

blazars.

e Radio-Quiet: This type of galaxies does not show any large radio

structures, and their sub-classification is defined, depending on their

optical /UV spectral properties, as Seyfert or LINER galaxies.

T T R | Al T T T ] T T T T ' — T T '—
iy Seyfert 1 NGC 5548

= [0 11} 33727 w2}
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|
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Figure 1.1.1: Example of a Seyfert 1 galaxy spectrum. It corresponds to the
optical spectrum of the X-ray bright galaxy NGC5548 characterized by the broad
Balmer lines Ha, HB, Hy and Hé, and narrow forbidden lines like [OIII], [OII]
and |Ne III|. In the lower panel, the vertical scale is expanded to show the weaker
features. This figure was taken from ( ).
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Figure 1.1.2: Example of a Seyfert 2 galaxy spectrum. This one corresponds to
the nuclear spectrum of NGC 5427 presented by ( ).

1.1.2 Emission lines

As previously mentioned, one of the most important characteristics of AGN spectra
is the presence of strong optical/UV emission lines (see figures 1.1.1 and 1.1.2),
which indicate the physical condition of the ionized gas, such as temperature,
electron density, degree of ionization and metallicity. These lines are produced
mostly through the photoionization of the gas in the nuclear region by the UV and
X-ray emission from the AGN central engine, according to the photoionization
model. The differences between them, cause that the AGN emission lines can be
separated into two types coming from kinematically decoupled regions of the host
galaxy. Hence, the two designations for these regions are the broad-line region
(BLR) and the narrow-line region (NLR). The properties of each are described

below.

e Broad-line region: From this region arise the so called broad lines which
present full width at half maximum (FWHM) values from 1,000 km s~! up to
20,000 km s~!. Only permitted lines show broad components and the most
prominent of these lines are the hydrogen Balmer series lines Ha\6563 A,
HB 4861 A and H~yA4340 A. Also common are the LyaA1216 A, MgIIA2798
A, and CIVA15449 A lines. The BLR corresponds to high velocity clouds
in regions close to the central engine assumed to be in photoionization

equilibrium. The temperature of the BLR is the order of the 10* K which
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means that the width of the broad emission lines cannot be produced only by
thermal motion. This suggests the presence of another cause of broadening:
the width of these lines is generally attributed to the Doppler effect due to
the supersonic motions of each cloud around the dynamical center. Moreover,
density values of n. ~ 10° cm~2 indicate that in this region it is not possible
to form forbidden emission lines. Therefore, this type of line is not observed
in the BLR. According to the definitions of the AGN types mentioned above,
the BLR is observed in Seyfert 1 galaxies, quasars, and broad-line radio
galaxies. In figure 1.1.1, for example, it is possible to observe the Ha and
Hp broad emission lines from the BLR in the Seyfert 1 NGC5548 galaxy.

Narrow-line region: From this region come the lines with FWHM ~
300 — 1,000 km s~! called narrow lines. The presence of forbidden as well
as semiforbidden and permitted emission lines are indicative of gas densities
n, ~ 103 — 10° ecm =2 and temperatures between 10,000 K and 25,000 K. The
most important lines in this region are [OII|A3727 A, [OIII] A4959, 5007 A,
[NII] \6548, 6583 A and [OI] A6300, 6364 A. These. forbidden narrow lines
are stronger than the permitted lines, especially [OIT[]A5007 A. The NRL is
a more extended region than the BLR, and is observed in all AGN types.
However, in the case of Seyfert 2, LINERs galaxies and narrow-line radio
galaxies only the NLR is observed. The BLR is not detected. In both figures
1.1.1 and 1.1.2, it is possible to observe the narrow emission lines originating
from the NLR such as the Balmer emission lines and forbidden |OIII].

Moreover, the relative flux of narrow lines is used to distinguish between
HII regions, LINER, and Seyfert galaxies because these lines allow for
the identification of high and low ionization processes. There are several
diagnostic diagrams used to compare flux ratios of different lines to separate
HIT regions with a high ionization spectrum from AGN. Figure 1.1.3 shows
an example of the most common pairs of flux ratios. The curves denote
the limit between different galaxy classifications where the galaxies below
the pure star-forming curve are classified as HII galaxies, those located in
the area delimited by both curves are composite galaxies, while the AGN
classification refers to galaxies above the extreme starburst curve. From
the left panel in figure 1.1.3, the emission-line galaxies are distributed in a

V-shaped area in the standard line ratio diagrams called a BPT diagram
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( ), with the star-forming galaxies located in the left-hand
branch and the AGN in the right-hand branch.

1.5 e ,
@) AGN (b) Seyfert

1.0} 1
=
< 05}
S 0.0} LINER
]
(o]
- .05

-1.0

-20-15-10-05 00 05 -10 -05 0.0 05 -20 -15 -1.0 -05 0.0
LOG ([NII}/Hc) LOG ([SI/Hc) LOG ([O1J/Ho)

Figure 1.1.3: Diagnostic diagrams by ( ). (a) [NII]/Ha vs
[OIII]/HS, (b) [SII]/Ha vs [OIII]/H/, and (c) [OI]/Ha vs [OIII]/HS diagnostic for
SDSS galaxies with S/N > 3. The ( ) extreme starburst curve
is shown as the solid red line, while the Kauffmann « ( ) pure star-forming

curve is shown as a dashed black line. Galaxies located in the region between
the two curves are classified as composite galaxies. Galaxies lying below the pure
star-forming curve are HII galaxies, while those above correspond to AGN.

These flux ratios also allow us to infer some physical properties of the NLR
such as the average ionization state and temperature of the photoionized gas
through the [OIII]/Hf flux ratio, and the metallicity commonly associated
with the [NII|/Ha due to the nature of nitrogen as a secondary element.
Consequently, the use of diagnostic diagrams is now also used to estimate
the metallicity of the galaxies in question. ( ) used
photoionization models to inspect the effects of metallicity variations on the
narrow emission lines from an AGN sample. They found that line ratios
involving [NII] are the most robust metallicity indicators in galaxies where
the ionization comes from an AGN. This is observed in figure 1.1.4 where
the modeled metallicity decreases when the [NII|/Ha ratio decreases. From
the SDSS sample, they show that typical Seyfert NLRs have supersolar
abundances, while low metallicity AGN (Z < Z) are very rare, with only
~40 galaxies of the ~23,000 Seyfert 2 galaxies from SDSS showing NLR

abundances below solar values.
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Figure 1.1.4: The BPT diagram of [NII]/Ha vs [OIII] /HS for the SDSS emission-
line sample used to demonstrate the decrease of metal emission lines relative to
hydrogen in the paper presented by Groves et al. (2000). The modeled metallicities
are shown at the top of the figure, with the small numbers next to the model
predictions indicating parameters associated with the model run and ionization
parameter. The blue-coloured branch denotes the Seyfert galaxies in the SDSS
sample.
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1.1.3 The Central Engine

The special characteristics found for AGN suggest that the active galaxies host a
source of energy added to the thermal source produced by the stars. Even though
the different types of AGN show different proprieties, it is now widely accepted
that all galaxies classified as AGN present the same physical phenomenon observed
at different epochs. The most. accepted explanation is that AGN must be powered

by accretion onto massive black holes at the center of their host galaxies.

Accretion of material onto a supermassive black hole (SMBH, M > 10°M,,) is
an efficient way to produce the gravitational energy observed in the AGN since
the energy released by material falling onto a central black hole is much larger
than during the thermonuclear fusion of hydrogen ( ). In this
case, the material falls into the deep potential well of the black hole via a flat
rotationally-supported disk, called the accretion disc, where the material loses its
remaining angular momentum and falls onto the SMBH releasing the gravitational

energy in the form of radiations or jets.

Moreover, there is currently solid evidence that supports the presence of an SMBH
in the AGN. The problem is that black holes do not emit radiation that can
be directly observed, so the presence is inferred through its interaction with the
surrounding matter, such as monitoring the movement of stars around the black
hole and observing how their trajectories can be modified by the central mass.
However, the ( ) was able to
get the first image of a black hole, using a global very long baseline interferometry
array. This allowed them to resolve the central compact radio source as well as

an asymmetric brightness emission ring in the M87 galaxy.

1.1.4 AGN Unified Model

All the AGN types can be explained by a common underlying model which
proposes that all of these objects correspond to the same physical phenomenon
and the differences between them can be explained by orientation effects. The
unified model ( ) predicts that the anisotropy of the AGN
population is caused by the difference levels of absorption of the radiation along
the line of sight, consequently, the most general unification is based on the visible

optical/UV emission lines (see table 2.1.3).
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Moreover, figure 1.1.5 shows a representative scheme of the most current AGN
unification model where the main different between AGN types is the presence or
not of the jet emission, identified as radio-loud or radio-quiet AGN, respectively.
Also, the visualization of the central. region is considered, which in some types of
AGN is obscured by the torus.

Seyfert 1 and Seyfert 2 galaxies are then the same objects, seen from different
angles. In the case of Seyfert 1, the nucleus and the accretion disk are observed
nearly face-on, so it is possible to detect the emission from the NLR and also from
the BLR. In Seyfert 2 galaxies the central part is obscured by the dusty torus that
absorbs part of the optical/UV radiation, thus blocking the direct observation of

the broad emission lines and attenuating the AGN continuum. .
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Figure 1.1.5: Scheme of the AGN unification model. The sub-types of AGN
can be observed depending on the viewing angle. This model also distinguishes

whether or not the AGN produces significant jet emission. Graphic by Marie-Luise
Menzel in ( ).
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Table 1.1.1: The general unification scheme of AGN, based on the emission
lines visible in the optical domain. Information taken from book

(2012).

Type | Optical lines Radio-quiet Radio-loud

Type 0 | No lines SgrA BL, Lac, OVV
Dormant AGN®

Type 1 | Broad and narrow lines | Seyfert 1 FSRQ, SSRQ,BLRG
Seyfert 1.5
NLS1

Type 2 | Narrow lines only Seyfert 1.8,1.9,2 | NLRG, type 2 QSO

Weak narrow lines LINER/LLAGN | WLRG

% One might argue here that a dormant or nonactive AGN is indeed by definition not
an AGN!

1.1.5 AGN in galaxy clusters

AGN are not isolated in the Universe. In that context, they can interact with
objects and surrounding matter depending on the environment in which they
develop. The best laboratories to study how the. environment can influence
the features of AGN, and galaxies in general, are galaxy clusters. The processes
that shape galaxy properties are expected to be more prominent in this type of
environment due to the larger density of the intracluster medium (ICM), galaxies,

and dark matter.

Galaxies in clusters are known to evolve faster from galaxies in low-density
environments. This is evidenced by the significantly larger fraction of red elliptical
galaxies than in the field, known as the morphology-density relation ( ;

; : : ), and the fraction of
star-forming cluster galaxies which increases strongly with redshift and also with
ratio ( ; ). In density environments

such as galaxy clusters, the galaxies can be influenced by several processes such

as galaxy-galaxy mergers ( ), ram-pressure stripping
( ), galaxy harassment ( ), evaporation by
the hot ICM ( ), "strangulation" ( ), and

others. These processes can hinder or facilitate the availability and transport of

cold gas to the galaxy’s center and therefore affect the AGN activity.

Studies have shown that the fraction .of cluster galaxies that host AGN is lower
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than in the field ( ; ) but, the fraction of AGN
seems to increase toward low clustercentric radii ( ;
). Also, there is a clear dependence on the frequency of AGN in galaxy
clusters with redshift, where it increases with increasing redshift (
: : : ). This is
interpreted as evidence that the AGN population in clusters has evolved faster

than the field population from at least z~1.5 to the present (see

).

1.2 Galaxy Kinematics through Integral Field
Spectroscopy

To understand in more detail the evolution of galaxies and the physical processes
that occur within them it is important to know their structure, the distribution
of their components such as gas, stars, etc, as well as their internal kinematics.
However, for this, we need to be able to spatially resolve a galaxy. This is possible
using the technique of Integral Field Spectroscopy (IFS) which consists of obtaining
spectroscopic data of a certain field of view of an extended object by dividing
it into sections as shown in figure 1.2.1, commonly called "spaxels". The light
coming from each spaxel is received in a spectrograph equipped with an integral
field unit (IFU) to then obtain a spectrum for each section of the galaxy. All the
obtained spectra are organized in a data cube that contains the information of

the field of view in 2D plus a third dimension that stores the spectral data.

There are different methods to perform this technique, which mainly differ in the
way of splitting the field of view. The three main ones used in astronomy are a
lens matrix, fibers, and an image slicer. The latter is shown as an example in
figure 1.2.1, where the image of an object hits the mirror matrix that dissects it
and sends it to different channels. Then each cut is re-printed on a slit by a pupil
mirror and then is represented along a pseudo-slit row with the dissection in the
spatial dimension happening through the detector pixels similar to what occurs in

a classical long-slit spectrograph.

IFS studies with the first generation of instruments such as SINFONI (?) at the
Very Large Telescope (VLT) have been very relevant to understand the internal

processes that trigger the early growth of massive galaxies ( ;
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; ). Regarding the study of AGN, IF'S through SINFONI and
the new second generation of instruments such as the Multi-Unit Spectroscopic
Explorer (MUSE; ) and the K-band Multi Object Spectrograph
(KMOS; ; ) has promoted a great advance
in the analysis of these objects since it has allowed to spatially solve the structure,
extension and kinematics of AGN outflows ( ; ;

: : ). With these new
advanced instruments it is now possible to efficiently obtain large samples of
near-infrared IFS data where, for example, KMOS is ideal for systematic studies
of the rest-frame optical properties of high-redshift galaxies and AGN (

; ; ; ; ).

( ) studied a representative sample of intermediate-mass
galaxies at z~1 from the KMOS?P survey ( ; ) in order
to define a methodology that can robustly identify virialized and isolated disks of
galaxies involved in a merging sequence. They combined kinematic results with
morphological analyses of HST images to define a complete morpho-kinematic

classification of these galaxies.

1.2.1 The KMOS instrument

The K-band Multi-Object Spectrograph (KMOS; ) is a second-
generation instrument implemented on the Unit Telescope 1 (UT1) of the VLT in
Cerro Paranal, Chile. It consists of a spectrograph qualified to perform integral

field spectroscopy in onear-infrared bands of 24 objects simultaneously.

It is composed of 24 arms that can be positioned to cover a field of 7.2 arcmins.
Each arm is an IFU with a field of view of 2.8" x 2.8" and a sampling of 0.2"
per pixel, maintaining the Nyquist sampling (/2 pixel) of the spectral resolution

element in the detector.

KMOS implements the image slicer method to divide the field of view of an
object. The targets selected for observation are distributed among the 24 IFUs
which divide each object into 14 identical slices, with 14 spaxels along with each
slice. The light entered into the IFUs is then scattered by three cryogenic grid

spectrometers that generate 14x14 spectra with 1,000 Nyquist-resolution elements
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Figure 1.2.1: [lustration of how integral field spectroscopy works
through the image slicer method. From ESO KMOS User Manual
(https://www.eso.org/sci/facilities /paranal /instruments,/kmos/doc.html).
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sampling each of the 24 independent objects.
The main technical specifications of KMOS are shown in the table 1.2.1. o

Table 1.2.1: Summary of KMOS technical specifications.

Wavelength coverage 0.8 pm to 2.5 pm

Spectral bands 1Z,YJ, H, K, HK

Spectral resolving power R = 3400, 3600, 4000, 4200, 2000 (IZ, YJ, H, K, HK)

Number of [FUs 24
o heightExtent of each IFU | 2.8" x 2.8”

Spatial sampling 0.27x0.2”

Patrol field 7.2 arcmin diameter circle

Closest approach of IFUs < 2 IFUs separated by a6 arcsec centre to centre of the
IFU, depending on the details of the configuration.

From the hardware perspective, the instrument is divided into the following

subsystems:
e Pick-off subsystem
e [FU subsystem
e Spectrograph subsystem
e Detector subsystem
e Infrastructure subsystems and electronics

Figure 1.2.2 shows a visual scheme of how this whole set of KMOS instrument
subsystems is mounted on the Nasmyth platform of the VLT UT1. The mechanical
parts of the instrument are all contained within a cryostat, which is operated at
a temperature of 120 K, while the electronics are in the Nasmyth platform and
inside the cable rotator. On the other hand, the pick-off system of the instrument

arms is shown in figure 1.2.3.

The specifications of the KMOS detector are shown in the table 1.2.2.



1.2. Galaxy Kinematics through Integral Field Spectroscopy 17
Table 1.2.2: Characteristics of the KMOS detectors.
Detector type Substrate removed Hawaii 2RG
Operating temperature | 35 K
QE =90 %
Number of pixels 2048 x 2048
Pixel size 18 m
Gain (e - /ADU) 2.08
Readout noise (e) 9 for short DIT
2.6 for long integration with Fowler sampling
Saturation (ADU) >60,000 ADU
Non-linearity >55,000 ADU
o heightPersistence >5,000 ADU
Hot pixels ~1% in detectors 2 and 3; ~3% in detector 1
Minimum DIT (s) 2.47
Instrument Cryostat CACOR
VLT Nasmyth
Adaptor Rotator ICE
Cabinets
Maintenance
Trolley & ulilj—lalf:rinsts
Handling Pods
Figure 1.2.2: Schematic view of KMOS on the
Nasmyth platform. From ESO KMOS User Manual

(https://www.eso.org/sci/facilities /paranal /instruments /kmos/doc.html).
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Figure 1.2.3: Top: one of the pick-off arms; Bottom: all the 24 pick-off
arms in the front end of the KMOS cryostat. From ESO KMOS User Manual
(https://www.eso.org/sci/facilities /paranal /instruments /kmos/doc.html).
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1.3 This research

There is evidence of co-evolution between the growth of SMHBs and the star
formation in galaxies ( ; ). For
example, one of the most direct results of this connection is that AGN and the
star formation rate in galaxies show a similar cosmic evolution from z ~ 2 to
the present ( : : :

; ). Any mechanism that enables the
input of cold gas in a galaxy has the potential to trigger star formation as well as
AGN activity. Then, it is thought that AGN feedback can regulate star formation,
stripping the galaxy off of the necessary conditions as the cold gas ( ;

), for which it is assumed that AGN are a phase of
galaxy evolution. Therefore, studying AGN can contribute to understanding the

evolution of galaxies.

As previously mentioned in section 1.1.5, AGN can experience a series of processes
associated with the environment during their path through a galaxy cluster. Thus,
analyzing the properties of these galaxies in this type of environment becomes

very relevant to the study of how galaxies evolve.

In this thesis, the integral field spectroscopy analisys of two Type 1 AGN in a
galaxy cluster are presented. As discussed in section 1.2, IFS data are necessary
to spatially resolve the internal kinematics of galaxies. Therefore, by using data
obtained with the KMOS instrument at the VLT, we can analyze the structure
and complex kinematics of the ionized gas in galaxies. Thus, we can study
the blended emission from the NLR by optical emission lines detected in the
KMOS wavelength range. Besides, we complemented the spectroscopic data with

photometric information from HST/ACS images.

Although we cannot make any definite conclusions about how the galaxy cluster
environment affects the properties of AGN, we found important differences between
the two AGN studied that allow us to discuss the possible relation with the influence
of the environment in these two galaxies. Also, we focus the study on finding
galaxies in the local universe with properties similar to one of our AGN, ID=557
assuming that distant galaxies can be classified with the same scheme as that

used for local galaxies, in terms of dynamic and morphological properties.
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In the following, Chapter 2 describes the observation process and subsequent data
reduction implemented for the KMOS data cubes. The data analysis and the
results are described in detail in Chapter 3. This includes emission line profile
fitting, construction of velocity and velocity dispersion maps, photometric analysis,
and morpho-kinematic analysis. Finally, in Chapter 4 we discuss the results for
each galaxy in the context of identifying differences that may be indicators of the
environmental influence. Throughout this manuscript, we adopt Hy = 70 km s~!

Mpct, Oy = 0.3 and Q, = 0.7.
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Chapter 2

Observation and Data Reduction

2.1 Observation

The data used for this project were obtained with the KMOS instrument at the
VLT as part of 4 observational programs (PI R. Demarco) between the years
2013 and 2016. These are the ESO programs ID = 092.A-0868, 093.A-0834,
096.A-0171 and 098.A-0380. The main aim of the programs was to better study
and understand the effect of the cluster environment (particularly the driver of
quenching) on the observed properties of cluster members. This was done by
analyzing the internal kinematics of galaxies. Considering technical limitations,
this was only possible for galaxies with emission lines in their spectra, i.e. star-
forming galaxies. Ideally, one would like to do this study from absorption lines as

well, but this may have to wait for larger telescopes such as the E-ELT.

The sample of galaxies was selected from 6 galaxy clusters where the [OII] emission
was used as a proxy for Ha emission so were selected star-forming galaxies with
|OII] emission lines based on the identification provided in ( ;

). Table 2.1.1 shows in detail the characteristics of the clusters and the
number of galaxies observed from each one. Depending on the redshift of each
cluster, the required lines are detectable within the wavelength range of the KMOS
YJ and H bands.

In the 4 programs the data were obtained in the nod-to-sky mode with an object-
sky observation sequence of AB AB, that is, one sky observation for each object

observation. Table 2.1.2 specifies the clusters that were observed in each program
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Table 2.1.1: Clusters description and the number of galaxies observed in each
one using two of the bands of the KMOS instrument of the VLT.

Target RA DEC z | Band | n° galaxies
RXJ0152-1357 01:52:44 | -13:59:01 | 0.84 | YJ 31
XMMUJ1229+40151 | 12:29:32 | 401:52:16 | 0.97 | YJ 18
RDCSJ1252-2927 12:52:57 | -29:28:07 | 1.24 H 21
XMMUJ2235-2557 | 22:35:21 | -25:57:40 | 1.39 H 21
XMMJ2215-1738 22:15:58 | -17:37:58 | 1.46 H 21
CIGJJ0218.3-0510 | 02:18:20 | -05:09:56 | 1.62 | H 21

and the date when the observation was performed.

Table 2.1.2: Observation programs IDs and their respective dates of execution.

Program ID | Observation period | Clusters Observed
092.A-0868 2013-2014 RXJ0152-1357
XMMJ2215-1738
CIGJJ0218.3-0510
093.A-0834 2014-2015 XMMUJ2235-2557
XMMUJ1229+4-0151
RDCSJ1252-2927
096.A-0171 2015,visitor mode | RXJ0152-1357
098.A-0380 2016 RXJ0152-1357

From the total sample of 131 observed galaxies, two of these correspond to AGN
selected for their intrinsic high scientific value with the aim of better understand
the role of the environment in triggering AGN activity is. These AGN were
previously discovered on Chandra observations of the cluster ( ;

). In this investigation, we only worked with these two AGN
which are members of the RXJ0152-1357 cluster. This is because they present a
high signal-to-noise detection of their lines compared with the rest of the sample
and provides an important insight into how the environment of clusters may (or
may not) influence the AGN activity. Table 2.1.3 shows the main characteristics

of these two sources.

In total, the observations of both AGN included 5 nights of observation dated
2013-10-02, 2014-12-21, 2015-10-30, and 2016-10-12, collecting a total of 11 data-
sets with an exposure time of 600 seconds for science objects in the YJ band with
a spectral coverage of 1.01 um - 1.35 um and a typical resolving power of R~

3,600. Since the seeing is usually reported for the optical band, specifically at 500
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Table 2.1.3: Cluster members observed using KMOS/VLT. X-ray fluxes and
luminosities previously obtained by Chandra observations are shown. Parameter
). Fuxes are in units of 107'* erg

information provided by

s7! cm~? and luminosities in units of 10** erg s~1.

1

D RA DEC 2 L. 2 L. z
[0.5-2] keV | [0.5-2] keV | [2-10] keV | [2-10] keV

300 | 01:52:43.792 | -13:59:01.10 |  3.5097 1.0540 3.5989 1.2777 | 0.8201

557 | 01:52:39.836 | -13:57:40.80 |  1.6961 0.1529 7.6439 1.9623 | 0.8672

nm, the seeing conditions under which the images were taken should have been
corrected for the YJ band using the A8 = \~'/5 conversion. With that, the 11

data sets were obtained under seeing conditions between 0.45” and 1.18".

2.2 Data Reduction

The data reduction was performed using the ESOREX pipeline, a series of
commands written especially for VLT data reduction. This pipeline has the
advantage of being an interactive tool that allows the user to manually control the
reduction tasks execution from the terminal command line which makes it easier

to handle the input and output parameters in each reduction step. The steps are:
1. Dark correction
2. Flat correction
3. Wavelength calibration
4. Illumination correction
5. Telluric correction
6. Science reduction: sky subtraction and cube reconstruction.

For the last step of the reduction, we use the SKYTWEAK option for the
subtraction of the skylines as this delivers final buckets with a lower contribution
of subtraction waste compared to the default pipeline option. SKYTWEAK
constructs synthetic cubes for the skylines through a spectral scaling of the
individual OH line families to match the data ( ). Also, to
obtain the final cubes for each galaxy we combined all the individual observations

performed to increase the signal-to-noise from the data.
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A total of 131 data cubes were obtained. However, after a visual inspection of
each cube, it was determined that for only two of the sources was it possible
to detected the emission lines directly in the spatial image and in the spectral
dimension of each spaxel. This is because the spectra are still contaminated with
skyline residues even after performing the sky subtraction with the most efficient
option. This contamination is due to the strong emission of vibrational-rotational
transition lines resulting from non-thermal excitation processes of the OH molecule

in the wavelength range of the near-infrared.

To clean the cubes of these residuals it was necessary to create a code written in

the python programming language that involved:

e Identify in the science spectrum emission peaks which can be sky subtraction

residuals.

e Differentiate between sky residuals and noise in the spectrum. For this, a
sigma clipping analysis was performed on the spectral data to select only

the peaks that are above the noise threshold.

e Identify and create a mask with the spectral pixels where the skylines are
detected, this was done by comparing the positions of each line in the sky
spectrum delivered by the reduction with the science spectra of each source
considering a width of 5 pixels for the skylines (measured from the sky

spectrum)
e Remove spectral pixels with sky residuals for each spaxel of the cube.

The result of the implementation of this method in the galaxy ID=557 is shown
in the figure 2.2.1. At the top of the figure is shown the science spectrum as
delivered by the pipeline, i.e. with the sky residues, while on the middle is shown
the spectrum with the sky residues (red) masked, and finally, the bottom part
shows the final spectrum with the removed residues. In all images, the vertical
black lines at the top show the position of the OH lines in the whole spectrum

range.
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Figure 2.2.1: From top to bottom: the original integrated spectrum of galaxy
ID=557 with sky residuals, the integrated spectrum (black) with the masked
residuals (red), the final spectrum with the removed residuals. The black vertical
lines show the position of OH skylines.



26 Chapter 3. Data Analysis

Chapter 3

Data Analysis

3.1 Emission line fitting

To begin with the analysis of the data cubes we first performed a spectral cut
from 1.18 pm to 1.26 pm for AGN ID=557 and from 1.14 pm to 1.23 pm for
AGN ID=300 to limit the spectrum to the range of line detection wavelengths.
Then, we proceeded to fit and subtract the continuum emission of the galaxies
to obtain only the contribution of the emission lines. For this, we measured the
continuum level in two emission line-free windows around the detected emission
in the integrated spectrum using the LMFIT package which is based on and
extends many of the optimization methods of scipy.optimize and then we apply
the method to all the spaxels in the cube with the Spectral-cube package from
Python ( ; ). Figure 3.1.1 shows an example
of the fitting and subsequent subtraction applied to the galaxy ID=557.

Subsequently, we proceeded to fit the emission line profiles to obtain the flux,
central wavelength, and wavelength dispersion parameters. Based on the redshift of
each galaxy, the wavelength range of the KMOS YJ band, and a visual inspection
of the spectrum, we observed that the detected emission lines correspond to
Ha\6563 A and the [NII|A6548, 6583 A doublet.

To perform the fitting to each spaxel we first carry out a general inspection of
the integrated spectra of the central region of the data cube to know the type
of fitting required. After a visual inspection of the residues and the emission

shape we determined to perform a multiple Gaussian fitting, one Gaussian for
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Figure 3.1.1: Fitting and subsequent subtraction of continuum level for the
spectrum of galaxy ID=557 performed with the Python LMFIT package. From
top to bottom: the fitting residues, the best fit to the continuum data shown in
red and the final spectrum without the continuum emission.

each emission line detected.

For each spectrum, we tried a two Gaussian component fitting for the Ha emission
line, with one narrow and one broad component. Besides, we fit two other Gaussian

profiles to each line of the [NII| doublet, considering a relation between them that
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is equal to the theoretical relation of 1:3 ( ), together with the
same value in dispersion since they correspond to lines that must come from the
same region of the galaxy. For the case of the narrow line emission of Ha and
[NII], we tested two possibilities, a fit in which all the narrow components have
the same width and another in which their widths are different, assuming with
the latter that the emission of Ha and [NII| come from different regions of the
galaxy. Finally to choose one of the two possibilities we select the fit with the
lowest value of x2, being the different dispersion option the best fit for narrow

lines.

On the other hand, when fitting the broad component of Ha we assumed in the
first instance that it should be centered on the same wavelength of its narrow
component, however, as described below, for the case of the galaxy ID=557 this
is not the best fit.

3.1.0.1 AGN ID=557 emission profiles

For this galaxy the narrow emission lines of Ha and [NII| were detected as well as
a broad component for Ha, however, it was not possible to fit this last component
to the same central wavelength of the narrow component. In this case, we found
a broad component that is redshifted concerning the center of the narrow line of
Ha as shown in the figure 3.1.2 where we measure a z = 0.8730 £ 0.0005 and a
redshifted velocity of v = 938 & 74 km s~! for that component.

This type of AGN spectra was also found in low redshift AGN (z<0.37) by
( ) in a sample of galaxies selected from the SDSS DR4 (

). In their paper they propose a model where the appearance
of a broad blue/red-shifted component in low-ionization lines such as Ha can
be explained as the partial obscuration of the broad emission line region (BLR)
in an AGN with double-peaked low-ionization broad emission lines also called
dbp-emitters. To explain the two emission peaks, this model considers the presence
of an accretion disk where the broad line emission comes from disk-like BLR
moving in the accretion disk around the BH. In the unified model this disk-like
BLR can be obscured by the torus ( ; ),
making that in the optical spectrum of these AGN only one of the components to
be detected, blue or red-shifted depending on parameters of the galaxy such as its

inclination to our line of sight and the orientation angle of the disk-like BLR on
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Figure 3.1.2: Integrated spectrum of the AGN ID=557 from the galaxy cluster
RXJ0152-137 obtained with the KMOS instrument at the VLT. The black curves
show the Gaussian components fitted to each emission line. The thin vertical
black dashed lines indicate their centers. A redshifted broad component of Ha
(Htproaa) is detected, with a redshifted velocity of v = 938 + 74 km s~!. The
red solid curve shows the best multi-Gaussian fit found for this galaxy using the
Python LMFIT package.

3.1.0.2 AGN ID=300 emission profiles

For this galaxy the same procedure of multi-Gaussian fitting was adopted in the
first instance, however, the fit with the least value of x? indicated that the narrow
lines for Ha and |NII] were not detected. Therefore, as it is shown in the figure
3.1.3, only the emission corresponding to the broad component of Ha was observed
which, unlike galaxy ID=557, is centered on the wavelength where the narrow
Ha emission would be expected. The parameters found with the best fit for each

emission line in both AGN are presented in the table 3.1.1.
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Figure 3.1.3: Integrated spectrum of the AGN ID=300 from the galaxy cluster
RXJ0152-137 obtained with the KMOS instrument at the VLT. For this galaxy,
it was possible to detect only the broad component of Ha. The black dashed line
shows the wavelength position where the line was detected at which, contrary
to ID=557, coincides with the wavelength at which Ha should be detected at

z=0.8201.

Table 3.1.1: Emission Lines parameters for each source.

Source | Line Ao Aobs FWHM FLUX Reduced x?

[A] [A] [km s™!] (107 7ergs~tem ™2

ID=557 | [NII] 6,548 | 12,230 £ 1 | 694 + 90 2.52 4+ 0.50 0.007521
Haoparrow | 6,563 | 12,254 + 1 | 571 4+ 66 5.88 + 1.17
Haproaa | 6,563 | 12,293 + 2 | 4,572 & 179 | 63.33 £ 12.67
[NTI| 6,584 | 12,296 £ 1 | 690 + 90 7.58 £ 1.51

ID=300 | Haproaa | 6,563 | 11,956 £ 1 | 3,865 4+ 101 | 44.42 + 8.89 0.002873
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3.2 Kinematical mapping

To perform a spatial kinematic analysis of both AGN we proceeded to study
each spaxel of the data cubes. First, we fit the emission line profile following the
methodology described in section 3.1 in each AGN to measure the flux, central
wavelength, and dispersion parameters for each emission to construct the flux

distribution maps, velocity, and velocity dispersion maps.

After the fitting, we estimate the signal-to-noise ratio (S/N) of each line using
the method described by ( ). However, for the case of galaxy
ID=557, we extend the method to a multi-Gaussian fitting. In this method, the
S/N corresponds to the ratio between the total flux in an emission line and the
noise in the spectrum normalized by the number of spectral resolution elements in
the wavelength range where the line was detected. To measure the noise we simply
calculate the dispersion of the data in emission line-free windows, one on each
side of the Har and [NII| emission, in the same region where we have previously
fitted the level of the continuum. Then we apply the following equation for each

emission line:

N
§/N = 2 5 (3.2.1)
V(N) x o
where S; corresponds to the flux in the spectral pixel i, N is the number of spectral
resolution elements which for this case is about half of the total number of pixels
where the line is detected, and o the dispersion of the continuum (

). We select only spaxels that satisfy S/N > 5 for all emission lines.

The KMOS field of view is split into 196 spaxels in total as shown in figure 3.2.1,
from which only 18 of them satisfy the restriction in S/N for galaxy ID=557. In
the case of the AGN with multiple emission lines, even though both [NII] lines
were detected, we cannot find spaxels with a S/N > 5 for [NII|]\6548 A. Therefore,
only [NIT|A6583 A was considered for the kinematic analysis.

On the other hand, the KMOS data present an FWHM of the seeing disk of
~ 0.6, which does not allow us to spatially resolve the broad emission lines. The
size of the BLR is less than 100 pc ( ), therefore, the emission from

this region can be considered as the emission of a point object.



32 3.2. Kinematical mapping

2.8 arcsec

| 2.8 arcsec I

Flux

Figure 3.2.1: Top: HST F850LP image of galaxy ID=557 with the KMOS field
of view split in its 14x 14 spaxels (boxes in grey color). The spaxels marked in
red correspond to the 18 spaxels with S/N > 5. Bottom: the best multi-gaussian
fits for each spaxel showed in red boxes in the top panel.



3.2. Kinematical mapping 33

The BLR has only recently been resolved through the implementation of high
generation instruments such as GRAVITY at the VLT (

;). Consequently, in this work we cannot consider the broad emission
lines to the construction of velocity and flux distribution maps, therefore, the
kinematics analysis was performed only for AGN ID=557, which has detection of

narrow emission lines.

The following procedure was adopted to construct the velocity and velocity

dispersion maps:
e From the best fit, we measured the average central wavelength of all spaxels.

e We estimate the redshift for each emission line using the following equation:

)\mean - )\rest
= 3.2.2
g )\rest ( )

Where Apean correspond to the average observed wavelength of all spaxels

for each line.

e Then, we correct the center wavelength and wavelength dispersion values of

each spaxel by the redshift found with equation 3.2.2 for each line using the

expressions:
Aspasel
Aeorr = —222E8 3.2.3
e = 2 (323)
and,
Geom = 222l 59 3548 (3.2.4)
z+1

e Next, we calculate the velocity for each spaxel using the Doppler Effect
equation for the light described as:

)\corr - )\res
y = Qoo T Arest (3.2.5)

/\rest
where ¢ correspond to the speed of light.

e Finally, we estimated the velocity dispersion for each spaxel through:
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gy = 2T e, (3.2.6)

)\mean

Also, we corrected the FWHM for instrumental resolution FWHM;,s by setting
FWHMyprinsic =  FWHM?, . — FWHM?  where FWHM;,,s was obtained from the
FWHM of sky lines.

Finally, the velocity maps and velocity dispersion maps constructed for AGN
ID=557 are shown in figure 3.2.2 where, for visualization purposes, each KMOS

spatial pixel has been simply interpolated using a 5x5 box.

Once the velocity maps are obtained, we measure the kinematic position angle
(PAgin) to know the direction and orientation of the gas movement using the
method described by ( ). For this, we first look for the
maximum and minimum of velocity values in each map, where we define as peaks
the values that are ~2 times greater than the average velocity. Then we define
the PAy;, as the angle of the axis defined by the position of the maximum and
minimum values. Such as is presented in table 3.2.1 and figure 3.2.3, we find more

than one kinematical axis for the [NII| and Ha emission line.

On the other hand, using the velocity dispersion maps we also calculate the peaks
in dispersion defined as the spaxels whose dispersion value is ~ 1.5 times the

average of the whole map.

As shown in tables 3.2.1 and 3.2.2, various velocity and velocity dispersion peak
values have max/mean values below the limit defined according to the selection
criteria, so they should not be considered as peaks. However, when performing
a visual inspection of the maps and comparison with nearby spaxel values these

effectively correspond to peaks.

Figure 3.2.4 presents the color image of galaxy ID=557 obtained from the F625W,
F775W, and F850LP HST bands with the dispersion peaks positions denoted by
red boxes. The kinematic axis measured for each detected emission line is shown
in solid red lines. We observed that in all cases the velocity dispersion peaks are
shifted concerning the photometric center of the galaxy measured in the analysis
performed in section 3.3. Consequently, at first sight, this galaxy has perturbed

kinematics according to the classification criteria proposed by ( ).
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Figure 3.2.2: Kinematic characterization of AGN ID=557 in the cluster RXJ0152-
137 at z=0.84 from the Ha and [NII] lines detected with KMOS instrument on the
VLT. From left to right: the HST F850LP image and the spatial footprint covered
by the KMOS spaxels with S/N>5 (blue boxes), flux distribution, the velocity
fields, velocity dispersion maps, and the S/N maps for each detected emission
feature. For visualization purposes, each spatial pixel in velocity and dispersion
has been smoothed using a 5x5 box. At first view, this galaxy presents disturbed
kinematics.
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Figure 3.2.3: Velocity fields used to measure of PAy;,, by using the method
described in ( ). The purple lines in both maps show the
kinematic axes found for each detected emission line in AGN ID=557. Both maps
show two axes since there is more than one velocity peak on each map (see table
3.1.1).

Table 3.2.1: Velocity map parameters.

ID Line | min [km s™!] | min/mean | max [km s™!] | max/mean | PAy;,|[deg]
957 | Hamarrow -130 1.71 114 1.50 63
-137 1.80 115 1.51 135
NI 122 2.65 72 1.56 99
-122 2.65 69 1.50 44
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Table 3.2.2: Velocity dispersion map parameters.

ID | Line max [km s™!] | max/mean
557 | Homarrow 201 1.90
493 1.87
[NII] 499 1.46
499 1.46
499 1.46
499 1.46
499 1.46

3.3 Photometric analysis

We performed a photometric analysis for both AGN using the HT'S ACS/WFC
imaging data in the broad band filter F850LP. The details of observation and
data reduction are explained in ( ). These data have also been
used and described by ( ); ( ) and

(2013).

We used the ELLIPSE IRAF task to fit elliptical isophotes on the images to
characterize the surface brightness distribution. Within this task, there is the
MAGPAR section, which controls the reference parameters to estimate and
calibrate the source magnitude. Here the mag0 value (magnitude of the reference
source taken as the instrumental magnitude of the zeropoint) was calculated

through the following equation:

ZPsr = —2.5log(PHOTFLAM) — PHOTZPT

where PHOTFLAM corresponds to the reverse sensitivity (in units of erg cm=2 A~1
electron™!), which represents the scale factor needed to transform an instrumental
flux into units of electrons per second at a physical flux density, and PHOTZPT
corresponds to the zero point of the STmag magnitude system whose value is
-21.1. Both parameters are header keywords on the HST /ACS fits files.

To begin the fitting, we first mask and remove the neighboring galaxies from both

AGN present in the images, to fit only the flux from the galaxies under study.

We carry out the fitting in INTERACTIVE mode to visualize in ds9, one by one,
the isophotes fitted on the HST images and check that the fitting is consistent
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Figure 3.2.4: Measurement of the dispersion peak positions for the AGN ID=557.
The figure shows the color image of the galaxy obtained with the HST in the
F625W, F775W, and F850LP bands. The blue dashed contours show the detection
area of each emission line. The kinematic axes found in each velocity map are
shown by the solid red lines. In each image, the dispersion peaks are indicated
with red squares of a size equivalent to the spaxel in which they were detected in.
This AGN shows disturbing kinematics since it presents two kinematic axes and
the dispersion peaks do not coincide with the photometric center of the galaxy
(black cross) found in section 3.3.
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Table 3.3.1: Parameters of the outermost fitted ellipse using the IRAF ELLIPSE
task for each AGN.

ID SMA [kpc] ELLIP PA [deg] F850LP MAG
557 7.79 0.33 £ 0.0 60.41 £ 0.96 19.54 + 0.01
300 7.08 0.44 £ 0.01 89.05 £ 1.58 19.64 + 0.02

considering the most external isophote with 1o above the background level the

last one fitted to the data.

We considered the photometric position angle (PA .t ) as the PA for the outermost
ellipse of the fitting whose parameters are shown in table 3.3.1. In figure 3.3.1
is shown the elliptical isophotes fitting to each galaxy with the PA o (solid red

line).

3.4 Morphological analysis

3.4.1 Bar detection

It is well known that bars drive the secular evolution of galaxies, that is, a relatively
slow evolution resulting from the movement of material through the bar. The bars
are efficient in conducting the gas towards the center of the galaxy (see

). This is due to a loss of angular momentum as bars are known to be
efficient at transferring angular momentum from the center out. This can also
change the orbits of the stars, thus giving a bars possible role in the formation of
the bulge.

The non-symmetric potential of a bar can apply torques that result in a radial input
of gas towards the galactic center, which produces high central concentrations of
molecular gas and star formation in the nucleus. Once the gas is accumulated
within the central ~100 pc, additional dynamic instabilities could transport the
gas in and feed the BH ( ).

The possible connection between the existence of a bar and the activity of an AGN
has been a matter of discussion in recent years. ( ) performed
a comparison between the fraction of bars present in AGN and in inactive galaxies
between 0.15 < z < 0.84 using high-resolution HST images to identify the bars
with the ELLIPSE/IRAF isophote fitting method. They found that the barred
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Figure 3.3.1: Fitting of the elliptical isophotes from the photometric analysis
performed using the IRAF ELLIPSE task on the HTS ACS/WFC images in the
F850LP band. The figure shows the best fitted isophotes in pink color, and the
PA ot obtained from the outermost ellipse in red, whose values are 60.41° = 0.96
for ID=557 and 89.05° 4+ 1.58 for ID=300.
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galaxy fraction decreases with redshift from 71%+10% at z ~0.3 to 35%+7% at z
~(0.8, and also that the AGN strength is not influenced by the presence of a bar
since both barred and unbarred galaxies show equivalent Lyx brightness values
within the redshift range studied. This suggest that the efficiency of AGN activity

is independent of the large-scale structures of a galaxy.

On the other hand, studies at lower redshift show a possible connection of
the effects of a bar on central star formation and between AGN activity, but
with an analysis that turns out to be complex since this conclusion varies

with sample properties such as color, morphology and stellar mass ( ).

On the other hand, the analysis of the radial distribution of isophotes and their
fitted parameters allows us to distinguish the presence of morphological structures
such as bars, spiral arms, etc. The structure of a bar, for example, can be
recognized by the variations of the values of ellipticity and PA. It is expected to
find an increase in ellipticity until it reaches a maximum value (greater than 0.25)
and then begins to decline by at least 0.1, while the PA values remain constant
(within 10°), and then change at the transition point between the bar and the disk
( ; 2007; Ba ). This analysis
is based on the fact that the ellipses are expected to align with the PA of the bar
and increase their ellipticity until the end of the bar. This is because in galaxies

the bars appear as linear elliptical structures centered in the galaxy.

In the case of the presence of spiral arms, the variations of these parameters are
more complex where the ellipticity can oscillate and the PA can change value

abruptly ( ).

Figures 3.4.1 and 3.4.2 show the radial variation of the fitted parameters in the
photometric isophotes analyses for each AGN. We observe that for galaxy ID=557,
the ellipticity of the isophotes increases until reaching a maximum value of 0.374
and then has a slight drop of only ~ 0.04. On the other hand, it is evident that the
PA values do not remain constant but show a slight oscillation in the innermost
part of the galaxy and then increase towards the outermost part, so this galaxy
does not comply with any of the criteria described for the evident presence of a

bar.
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Moreover, for galaxy ID=300 we observe in figure 3.4.2 that, starting from a
radius of ~ 1.82 kpc outward, the ellipticity begins to increase until it reaches
a maximum value of 0.45 and then decreases to values of ~ 0.35. Also, in the
same interval, the PA remains constant. With these two results, it is evident the
presence of an internal structure in the form of a bar observable from ~ 1.82 kpc

to 7 kpc due to the PSF of the images, which corresponds to a value of 2 pixels
( )-

Finally, due to the non-detection of narrow lines in this galaxy, we cannot perform
a spatial analysis of the kinematics, therefore it is not possible to directly analyze
the connection between the bar and the internal kinematics of AGN ID=300.
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Figure 3.4.1: Radial variation of the measured parameters from the fitting of
elliptical isophotes with the IRAF ELLIPSE task for AGN ID=557. From top to
bottom: the magnitude, ellipticity, and PA of each ellipse as a function of radius
in kpc and arcsec (secondary x-axis). The blue solid line denotes the FWHM of

the PSF in the F850LP band, which corresponds to a value of 2 pixels according
to ( ). We observe that the PA value does not remain constant

while the ellipticity increases, so that the presence of a bar cannot be guaranteed
according to the criterion used by ( ).
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Figure 3.4.2: Radial variation of the measured parameters from the fitting of
elliptical isophotes with the IRAF ELLIPSE task for AGN ID=300. From top to
bottom: the magnitude, ellipticity, and PA of each ellipse as a function of radius
in kpc and arcsec (secondary x-axis). The blue solid line denotes the FWHM of
the PSF in the F850LP band, which corresponds to a value of 2 pixels according
to ( ). We observe that from a radius of ~1.82 kpc there is
evidence of the presence of a bar since the ellipticity gradually increases to a value
of 0.45 and the PA remains constant.
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3.4.2 Mopho-kinematic classification

The technique of IRAF ELLIPSE isophotes analysis is not sufficient to classify these
galaxies morphologically. However, ( ) shows the morphological
analysis of 124 spectroscopically confirmed members of the cluster RXJ0152-1357
among which our sources are. In that work, for the morphological classification,
they included color information, visual morphology, and a light profile fitting of
galaxies with 1 or 2 components using the software GALFIT ( )
on riz HST images following the classification criteria described by

( ) and ( ). This analysis gave a Pec/M classification
for the AGN ID=557 due to the blueness of its center and the possible interaction
with its neighbor on the northwest that is clearly seen in the photometric images
(see figure 3.2.4). On the other hand, a Pec/AGN classification was given to AGN
ID=300, also because its center is considerably bluer than the rest of the galaxy

which excluded it from the regular galaxy classification.

( ) carried out a morphological analysis very similar to
that described by ( ) in order to obtain a morpho-kinematic
classification of AGN ID=557. Therefore, complementing our kinematic analysis
and the morphological information, AGN ID=557 can be classified as Pec/CK,

that is, peculiar morphology with a complex kinematics with two kinematic axes.

3.5 Emission line ratio

The most usual way to study the physical conditions of the NLR of an AGN
is through the flux distribution of its emission lines. Especially, the flux ratio
between its lines allows us to have an idea of the gas excitation level (ionization

parameter) and its metallicity.

Figure 3.5.1 shows the integrated flux distribution maps for each line detected in
AGN ID=557. The emission peak is shown in blue squares whose size indicates the
size of the spaxel where the line was detected. The peaks of the narrow Hoparrow
and |NII| lines are detected within the same spaxel shifted 0.2" to the photometric
center of the galaxy, equivalent to a distance of ~1.56 kpc for a z=0.8672. The
fact that both lines have their higher emission in the same spaxel supports the

assumption made in section 3.1 for the fitting of the lines that they originate in
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the same gas cloud.
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Figure 3.5.1: Left: Kinematics information described in figure 3.2.4. Right:
Integrated flux maps of emission lines detected in AGN ID=557 and S/N maps.
The black cross indicates the photometric center of the galaxy found in section 3.3.
The blue squares indicate the position of the spaxel where the emission peaks of
each line were detected. The peaks for Hoparow and [NII| emission come from the
same spaxel whose center is offset by 0.2” from the photometric center, equivalent
to ~1.56 kpc of distance at z = 0.8672. For visualization purposes, each original
KMOS spaxel has been linearly interpolated into 5x5 squares on the flux maps.

On the other hand, diagnostic diagrams such as BPT ( ) allow
separating HII regions of star formation from AGN activity areas depending on
the values of the [NII|/Ha and |OIII]/Hp flux ratios, all of which correspond to
tracer lines of ionized gas from the NLR that, depending on its abundance, will
determine the process behind its ionization. With integral field spectroscopy, we
can produce maps of these ratios and observe their distribution spatially, thus
allowing us to visualize the ionizing power range of the AGN and to differentiate

within a galaxy between the zones of action of the BH and star formation.

According to the lines described by ( ) and

( ) the values of log(|NII]/Ha) from -0.2 to 0.2 are the results of a gas ionization
due to a combination between AGN and star formation, while for values higher
than 0.2 it corresponds to only AGN or LINERs.

The ratio [NII|/Ha is an indicator of metallicities because the [NII| corresponds

to a secondary element, where the metallicity of the galaxy increases as the value
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of the ratio increases, i.e. in the presence of more [NIIJ.

Figure 3.5.2 shows the distribution map of log(|NII|/Haomarrow) for AGN ID=557.
Note that the maximum value of the ratio is offset from the photometric center.
Also, areas with values greater than 0.2 are distributed in two peaks, one towards
the East and the other towards the North-East of the galaxy. On the other hand,
we do observe values of [NII|/Haypamow that may be associated with star formation.
However, since we do not know the value of another flux ratio such as [OIII|/Hp
in those regions, we cannot distinguish whether it corresponds to HII regions of

star formation or only a zone of the very low metallicity of a pure AGN.
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Figure 3.5.2: Left: Color image of AGN ID=557. The blue segmented line shows
the contour of log([NII]/Ha) distribution map with the kinematic information
of the [NII] emission line as described in figure 3.2.4. Right: log ([NII]/Ha)
distribution maps. Visually, it is evident that the highest log([NII]/Ha) values do
not coincide with the photometric center (black cross). Also, zones with values
greater than 0.2 are distributed in two peaks, one towards the East and the other
one towards the Northeast of the galaxy. The distribution of emission associated
with AGN activity has a morphology similar to that of areas of high velocity
dispersion for [NII] (red squares), which may be associated with the presence of
radial outflows.

To distinguish globally if the galaxy ID=557 corresponds to a combination between
star formation and AGN, or only to pure AGN we look for the integrated values
of the ratios [NII|/Ha from the KMOS data and |OIII|/Hf using the data from
the FORS2 instrument on the VLT provided by ( ).
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Similar to that described in section 3.1 for Ho and [NII], we performed a multi-
Gaussian fitting for the HJ line and the doublet of [OITI|A4959 A and [OIII|A5007
A, using the Python LMFIT package. Figure 3.5.3 shows the integrated spectrum
of the galaxy ID=557 in the rest frame together with the best fit to the profile
of the emission lines (red line) and their respective Gaussian components (black
dashed lines). Similar to that found for the profile of He, the presence of a broad
component was detected for HS redshifted with respect to the narrow component
at a velocity of 1,366 + 166 km s~! and a FWHM = 3,741 4+ 339 km s~'. On
the other hand, for the lines of [OIII], the best fit involves the presence of two
components for each line, a narrow one for the center line and a broad one for
the base blueshifted to the center line at a velocity of ~ -254 km s=! and ~ -252
km s~ for [OIT[|A4959 A, and [OIII|A5007 A, respectively. This blueshifted base,
also called "blue wing", is associated with AGN outflows ( ).

Table 3.5.1 shows the parameters for each emission line.

The log(|OIII]/Hp) flux ratio provides us with a value of 1.03, which, together
with the log([NII]/Ha) = 0.11 value found from the KMOS data, locate the galaxy
ID=557 within the pure AGN zone in the BPT diagram.

The emission of the broad basal component is expected to be higher for [OIII|A5007
A. However, the opposite is observed in the spectrum due to a loss of flux on the
wavelength side of the line, which is generated by telluric absorption. This line
corresond to the HyO absorption line package with a spectral range of 4,964A -
5,093A ( ). Therefore, the correct detection of the broad
component and the proper flux corresponding to the narrow component cannot
be assured, so the location of this galaxy in the BPT diagram may vary vertically
on the |OIII]/HS axis from the value 1.03 to lower values.
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Figure 3.5.3: Integrated optical spectrum of galaxy ID=557 in rest-frame
wavelength using data from the FORS2 instrument ( ). Figure
shows the best fit to the profile of the Hf lines and the [OIII] doublet (red curve),
together with their respective Gaussian components (black curves) obtained by
using Python LMFIT. Similar to that found in the section 3.1 for He, a redshifted
broad component was detected for HS while for [OIII] the best fit considers a blue
broad component for the base of each line ("blue wing") which is associated with
AGN outflows ( ).
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Table 3.5.1: Emission Line parameters of AGN ID=557’s integrated spectrum

from FORS2 ( ).
Line Aobs FWHM Relative FLUX
[A] [kms™!| (107 ergs~tem 2]
HpBarow | 4,859 £ 1 | 575 + 149 0.70
HpBvroad 4,881 + 2 | 3,741 £+ 339 4.95
[Ole | 4,053 + 2 | 2,424 % 327 319
[OI11] 4,958 £ 1 | 760 £ 21 3.61
[OI]pe | 5,001 £ 2 | 2,401 + 324 1.60
[OI11] 5,006 £ 1 | 753 £21 7.58
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Chapter 4
Summary and Discussion

A summary of the principal results of each source is presented below.

4.0.1 AGN ID=557

This galaxy corresponds to a type 1 AGN, that is, it presents narrow lines from
the NLR and broad lines from the BLR in the spectra obtained with KMOS
and those presented by (2005) using the FORS2 instrument. In
both integrated spectra a redshifted broad component from low ionization Balmer
emission lines is detected as Ho with a FWHM = 4,572 4 179 km s~! and a
narrow line velocity of 938 & 74 km s~!, and Hj3 with FWHM=3,741 + 339 km
st and v = 1,366 + 166 km s~ (2009) identified this same feature
in a sample of AGN at redshift z < 0.37 from the SDSS DR4 (

), suggesting that these objects correspond to a subclass of AGN called
dbp-emitters (AGN with double-peak emission from Balmer lines) where part of
the BLR emission, commonly the blue component, is obscured by dust due to

characteristics such as the inclination of the galaxy.

On the other hand, this galaxy presents disturbed kinematics. This can be
observed visually in the maps shown in figure 3.2.2 and through the analysis of
the dispersion peaks and kinematic axes shown in figure 3.2.4, where it was found
that the velocity map for each emission line presents two kinematic axes that are
not coincident with the photometric axis. Also, both maps have at least two peaks

in velocity dispersion which are shifted to the photometric center of the galaxy.
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Also, from the photometric analysis performed in section 3.3 it can be seen
that there is no presence of sub-structures such as a bar that may trigger the
movement of material towards the center of the galaxy to feed the BH. On the
other hand, this technique of isophotal fitting analysis with ELLIPSE from IRAF
is not sufficient to perform a complete study of the morphology of the galaxy.
Then, it is necessary to complement this analysis with other studies.

( ) employing a light profile fitting technique using GALFIT, proposed
a morphological classification for this galaxy of Pec/M, that is, a perturbed
morphology with a possible merger, due to the blueness of its center compared
to the rest of the galaxy and to a possible interaction with the nearby galaxy

observed in its photometric images.

Complementing our kinematic analysis with the morphological classification of

( ) we can obtain a morpho-kinematic classification, similar
to that obtained for disk galaxies by ocl ( ). The classification
for the AGN ID=557 is Pec/CK, that is, a peculiar morphology with complex
kinematics with two kinematic axes. This indicates that it is a non-virialized
system where a strong mismatch is observed between the distribution of the stars
and the ionized gas, mainly attributable to the activity of the AGN.

Analyzing the flux distribution and the [NII]/Ha flux ratio maps we observe
that the peak emission for the broad component of Ha coincides with the center
of the galaxy. However, the maximum value of [NII|/Ha is not centered as
normally expected for an AGN. The map shows two peaks running relative to
the photometric center, towards the East and Northeast of the galaxy, as shown
in figure 3.5.2. The emission distribution associated with AGN activity presents
a morphology similar to the high velocity dispersion zones for [NII| which can
be associated with the presence of radial outflows. Besides, the map of [NII]/Ha
shows some values lower than 0.2, related, according to the BPT diagram (

), to a composition of star-forming and AGN. To distinguish globally
whether or not this galaxy has HII regions of star formation, we complement the
value of integral [NII]/Ha with the value of [OIII]/HfS measured from the optical
spectrum of FORS2 provided by ( ). A multi-Gaussian fit to
the emission line profile detected the presence of a narrow and a broad component
for Hp, while for the [OIII] doublet the line profile indicates the presence of a

central narrow component and a blue broad base known as "blue wing" associated
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with the presence of biconical outflows (see ). However, due
to the contamination produced by telluric absorption, there was a loss of flux in
the red part of the line [OIIIJA5007, so the broad component of it is not correctly
detected. The lack of this information causes the flux measurement of the line to
be unreliable so the ratio values for [OIII]/HS may decrease from the value equal
to 1.03. However, because the value of [NII]/Ha = 0.11, this galaxy is positioned
in the AGN pure zone of the BPT diagram.

4.0.2 AGN ID=300

This galaxy also corresponds to a type 1 AGN. However, the emission from the
NLR is not observable in the spectral range of the KMOS YJ band since the
narrow lines of Ha and [NII] are not distinguishable. The spectrum of this AGN
only shows the broad component of Ha with a FWHM = 3,865 + 101 km s .
This is also observed in low redshift AGN where, for example,

( ) found that in a sample of 3,896 Seyfert 1 (Syl) galaxies at z< 0.4,
36% of galaxies present only broad emission lines (called Sy1B). They also found
differences with the Syl which do show narrow components (called Sy1N) reporting
that the velocity of outflows are higher in the Sy1B than in the Sy1N which suggest
different physical conditions in the Inter Stellar Medium, in particular, that the
Sy1N have more gas in their NLRs than the Sy1B.

For this galaxy, it is not possible to perform a spatial analysis since we only

observer the unresolved BLR.

On the other hand, from the isophotes analysis presented in section 3.3, it is possible
to infer the presence of a bar structure which could be related to the activity
of the AGN, where the asymmetric potential of the bar drives the movement of
the gas towards the center of the galaxy feeding the BH ( ;

). However, there is no clear evidence of the influence of the

bar on the internal kinematics because we cannot spatially resolve the kinematics

of this AGN.

Similar to that found for AGN ID=557, ( ) classified the
AGN ID=300 morphologically as a Pec/AGN, that is, an AGN with a peculiar

morphology due to the blueness of his center.
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Furthermore, for AGN ID=300, as observed in the section 3.1, the narrow Ha
and [NTI| emission lines were not detected. The lack of the latter line is possibly
an indicator of the low metallicity of the galaxy. This is consistent with the
characteristics of the spectra obtained by ( ), where for this

galaxy no significant emission was found from |OII] and [OIII] lines.

4.0.3 Discussion

It is known that AGN, due to their time evolution and metal production, show
super-solar metallicities (Z > 2Z©; :

), so low-metallicity AGN are very rare. ( ) conducted a
low-metallicity AGN analysis on a a sample of ~23,000 Seyfert 2 galaxies at an
average redshift of 0.1 in the SDSS DR4. They used criteria to select low mass
galaxies under the assumption of a correlation of mass and metallicity with the
[NII]/He flux ratio. A classical example of such correlation in the local universe
can be found, e.g., in ( {1 et al. 2004). They showed that the low-metallicity
AGN are characterized by a high value of [OIII]/HfS and a very low value of
[NII]/Ha for the photoionization model. From that sample, only ~40 galaxies
correspond to AGN candidates with metallicities lower than solar which indicates
the infrequency with which this type of galaxies is found at low redshift. From this,
a good way to detect low-metallicity AGN is through emission line diagnostics
involving the [NII]/Ha flux ratio because the relative abundance of nitrogen is
proportional to the metallicity due to its nature as a secondary element (

). Thus, given the values of [OIII]/HfS and [NII]/Ha, these AGN are
generally found between the sequence of star-forming galaxies and AGN, a region
of the BTP diagram known as "BPT Valley" where galaxies with high electron

density and high ionization parameter are also located (see ).

Therefore, according to the flux ratio values, a metallicity of ~4Z can be estimated
for AGN ID=557, based on its location in the BTP diagram of Fig.2, shown in
( ). This indicates that this AGN is an example of high metallicity
AGN. Moreover, although we cannot have an estimate of the metallicity of the
galaxy due to the non-detection of [NII|, it is possible to infer that it is a low-
metallicity AGN. Therefore, this AGN may be an example of a low-metallicity
AGN at high redshift (z = 0.8201).
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4.0.3.1 Environmental influence

Although both galaxies correspond to the same AGN type and show similar
morphological characteristics, we have found a significant difference in the emission
lines, where the detection or not of the [NII| emission line and no significant
emission was found for [OII] and [OIII] lines in AGN=300, may be an indicator
of the difference in metallicities between both AGN. Is it possible that this
difference is related to the environment where these galaxies are located? As
already mentioned, both galaxies are confirmed members of the cluster of galaxies
RX J0152.7-1357 at z=0.84. However, they are located in different regions of the
cluster. AGN ID=557 is located in the central part where there is a higher density

of galaxies ( : : ), gas (

; ; ) and dark matter ( ). Also,
this zone corresponds to the area that divides the two main substructures of the
cluster ( ; ¢ al. 2005), whereas AGN ID=300 is located

in a more outer region where the density of the cluster components decreases

considerably, as shown in the figure 4.0.1.

Studies have shown that AGN are less frequent in galaxy cluster environments
than in low-density areas such as the field (IDress! ; ),
and a clear dependence on redshift is reported where the frequency of AGN in
galaxy clusters increases with increasing redshift ( ;

; ; ). This is interpreted as
evidence that the AGN population in clusters has evolved faster than the field

population from at least z~1.5 to the present (see ).

There is convincing evidence that galaxy mergers and interactions play an
important role in the triggering and evolution of AGN where the prevailing
theoretical framework is that the most luminous AGN and starbursts are triggered
by major mergers of gas-rich galaxies ( ;

; : ; ). In a cluster environment, additional
mechanisms may interfere with the transport of cold gas that serves as the main
fuel for the central black hole. These processes include the removal of the cold
gas by the ram-pressure stripping process ( ;

), evaporation of the gas due to the high temperature in the ISM (

), tidal effects due to the cluster potential (

) and other galaxies ( ;

Y )
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Figure 4.0.1: HST F850LP image of the central region of the galaxy cluster
RX J0152.7-1357 at z=0.84. The figure shows the distribution of confirmed
cluster members denoted by blue squares and the position of the two AGN in
question concerning the cluster center (red cross) estimated by
( ). The contours correspond to X-ray emission levels 5, 7, 10 and 20 ¢ above
the background in the [0.5-2| keV band, FITS images provided by

(2005).



26

), and a lack of gas due to the absence of new cold gas infiltration
( ). On the other hand, ( ) suggests that
the mechanism of ram-pressure stripping may act as a trigger for the activity
of an AGN by causing gas to flow towards the center of the galaxy. Therefore,
the physical mechanisms that contribute to the triggering or suppression of the
AGN activity are still a matter of debate, especially at high redshifts where the
fraction of clusters decreases and the analysis of these processes in this type of

environment becomes more complex.

Therefore, the difference in metallicities between these two AGN may be due
to the region of the cluster where they are located and the physical processes

associated with this type of environment to which they may have been exposed to.

In the case of AGN ID=557, which is in the innermost region near the cluster center,
their high metallicity indicates that their host galaxy is in a major evolutionary
stage where it has already consumed much of its gas for star formation and much
of it has evolved to enrich its ISM, which can be observed through emission lines
such as [NII]. On the other hand, considering a virial radius of the cluster of ~1.4
Mpe ( ) and assuming that the galaxy falls at a speed of ~250
km/s ( ), we note that this galaxy may have taken about ~3
Gyr to reach its observed position. If we compare with the typical life time of
an AGN (~ 10° yr; ), it is evident that this galaxy suffered
the activation of its BH during its fall to the cluster where some of the processes
mentioned before could accelerate its star formation and also feed its central black
hole.

Also, from the photometric images and some characteristics in the kinematic
maps we can infer the possible interaction of AGN ID=557 with a neighboring
galaxy when observing the surface brightness flux contours in the HST images
(see figure 4.0.2). A common structure between ID=557 and the other galaxy
present in the image can be seen which may correspond to a halo of stars ripped
off from both galaxies by the tidal forces during the collision process. Also, it is
visible the presence of other substructures associated with the possible interaction
in the form of a cometary feature in the secondary galaxy that coincides with
the position of one of the arms of ID=557. This seems to produce a bridge-like
substructure, connecting (in projection) those objects, and whose position also

coincides with the peaks in velocity dispersion for the Ha narrow component, as
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shown in figure 4.0.2, thus indicating a possible excitation of the ionized gas in that
zone product of the merger. It is known that interactions between galaxies can
lead to a loss of angular momentum of the gas in the interstellar medium, bringing,
as a consequence, material towards the galactic center (

). In this way, it is possible to associate the interaction of ID=557 with its
nearby galaxy as one of the processes responsible for the activation of its central
black hole. However, this interpretation needs more data to confirm that this other
galaxy is a member of the cluster. In fact, not redshift for this secondary, possibly
interacting galaxy has been previously reported in the literature (

; ; )-

On the other hand, for AGN ID=300 is easy to infer that this galaxy has probably
not yet suffered the physical processes that could accelerate its star formation and
therefore increase its metallicity as it happens to be most likely the case of AGN
ID=557, due to the position in the cluster where they are observed. This can be
interpreted as evidence of the effects of the environment on AGN and consequently
on the evolution of galaxies where processes related to high density regions play
an important role in accelerating star formation and triggering AGN activity.
However, this study must be complemented with an integral field spectroscopy
analysis of a larger sample of galaxies in the same region of the cluster, to study
the environment around these AGN. Consequently, our future plan is to study
a sample of galaxies from different galaxy clusters (including RXJ0152-137) and
their field counterparts using higher-resolution instruments such as MUSE on
the VLT. More concretely, we plan to combine the kinematics of galaxies in
field and clusters with deep high-resolution images, multi-band photometry, and
spectrometry to construct a new, more enhanced scenario of galaxy formation

and evolution at high redshift.
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Figure 4.0.2: Color image of AGN ID=557. The blue dashed line indicates
the region where the Ha narrow component was detected with the kinematic
parameters described in figure 3.2.4 and shown here in red color. It is evident
the presence of a common envelope of stellar material between the galaxies and a
diffuse bridge-like substructure from one of the arms toward the nearby galaxy.
Also, the velocity dispersion peaks (shown with red squares) coincide with the
start of the bridge which could be evidence of possible galaxy interaction.
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Chapter 5
Conclusion

The technique of integral field spectroscopy in the near-infrared with KMOS at
the VLT allowed us to spatially resolve the kinematics of one AGN member of the
cluster RX J0152.7-1357 at z=0.84. This was done by performing a multi-Gaussian
fitting to the emission line profiles which enabled the subsequent construction of
the velocity and velocity dispersion maps. By combining the kinematical analysis
with the photometric analysis through HST images and previous information on
this galaxy, we are able to obtain a more complete view of the properties of this
AGN, and also, to compare it with other AGN of the same galaxy cluster to
identify differences that may be related to the cluster environment in which they

develop.
In summary, the main results of this investigation are:

e Both AGN have a rest-frame optical spectrum with characteristics of type 1
AGN.

e The integrated spectrum of AGN ID=557 presents a broad component
redshifted with respect to the narrow component for Balmer emission lines.
This could be evidence that this AGN corresponds to a type of AGN called
dbp-emitters, which would be partially obscured by the torus according to

(2009).
e AGN ID=557 can be classified morpho-kinetically as Pec/CK, i.e, a galaxy

with peculiar morphology with complex kinematics. The kinematic analysis

shows the presence of more than one kinematic axis and several velocity
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dispersion peaks which suggest that this galaxy corresponds to a non-
virialized system. This indicates a possible previous event such as a merger

or other interaction.

For the AGN ID=557, the kinematics maps complemented with the
log([NII]/He) distribution maps, show evidence of a radial outflow which is

supported by the detection of the "blue wings" in the [OIII] emission line in
the FORS2 spectrum.

The values of log([NII]/Ha)=0.11 and log([OIII]/H/3)=1.03 place the AGN
ID=557 in the AGN-pure zone of the BPT diagram. However, the value of
[OI1I] /Hp is not certain due to the loss of flux caused by telluric absorption
in the FORS2 spectrum.

Based on what it is proposed by ( ) about the relation
between metallicity and the [NII| emission line strength, we can say that
the AGN ID=557 corresponds to a high metallicity AGN with a value of
Z = ~ 47, while the AGN ID=300 may correspond to an example of low
metallicity AGN at high redshift due to the lack of [NII| emission and the
non-significant detection of [OII] and [OIII] emission lines on the FORS2

spectrum.

The difference between the inferred metallicities of each AGN may be related
to their location in the galaxy cluster. The AGN ID=557 has probably
undergone processes that accelerated its evolution, therefore enhancing its
metallicity during its passage through the cluster. Also, we have observed
tentative evidence of possible ongoing interaction of this AGN with a
neighboring galaxy, which is suggested by the HST images and the position

of the narrow Ha velocity dispersion peaks.
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